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SYNOPSIS 

Relevant literature on plain and hybrid unidirectional fibrous 

composites is critically reviewed and the difficulty of assessing previous 

work due to insufficient data is emphasized. 

A systematically varied series of hybrid composites based on 

vinyl ester resin and unidirectional carbon and E-glass fibre reinforce

ments is studied and the constituent materials characterized. Particular 

attention is given to the effect of total and relative fibre volume 

fractions, geometrical arrangements and fibre surface treatments on the 

tensile characteristics and interlaminar shear strength of the composites. 

Certain hybrid tensile specimens exhibited what is termed a 

'hybrid effect', their first failure strain being greater than the expected 

failure strain of the parent carbon composites. This is discussed in 

terms of the data and information obtained from the tensile and inter

laminar shear strength tests and from a study of the tensile fracture 

surfaces. Theoretical models for the tensile failure of hybrid composites 

are critically examined. The tensile fracture mode and the importance 

of the statistical nature of fibre tensile strength are discuss.ed. 

Modifications are made to existing statistical failure theory which result 

in two equations for the ratio of the lower bound on hybrid composite 

first tensile failure strain to that on the tensile failure strain of 

the lower elongation fibre parent composite. Comparison between the two 

equations enables the prediction of the composite failure mode. Where 

appropriate the theories are applied to the experimental results. Factors 

controlling the initial failure strain are shown to be the relative volume 

fractions and statistical characteristics of the two fibre types, the 

fibre ineffective length and the stress concentrations acting on fibres 

adjacent to a failed fibre. 
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1. INTRODUCTION 

The use of fibrous composite materials with their high strength 

to weight ratios'has been steadily increasing for many years as' the 

efficiency of composite technology has improved. Over the past 8 to 12 

years the limitations of single fibre type (plain) composites have been 

realized, ini hating the exploration of the potential of hybrid composi t.es 

(composites incorporating 2 or more fibre types). Hybrid composites extend 

the range of application of composite materials and in some cases enable 

materials to be tailor made for specific purposes. Already hybrid 

composites are widely used, a popular combination of fibres being glass 

and carbon. Glass fibre reinforced plastic (g.r.p.) when compared with 

carbon fibre reinforced plastic (c.f.r.p) is inexpensive, has a high tensile 

failure strain, a poor elastic modulus but good tensile strength. By 

combining g.r.p. with c.f.r.p. a hybrid composite is formed which has certain 

advantages over both its parent composites. For example the hybrid has a 

lower cost and higher impact resistance than c.f.r.p. and a greater strength 

to weight ratio, elastic modulus and flexural modulus than g.r.p. A further 

advantage is that for certain glass to carbon ratios initial tensile failure 

is not catastrophic. Thus with components in service an early warning of 

catastrophic failure can be obtained. Present applications of glass and 

carbon hybrids include sports equipment, car bodies, mine-sweepers, helicopter' 

rotor blades and limb prostheses. Despite this spectrum of usages, neither 

the failure processes in plain fibre composites nor in hybrid fibre comp-

osi tes are fully understood. A greater knowledge of the behaviour of these 

materials will clearly promote the efficient use and hybridization of the 

reinforcing fibres. 

It was originally assumed that the mechanical properties of plain 

unidireotiona1 fibrous oomposites could be predicted accurately by the rule 

of mixtures, a summation of the properties of the individual constituent 

materials multiplied by their volume fractions. The rule of mixtures provides 

a unique value for the property considered, giving no indication of the 

degree of scatter to be expected. In the case of the tensile strength of 

composites this is a drawback, in some fibre/resin systems· a coefficient 

of variation of l~ is not uncommon. For the purposes of design the lower 

strength limits are of great importance. In addi tion to this disadvantage 

t.he accuracy of the rule of mixtures in predicting the mean t.ensile st.rength 

of some single fibre type composites is questionable. Failure theories 

based upon the statistical characteristics of fibre tensile strength have 

been developed by Rosen (1) and Zweben (2) which, when combined, pro vi de 
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upper and lower limits for composite tensile strength G). Barry(4) has also 

developed a stati stical fai lure model re suI ting in upper and lower limi ts 

for tensile strength. However, these statistical theories are controversial 

and lack quantitative accuracy. Thus the rule of mixtures is still used 

widely for predicting composite tensile strength. When the mechanical 

properties of unidirectional hybrid composites were first considered it 

was supposed that the use of the properties of the parent composites 

rather than those of the individual constituents in the rule of mixtures 

would result in accurate predictions. 

1972 when Hayashi(5) published work on 

Thi s was brought into question in 

unidirectional carbon/glass/epoxy 

hybrid composites. Hayashi found that in tension the theoretical and 

experimental behaviour of the hybrids correlated well,with the notable 

exception of the primary fracture strengths and corresponding strains. 

These experimental values were greater than the theoretical, i.e. the 

apparent stren·gth of the carbon fibre (the lower elongation, L.E., fibre) 

in the hybrid composi te was greater than that in a plain carbon composi te. 

This phenomenon was termed the 'hybrid effect'. Further work on the tensile 

characteristics of hybrid composites has tended to support the existence 

of this hybrid effect but in 1977 it was still a subject of controversy. 

Two types of theories, based on different failure mechanisms, have been 

postulated in attempts to explain and predict the tensile properties of 

hybrid composites. Aveston and SillwOOd(6) developed a failure theory 

based on the fracture energy of the hybrid system. A major assumption is 

that when one L. E. fibre fails all the other L.E. fibres fail and that 

In the failures are coplanar and perpendicular to the fibre direction. 

contrast to this Zweben(7) developed a statistical theory in which numerous 

L.E. fibres may fail at random throughout the composi te before any prop

agation of fibre failure occurs. 

The aim of this research is to investigate some longitudinal 

mechanical properties (elastic modulus, first tensile failure stress and 

strain and maximum tensile stress and strain) of a unidirectional fibrous 

hybrid system, study the tensile failure mechanism and determine the 

importance of five parameters on any hybrid effects observed. These para

meters are total and relati ve fibre contents, the interlaminar shear strength 

(L1.s.s.) of the parent composi tes (and thereby the fibre/resin interfacial 

properties), the fibre geometrical arrangement and the tensile characteri s.tics 

of the higher elongation (H.E.) fibre. A brief outline of the experimental 

work conducted here is as follows: 

i) the characterization of the chosen constituent fibres and matrix; 

ii) the fabrication of unidirectional parent and hybrid composi te 
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slabs in which the five parameters mentioned above are 

systematically varied; 

iii) quality control monitoring of the composite slabs and 

iv) t.he preparation and testing of i.l.s.s. and tensile 

specimens from the range of parent and hybrid composite 

slabs. 

An analysis of the results from this work aims at: 

i) establishing the existence or otherwise of any hybrid effects 

in the elastic modulus, first tensile failure stress and strain 

and maximum tensile stress and strain of the hybrid composites; 

ii) determining any dependence of such hybrid effects on the five 

parameters varied; 

iii) clarifying the tensile failure mode of the hybrid composites and· 

iv) enabling present theoretical tensile failure modes to be critically 

examined and the appropriate theories to be tested and developed. 

2. LITERA TURE REVIEW 

2.1 Tensile Failure of Single Fibre Type Unidirectional Composites 

The tensile failure modes exhibited by unidirectional composites 

are dependent upon the characteristics of the particular composite sys~em. 

An understanding of the failure modes adds confidence to the prediction 

of composite tensile strength and reveals desirable properties of the 

consti tuent materials, facilitating the improvement of existing, and the 

design of future, high strength composite materials. 

This section describes the different tensile failure ·mechanisms 

observed in fibrous composites and existing failure theories, relating 

the properties of the fibre matrix interface and the consti tuent materials 

to t.he mechanisms. The theoretical and experimental treatments presented 

are all applicable to unidirectional brittle, fibrous composites subjected 

to tensile loading parallel to the fibre direction. 

When composite materials were first developed the simplest failure 

model assumed that the fibres and matrix shared the load with uniform strain 

throughout the composite. Composite fracture occurred immediately at the 

failure strain of the fibres, providing that fibre failure strain was less 

than that of the matrix and. that the fibre content was above a critical 

volume fraction. Thus the failure strength of unidirectional fibrous 

composites was predicted·by the Rule of Mixtures as: 

= + 
, 

0-", V", (1 L . -



where 

and 

4 

0:' 
In 

= composite and fibre tensile 

strength respectively, 

= 

= 

stress in the matrix at the time 

of fibre fracture. 

fibre and matrix volume fractions 

respecti vely. 

Below a critical fibre volume fraction, V crit, fibre strength-

ening does not occur and below a 'minimum' fibre volume fraction, V min, 

the tensile strength of the composite is determined solely by that of the 

matrix. The above is Blustrated in figure 1-

The simple rule of mixtures approach to the tensi le strength. of . 

composite materials does not take into account the fact that the failure 

strain of the fibres of a given type is not a unique value but is subject 

to statistical variations. More detailed failure theories were necessar,Y. 

In 1960 Parratt(8) suggested a model for fibre composite failure 

based on the effect of defects in glass fibres on the strength of plastic 

mouldings. He postulated that the glass fibres fail throughout the comp

osite at local defects along their lengths but that the failures do not 

propagate. As the load increases further fibre failures occur, breaking 

the fibres down into shorter and stronger lengths. This cont.inues until 

any further increase in the applied load can not be transmitted to the 

fibres by the matrix because the maximum matrix shear stress is exceeded. 

The composite failure then occurs due to shear failure of the matrix or 

the fibre/matrix interface. 

In 1964 Rosen (1) produced a paper on composi te failure in which 

he treated the fibres as having a statistical distribution of flaws or 

imperfections which, as parratt(8) suggested, result in fibre failure at 

various stress levels. Here the two theories diverge. Rosen suggested 

that as the applied load is increased fibre failures occur at randomly 

distributed flaws throughout the composite to cause cumulative weakening 

of the composite until the remaining unbroken fibres at the weakest cross

section are unable to support the applied load. The composite then fails 

by tensile fracture of the remaining intact fibres. Rosen(l) evaluated 

t.he composi te strength as a function of the statistical st.rengt.h distribution 

of the fibres and compared the theory to experimental results for g.r.p. 

composi tes, using existing data for the statistical nature of the tensile 

strength of the glass fibres. In the composi te model used he neglects 

the extensional stress in the matrix relative to the fibres and neglec.ts 

the shear stresses in the fibres relative to the matrix. It is therefore 

considered suitable for composites with reinforcing fibres strong and 
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stiff relative to the matrix. In Rosen's model in the vicinity of a 

failed fibre end the load carried by the fibre is transmitted through 

the matrix, by shear, to adjacent fibres. At each end of the broken 

fi bre there is an :imeffecti ve portion which is not able to carry the 

applied load. As the applied load is increased more fibres fracture at 

points of imperfection and the fractures accumulate until a sufficient 

number of ineffective fibre lengths combine over a cross-section to 

result in composite failure. Rosen continues to consider the composite 

as a series of layers of links of dimension b (the ineffective length) 

and the segment of a fibre within a layer as a link in the chain which 

constitutes the fibre. Thus each layer is a bundle of links and the 

composite a series of bundles. The applied load is treated as uniformly 

distributed among the unbroken fibres in each layer. Rosen defines the 

link length b as the length of fibre over which the stress is less than 

a certain fraction, ~ (Rosen chooses 0.9), of the undisturbed fibre stress, 

er~ , and determines the value of b by considering the shear stress 

distribution along the fibre/matrix interface, applying a shear-lag type 

analysis. The final equation for 0 is 

b df [(1 Vf:f~) (i:)]'/2 , ' -1 [12(1$i)2] . = )( X' cosh 
2" 

where df = fibre diameter 

Er = elastic modulus of fibre 

and Gm = shear modulus of matrix 

In later papers equation 2 is replaced by equation 3 (2)(9) 

o = df .!. Ef ,1 _V~',: 

( 2) 

( [ (' ''i)J J2 
2Giii ,Vi"a • (3) 

Rosen(l) proceeded to derive the desired statistical definition of composi te 

strength by defining the fibre strength distribution, f( er), and the 

associated oumulative distribution, F(rr). He then obtained the distri

bution function for bundle strength which, treating the composite as a 

chain of bundles and applying 

(i.e. when the weakest bundle 

the weakest link statistical theorems 

fails 

statistical definition of composi te 

the composite fails), leads to the 

strength. For fibres wi th tensile, 

strength characteristics described by a Weibull distribution of the form 
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f (0-) 

where L = gauge length 

er= applied stress 

• 

and 0{ and ~ = Wei bull constants peculiar to the fibre type 

Rosen derived the following equation for the most probable 

fi bre stress "" at composi te tensile failure, O"f • 

r(""~~e)-Y,, - 'i'b (2 log J)t.z + 'Yi. (log log J + lOg4-1l'] L 2(2 log J)!"2 ") 

where J = composite gauge length divided by the ineffective 

length 

e = the exponential, 2.7183 

and 1/'b = the standard deviation of the distribution 

of the average fibre stress at bundle failure 

and is given by the expression 

,.... f F(ch) [ I - F (Br: ) ] } "2 

_''2 
(6) Yb= or N • . 

,.... 
where ~ = maximum fibre stress 

and N = number of fibres 

It is seen from equation 6 that when composite dimensions are 

large in comparison with fibre cross-sections N »1, then "'Vb -'> 0 
and equation 5 simpli fi es to 

c<.. and {3 can be determined from experimental data on fibre 

strength versus fibre length. Details of the application of the Weibull 

distribution to fibre strength are given in Appendix r. 
.The short comings of Rosents model are that it neglects to 

consider the effeot of stress concentrations on fibres immediately adjacent 

to broken fibres and the possibility and effect of fibre debonding in 

the region of failures. To qualify the analytical model Rosen conducted 

an experimental study of the mode of failure of glass fibre/epoxy 

composites. The tensile specimens consisted of one layer of approximately 

90 to 100 parallel fibres embedded in an epoxy resin. Still and motion 

pictures taken during the tensile tests show that individual fibre fractures 

occurred at less than 50% of the ultimate failure load and that as the 

load increased further fibre fractures occurred randomly throughout the 

specimen. The variations in fibre strength initially off-set the stress 

concentrations in the weakened cross-sections and fibre failures did not 
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cumulate by propagation. 

Complete specimen failure was eventually due to a statistical 

accumulation of broken fibres across one region, weakening the region 

beyond the point where it was able to bear the redistributed applied 

load. Failure did not stem from the existence of fully ineffective 

fibres, as postulated by Parratt(8). Upon failure the fibres had broken 

down typically into what appeared to be lengths 

larger than the calculated ineffective length. 

an order of magni tude 

Rosen(l) concluded that 

discontinuous fibres may exist in an originally continuous fibre composite 

at stress levels well below the maximum stress. The composite.strength 

is then affected by the efficiency with which the matrix transmits load 

around the fibre break. Note that the experimental work above involved 

specimens of only one reinforcement material in a single resin system 

and a nearly constant, rather low,fibre volume content of approximately 

0.20Vf· 

The validity of Rosen's theory was investigated further by 

Grinius(lO) in 1966. He studied a range of composites, the constituent 

materials being 5-mil. E-glass (dr = 0.005 in), S-glass roving and boron 

fibre reinforcements and Epon 828/1031 epoxy and Epon 8l5/Versamid (40/60) 

epoxy matrices. The probable failure strengths for the six different 

combinations of matrix and fibre were calculated using equation 7, postulated 

by Rosen(l). The typical specimen configuration was 25 equally spaced 

fibres in a single layer within the resin matrix. Fibre volume fractions 

were low being between 0.060 and 0.094 Vf. One specimen of each composite 

type was tested initially. The failure modes were resin cracking and 

catastrophic failures without cumulative fibre fracture at low stress 

levels. The experimental results, with the exceptions of those of two 

specimens damaged prior to testing, differed from the predicted values 

by an average of 23%. Qualitatively the results indicate that increased 

matrix stiffness increases the strength of the composite. Note that 

only one specimen of each composite type was tested and that the volume 

fractions were. low. Further sets of specimens were produced for the failure 

studies. These were S-glass and E-glass both wi th Epon 828/1031 resin 

and E-glass with 815jversamid resin. The volume fractions are not given. 

The specimen shape was changed from the original rectangular form to a 

necked specimen with parallel centre gauge length. The composites with 

Epon 828/1031 resin failed in shear through the ends of the· specimens. 

The E-glass with Epon 815jversamid resin specimen failed at a very low 

stress level. Grinius su·ggested that this was due to the low modulus 
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resin matrix and concluded that a low yield point resin tends to amplify 

the failure of a fibre and reduce the composite strength. 

In 1968 Zweben (2) investigated two modes of composite failure. 

The first study is an extension of Rosen's(l) theory. Zweben's model of 

a two dimensional unidirectional fibrous composite with a load applied 

in the direction of the fibres is given in figure 2 and is based on Rosen's 

model. As the load is applied the fibres, due to scattered flaws, break 

randomly throughout the composite. Whilst Rosen assumed the load in a 

broken element to be uniformly distributed among the other intact elements 

in the layer Zweben assumed that the elements adjacent to a broken one 

are subjected to a load concentration greater than that which is sustained 

by fibres dist'ant from the fracture site. The equation given for the 

static stress concentration factor, k, in the two fibres adjacent to a run 

of r broken fibres is 

kr = ~=-=-=~,+::2r:::......+~2) 
2r + 1) 

(8) 

Thus for the most common case of one broken fibre the two 

adjacent fibres are subjected to a stress A times the nominal fibre 
3 

stress, Le. the applied load divided by the total fibre area. The 

increase in average fibre stress due to the initial fractures is 

neglected since the proportion of broken elements in any given layer 

immediately prior to composite failure is assumed to be small. The 

small probability of an adjacent element breaking due to a failure 

strength less thanCY, the applied stress, is also neglected. 

Zweben (2) states that the probability that an element adjacent 

to a broken one will break due to the stress concentration is equal to 

the probability that the tensile strength of the element lies between IT 

and klIT, thus the probability is 

From this basis Zweben derives the probabilities that: 

i) only one of the adjacent fibres breaks; 

ii) both adjacent fibres break simultaneously; 

iii) if one of the fibres adjacent to a single fibre breaks 

then only one of the two adjacent fibres now subjected 

to a stress concentration of k2 breaks and 

iv) if one of the fibres adjacent to a single fibre breaks 

then both of the adjacent fibres will fail simultaneously. 
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Zweben continues, taking into account the different possible 

failure' sequences, up to the probability of a multiple fracture of 

five fibres. He finishes with a general equation for the expected number 

of groups of i or more broken fibres, Exi • 

= (10) 

where IN = number of elements 

and Pi c probability of a group of at least i broken fibres. 

This fracture mode where random fibre failures occur throughout 

the composite until fibre fracture propagates from one of the fracture 

sites is called cumulative fracture-propagation. Zweben applied the 

above theory to and compared the results with experimental data for 

composites consisting of 3.5mil E-glass fibres in two types of epoxy 

resin matrices, denoted B and C. The characteristics of the tensile 

strengths of the 3.5mil. E-glass fibres were derived from tests on the 

virgin fibres. The Weibu11 parameters calculated are quoted as €!> = 9.40 

and 0«-:-'-(1"= 181.5 k.B.i. When the composites were tested scattered 

fibre breaks were observed at less than 50% of the ultimate stress, the 

number increasing with load. Despite the increased stress intensity in 

the fibres adjacent to the fracture sites few of the overstressed fibres 

broke. The ineffective lengths obtained from photographs of .the tests 

were 0.7874mm and 2.1844mm for the series B and C respectively. Using 

the above data' the expected number of single broken elements, Exl , was 

calculated from the equation 

Ex1 = JNF( 0- ) (11) 
<:T 

} 

C ~-, 
Where F (0-) = o<.o~o- exp 

o _c<.bCT~ 
= 1 - e (12) 

At low stress levels there were generally more fractures· than 

the theory predicted, possibly a result of damage to the fragile glass 

fibres during specimen fabricaticn. In the region of failure loads 

the agreement was fairly promising considering the experimental un

certainties involved. In general multiple fractures began to appear in 

the stress range predicted by theory and, consi stent wi th theory, the 

mul tiple fractures which occurred at lower stress levels did not propagate 

immediately to cause composite failure. The rate of formation of multiple 

fracture groups was quite high in the failure range but composite failure 

occurred before a large number could form. Although the static failure 

analysis provides reasonable agreement with experimental data the actual 
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failure mechanism is more complex. D,ynamic load concentration factors 

may be significant and there is the possibility of fibre debonding and 

crack propagation in the matrix. However, Zweben(2) suggests that for 

2-dimensional composite specimens exhibiting a significant number of scattered 

breaks before failure a conservative estimate of the fibre failure stress 

at composite failure is that at which the first multiple break is expected. 

• (13) 

For 3-dimensional composites (mul tilayer) Zweben predicts that 

the failure stresses will be greater since the stress concentrations will 

be shared between more fibres and -so be significantly reduced. 

-The second failure mode considered by Zweben in reference 2 

is the -non cumulative fracture mode. In some fibre/matrix systems only 

a few fibre breaks occur before composite failure. This can be explained 

by cumulative failure theories only if the fibre strength dispersion is 

particularly small, and Zweben states that this is not the case. He 

studied the correlation between the theoretical strength of the weakest 

fibre and the observed failure loads. Again assuming a Weibull distribu

tion for fibre strength the following equation for the mode of the weakest 
/'. 

fibre strength ( o-WF) distribution is obtained. 

6-WI' = [(~)l!--(3 (14) 
NLC>l({?>J 

Zweben suggests that for noncumulative fracture the fracture 

of a single fibre propagates through the matrix and causes additional 

fibres to fail, thus resulting in catastrophic failure of the composite. 

Zweben compares the theory with data from boron/epoxy specimens and the 

indication is that using the occurence of the first fibre break as the 

failure criterion for the nonoumulative fracture mode gives a good but 

conservative estimate of the fibre stress at composite failure. In his 

conclusions Zweben notes that both the cumulative and noncumulative 

fracture modes predict a decrease in failure strength wi th an increase in 

specimen size, contrary to Rosen's theory where the failure strength is 

essentially independent of size. 

Liptai (11) tested a filament wound NOL S-glass fibre/epoxy 

ringin tension and the experimental results supported the cumulative 

fracture theory of Zweben's. Acoustic emission techniques were used to 

detect fibre failures and again it was found that the first scattered fibre 

breaks occurred at less than 50% of the ultimate load and the density of 

the breaks increased with the load. 

- - - - -- - - - - -- - - --- -- - - -- -
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B1ake1ock and Love11(12) also considered the range of failure strength 

of composites to stem from the statistical nature of the fibres. In 

1969 they examined the mechanism by which a carbon fibre composite fails 

in tension and described a statistical cumulative weakening failure up 

to the failure of all the fibres in one region due to weakening. The 

events during the subsequent failure of the matrix were related to the 

tensile strength of the matrix and the shear strength of the fibre/matrix 

interface. 

In the case of a low interfacial shear strength (~Lf) during 

the increase in local strain, beyond the breaking strain of the reinforce

ment, the broken but still embedded fibres either debond from the resin 

and pull-out immediately or break further until they are sufficiently 

short to debond and pull-out. The failure of the resin propagates through 

the weakened region of broken and debonded fibres to produce a relatively 

smooth fracture surface with the ends of the debonded fibres protruding 

out. The mean height of these exposed fibres can be equated with the 

shear strength of the interfacial bond between the fibre and resin, 1:'if" 

" "" LiE = df Of (15) 

4y 
where y = pull-out length. 

When the interfacial shear strength is lower than the resin 

tensile strength; failure occurs through shear failure at th~ fibre/ 

resin interface and is otherwise independent of the mechanical properties 

of the matrix. In the opposite case,where the interfacial shear strength 

is greater than the tensile strength of the resin,B1akelock and Love11(12) 

state that the failing fibres do not debond from the resin but as they 

relax at the points of failure they cause extremely high local strains 

in the resin. These strains may be sufficient to produce small internal 

cracks at the points of individual fibre failures which propagate and 

join at ultimate failure. Thus an undulating fracture surface is formed 

which passes through the individual fibre fractures in the region. In 

this case the strength of the composite is improved by using a resin with 

superior properties and not by improving the fibre/resin bond. 

The fracture surfaces of a T,ype I carbon and T,ype 11 carbon 

composite were compared and the results supported the above. The T,ype 11 

composite had a greater inter1aminar shear strength (i.l.s.s.) than the 

T,ype I composite. The fracture of the T,ype 11 occurred without noticeable 

separation between the fibre and resin whilst the T,ype I fractures "had a 

variety of pull-out lengths. There are not sufficient details given to 
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be able to compare quantitatively the composite strengths with statistical 

theories of Rosen(l) and Zweben(2). 

In 1970 Rosen extended his original ideas on composite failure. 

In a paper entitled 'strength of Uniaxial Fibrous Composites,(9) he 

stated that a single failure mechanism for all fibrous composites did not 

exist and that failures due to longitudinal and transverse crack propagation, 

statistical accumulation of internal fractures and matrix flow were all 

possible. The aim of the paper waB to relate several analyses of uniaxial 

tensile strength which together provide the elements of a rational theory 

for the tensile failure of fibrous composites. One of the first statements 

made was that the then general assumption that the average fibre tensile 

strength measured by testing individual fibres could be directly used 

in the mixture rule to give composite tensile strength was fallacious. 

As noted in references I, 2, 8, 10, and 11 the strength of brittle fibres 

is not unique but variable. The degree of variation in fibre strengths 

affects the possible composite failure mechanisms. Rosen again character

izes the fibre strengths with a Weibull distribution function and describes 

the function in some detail. Here let it suffice to note that the constant 

{3 is essentially an inverse measure of the coefficient of variation (CV). 

cv (16) 

For practical fibres. ~ > 1 • 0<. - '~ may be regarded as a reference 

stress level. Figure 3 shows graphically the relationship between ~ 

and CV. One aspect of the statistical approach to composite failure is 

that the composite contains a bundle of filaments and the strength of 

a bundle is not equal to the mean fibre strength. In general the average 

strength of the bundle is less than the average strength of the fibres 

and is a decreaSing function of the CV of the fibre strength. :. 

Rosen (9) explains that at the point of a fibre break the 

extensional stress in the fibre drops to zero, building back up along the 

fibre away from the break by virtue of the shear transmitted across the 

interface between the matrix and fibre. The localized shear stresses 

can be high and, depending on the matrix properties, one may expect 

either yielding of the matrix or an interface failure. If interfacial 

failure propagates along the length of the failed fibre that fibre is 

totally ineffective and the composite acts as a bundle of fibres and the 

matrix material does not enhance the strength of the composite. Alter

natively the crack from the first fibre failure may propagate into the 

matrix normal to the fibres and local stress concentrations cause other 
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fibres to fail leading to catastrophic failure of the composite i.e. 

noncumulative fracture mode. Cumulative damage occurs when both of the 

above crack pr~pagation modes are suppressed. Rosen examined the question 

of stress concentrations. He treated the problem in the same manner as 

Zweben(2), using equation 8 to obtain the stress concentration factors. 

Rosen considered the dynamic overshoot factors which range from l~ to 

21% of the static stress concentration factors as the number of broken 

fibres range from one to infinity. He assessed the effect of distributed 

fibre fractures occurring in the same cross-section on the cumulative 

weakening mode. The inte·raction of the stress concentration factors where 

every nth fibre is broken is shown to become significant only when the crack 

denro:tybecomes very high. The stress concentration factor of 1.33 for a 

single failed fibre increases to 1.50 when the fraction of broken fibres 

is one in three. The above only applies to a 2-dimensional composite,but 

in practice the 3-dimensional composite is more important. Rosen considers 

a 3-dimensional composite to contain a series of elements of seven fibres, 

a central broken fibre surrounded by six unbroken fibres,and shows the 

stress concentration factor on the unbroken fibres in each element to be 

1.17. This compares with a factor of 1.36 if every 7th fibre in a 2-dimen

sional composite is broken. For a cumulative fracture mode Rosen(9) . 

repeats the derivation for the statistical composite tensile strength 

given in reference 1, attaining equation 7 but again does not include 

the effect of stress concentrations. The equation for the expected 

fibre stress at composite failure is equal to the mean strength of a bundle 

of fibres of length ~ for a large N. The difference between the strengths 

of a composite and a bundle of fibres of the same length, L, as the 

composite is the difference between the strengths of a bundle of length ~ 

and a bundle of length L. The length strength effect is large and therefore 

the merits of the compositing process are apparent. 

From this time onwards there was a greater awareness of the 

statistical nature of the strength of fibres. However,many people felt, 

like Harris (13), that the tensile strength of carefully aligned composites 

is almost always sufficiently accurately predicted by the simple rule of 

mixtures. 

In 1972 Zweben(3) proposed bounds to composite tensile strength. 

For a composi te which fails in the weakest link mode the lower bound on 

the fibre stress at composite failure is the expected stress at which the 

"" first fibre failure will occur, crW~' as given by equation 14. 
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This is too conservative a stress level for composites in which 
/'.. 

cumulati ve damage occurs. Zweben suggests using for the lower bound, o-LF , 

the stress level at which the first fibre adjacent to a broken fibre is 

expected to fail due to the stress concentration factor. For the upper 
....... 

bound,o-Uf' Zweben suggests the equation derived by Rosen in which stress 

concentration factors are ignored • 

• . . 
Zweben tested the validity of this bounding theory by comparing 

the theory with a number of different sets of experimental data. The 

majority of results fell within the two bounds for the cumulative fracture 

mode. The comparison of two of the sets of data, both based on composites 

of boron fibres in an aluminium matrix is of interest. The two failure 

bands are significantly different and do not overlap. The first set lies 
....... ........ 

between the predicted o-LF and 0-ur level s and the second set 

"" lies below o-L~. The two sets were manufactured by different methods 

which resulted in a much stronger fibre/matrix bond in the second set. 

Experimental observations of the second set showed that fibre breaks 

ini tiated matrix cracks, indicating that composite failure was due to the 

weakest link mode. The weaker fibre/matrix bond in the first set would 

suppress the weakest link mode of failure, thus the difference in the 

two sets of data can be explained by the combination of Rosen's and Zweben's 

theories. The implication is olearly that a strong fibre matrix bond may· 

r.esul t in lower tensile strengths than may be obtained with a weaker bond. 

In reference 3 Zweben notes that sample calculations show very 
....... 

li ttle difference in Oi; values between hexagonal and square array cases 
r.. 

but the values of t:rLf' for an equivalent monolayer composite are signific-

antly lower. Thus in thin specimens where the outer layers of fibres. 

with their relatively high stress concentrations are a more significant 

part of the whole specimen the failure stress levels may be lower than 

those of a similar composite with a greater number of layers. The 

question of the influence of composite size on strength is interesting, 

evidence from experimental data is contradictory. As regards the statis-
/'.. /'.. 

tical theories the values of o-WF and O"LF are both size dependent· (dec""; 
........ 

reasing with increasing volume of material) but O"U; is independent of the 

volume of the composite. 
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The tensile failure mechanisms in carbon fibre reinforced 

plastics were studied, with the aid of acoustic emission monitoring 

equipment, by Fuwa et al(14) in 1975. They fabricated and tested 

tensile specimens of: 

i) ~JPe I carbon fibre in fully cured epoxy matrix; 

ii) Type I carbon fibre in semi-cured epoxy matrix and 

iii) Type I carbon fibre bundles. 

The acoustic emissions from the specimens due to fibre failure, 

fibre/matrix debonding, matrix cracking and fibre pull-out were monitored 

during ~he tensile testing of the specimens. The stress v strain (CYVE.) 

curves (see fig.4) for the cured c.f.r.p. specimens were close to linear with 

an abrupt brittle failure. In both the semi-cured and bundle specimens the 

absence of a rigid matrix resulted in a lower initial modulus and the curves 

became non-linear prior to catastrophic failure. The peak in the frequency 

distribution of the failure strains of the fully cured c.f.r.p. specimens 

was close to the stra;n at which the 0- V E curves. of both the bundles and 

the semi-cured specimens deviated from linearity. Both bundle and semi-cured 

specimens ha.d fairly constant values of failure strain ( == 0.55%) whereas the 

fully cured specimens had a wide range of failure strains. The greatest 

extension exceeded the strain at which the bundles failed, indicating that each 

fibre in the composite had broken at least once. Fuwa et al emphasized the 

following observations on their results: 

i) the weakest fully cured specimen failed at a strain of 

0.32%, close to the strain at which the results for bundles 

and semi-cured samples suggest that significant numbers of 

fibre failures begin to occur; 

ii) about 80% of cured specimens failed before the maximum 

failure strain for bundle specimens and 

iii) some cured specimens survived to strains greater than 

0.55% at which level all the fibres in the semi-cured 

and bundle specimens are expected to have failed. 

The fact that 60% of the fully cured specimens failed at a lower 

strain level than that at which an estimated 10% of fibres in the bundles 

would have failed indicates that a.progressive failure mechanism such as 

related fibre breakage or crack propagation exists in these fully cured 

specimens. Alternatively the observation that some samples failed at strains 

greater than the failure strains of the bundles suggests random fibre failure 

within the specimens and that ultimate failure is statistically determined. 

Thus the failure of the fully cured specimens seems to be bounded by upper and 

lower limits as described.by Zweben(3). 
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The acoustic emission patterns for the fully eured c.f.r.p. showed 

a sharp increase in emission between 0.35% and 0.40% strain, the critical 

strain range in which significant numbers of fibres fail in fibre bundles. 

Similar acoustic emission patterns were obtained from the serni-cured 

specimens. Microscopic examination of the fractures showed that in both 

the bundle and semi-cured specimens the fibres failed randomly throughout 

·the gauge length, independent of the failure of others. The soft matrix 

of the half-cured specimens did not change the mode of failure from that 

of the bundles since it was not able to support the high shear loads 

necessary in order to transfer loads from broken fibres to the other fibres 

in the cross-section. The stiff matrix of the fully cured c.f.r.p. allowed 

shear stress transfer,thus altering the fracture mode. These specimens· 

failed suddenly, normally into two separate but occasionally into several 

pieces. By removing the surface layers of the epoxy matrix with sulphuric· 

acid and examining the exposed fibres under the microscope, successions 

of fibre breaks were observed that were not necessarily associated with 

the final site of complete failure, although the frequency of the damage 

was greater near to the final fracture region. In the samples with a 

tensile strength near to the top of the scatter band the incidence of 

fibre damage away from the final fracture was much greater than in the 

lower strength specimens. The fibre fractures observed in the apparently 

intact portions of the composites frequently ran at angles across a 

portion of the specimen and small bundles of broken fibres were often 

linked to neighbouring bundle failures by a final shear failure. In the 

stronger specimens some random single fibre failure was observed. The 

conclusion for the failure picture of the fully cured c.f.r.p. was that 

the basic mechanisms of failure are statistically determined and not a 

result of straightforward crack propagation. Successive fibre failures 

occur due to stress concentrations as described by Zweben(2) but the 

failures are localized, limited to 'sub-bundles', and result in a 

distribution of weak regions. Shear failure between sub-bundles may be 

the cause of the limitation of the associated fibre failures. Eventual 

composite failure is attributed· to the statistically determined accumula

tion of fractured regions across a particular cross-section. It appears 

that the samples near the bottom of the strength scatter band fail 

prematurely due to a chance accumulation of weak regions in a given cross

section. In .specimens near the upper limit the points of weakness are 

probably more evenly distributed throughout the specimens so every cross

section is able to sustain higher loads. 
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The above paper(14) makes a valuable contribution to the field 

of c.f.r.p. tensile failure mechanisms and is complete within itself but 

unfortunately the appropriate data for a quantitative analysis of the 

results using the lower and upper bound theories of Zweben(3) is not 

supplied. 

In 1978 Fukuda and Kawata(15) predicted the statistical strength 

distribution of unidirectionally reinforced composite materials using 

Monte Carlo simulation. Unlike Zweben(3)(7) they characterized the fibre 

strength with the normal distribution and not the Weibull distribution. 

In addition they postulated that the stress concentration factor was 

dependent upon Er/E,. and Vf • The work presented in the paper is not 

used here but note that the relative strength of composites was found to 

decrease with increasing Ef/EIQ' Vf· and composite length. 

In 1978· Barry(4) presented an extension of the previously 

proposed statistical theories of Rosen(1)(9) and zweben(2) (3) and adopted 

a computer simulation technique, from the statistical model, to generate 

a set of generalized scatter limits for' the average fibre stress at 

composite failure. As in references 2 and 9 the model considers the 

composite to consist of a number of transverse slices, or bundles, of a 

characteristic thickness and the composite fails when anyone of the 

slices fails. The characteristic fibre length is not b, the ineffective 

iength, but Lp, the positively affected length. It is a function of the 

fibre to matrix modulus ratio, Ef/Em, the volume fraction of fibres, Vf , 

and the length of debonding that occurs between a failed fibre and the 

matrix material. From a stress analysis of a 3-dimensional composite 

Barry derives the relationships of model fibre length, Lp, and the ratio 

of Lp/LR, where LR is the model fibre length for the case of zero debonding 

(comparable wi th b ), to the debond length for a composi te wi th modulus 

ratio of 100 and Vr = 0.5. Figure 5 illustrates these relationships. 

For a composi te with differing Ef/E·/iI and V f values Barry determined a 

length factor, F. 

F - 1) 0.02~ • (17) 

The model is composed of approximately 4000 fibres and considers 

the 18 nearest fibres to a failed fibre to be affected by stress concentra

tions. The 6 nearest fibres and the next 12 nearest fibres to the failed 

fibre are called primary and secondary fibres respectively. Barry assumes 

the strength distribution of the fibres to be normal since this was con

venient for the computer simulation of the model composite. The fibres 
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are considered to consist of n elements, each one fibre diameter in 

length. The strength of the individual fibre elements is taken to be ...... 
a normal distribution with a mean value of ITe and CV of CVf. If a ...... 
fibre of n elements is stressed to (]In- , the mean strength of such 

fibres, the cumulative probability that such a fibre fails during loading 
....... 

to O"n is 0.5. From statistical theory Barry arrives at the equation-

...... 
on eTL = l-CV~A 
ITe • (18) 

A is the number of standard deviations of element strength 

from the mean of a normal distribution associated with a cumulative 
I 

probability equal to 1 - 0.5~.~represents the length correction factor 

for mean fibre strength.- An equation similar to the above may then be 

used to determine mean composite strength from the mean model composite 

strength. 

The static and dynamic stress concentration patterns due to a 

broken fibre and the effect of debonding on these patterns are considered. 

In order to obtain a workable distribution model for computer simulation 

two assumptions were made. Firstly that the stress concentration increases 

assigned to an intact fibre when more than one nearby fibre fails are 

additive, and secondly that the sum of the stress concentration increa:ses 

distributed among the primary intact fibres is constant, and the same for 

the secondary intact fibres. 

The distribution logistics method used in the computer simulation 

is as follows. When a fibre fails both dynamic and static stress conc

entration increases are calculated for the intact primary and secondary 

fibres. The dynamic increases are assigned to the fibres. A check is made 

to see whether any of these fibres fail. If none fail the dynamic stress 

concentration is replaced by the static stress concentration increase. 

Where the dynamic concentration results in one or more fibre failures 

two possibilities lead to a high and low limit condition. The high limit 

condition considers completely separate fibre failure with no overlap of 

dynamic stress concentrations. The low limit condition considers the 

complete accumulation of dynamic stress concentration increases on the 

intact fibres. When catastrophic fibre failure occurs the computer 

programme reports the current value of the average fibre stress. The 

programme was run several times with varying combinations of CVf, debond 

length and limit conditions. The results show that the percentage of 

fibres failed in a model composite prior to catastrophic failure ranged 

from ::>: o. % for I a CV f of :. 10% to :. 7% for a CV f of = 2%. Therefore, 
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even for a relatively small specimen the number of individual fibre 

breaks will be very large. The strength results are expressed as a 

function of the' CVf and the ratio Lph and the values given are the 

upper and lower 9% single tail scatter limits and the mean value for 
.A 

the ratio of average fibre stress at model composite failure, cr~f - ~/-to the mean fibre strength, CJ'i:(L ) , for a gauge length of LR. CYcif ~(L. .. ) 
* R * L is denoted 0"". The relationships between 0"" and the ratio PfrR, 

for a range of CVf, are given in figures 6, 7 and 8. Figure 9 gives 

the relationship between the CV of the model composite strength (CVQ,;) 

and CVf. 

Thus the upper and lower limits for the failure strength of 

a brittle fibre composite can be calculated using Barry's model providing -that the follOwing properties are known: (J1'tl~); Er; Em; Vf ; debond length 

range; dr; CVf and L. 

Barry compared predicted and experimental ranges of average 

fibre stress at composite failure for 6 different combinations of carbon 

fibre/matrix and found the correlation good. The experimental details 

are presented in reference 16. The predicted minimum composite'strength 

values are very close to the actual values and this emphasized the 

conservative nature of Zweben's lower bound which utilizes the first 

multiple fibre break as the failure criterion. Results of Barry's 

computer model indicate,' that multiple fibre failure groups containing 

as many as 5 broken fibres can occur before the composite fails. Two 

points to note are firstly that the fibre debond lengths are obtained 

from fibre pull-out lengths and the prediction of the minimum strength 

of a composite should be based on the maximum fibre pull-out length, and 

secondly that oomposite strength is dependent on specimen size. 

As the statistical theories for the failure of composites were 

developed the problem was also considered from the point of view of energy 

and fracture mechanics. In 1969 Beaumont and Harris(17) evaluated the 

energy expended during oontrolled crack propagation in unidirectionally 

reinforced composi tes of carbon fibres in an epoxy resin matrix. Important 

aspects of their work are that the effect of improving the fibre/resin 

bond and so decreasing the average fibre pull-out length, is to reduce 

the energy released during crack initiation by approximately a factor 

of 5, and the resistance of the composite to the propagation of cracks 

by nearly an order of magnitude. Beaumont and Harris(17) postulated 

that the energy required to propagate a slowly moving crack in c.f.r.p. 

is proportional to the fibre critical length and the interfacial shear 
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stress and that an increase in one is at the expense of the other. 

Prior to the above paper Outwater and Murphy(18) considered 

the fracture energy of unidirectional laminates, concentrating on 

glass-fibre reinforced plastics (g.r.p.). They too decided that a weaker 

bond between fibre and matrix reduces the brittleness of a laminate and .,... 
suggest that a reduction in df, V{, Of, E!n and an increase in Er' all 

help to increase the brittleness of a composite. Relating this to 

Zweben's failure modes it is equivalent to saying that the above factors 

increase the probability of the 'weakest link' failure mode. 

Fibre debond lengths also played an important role in Barry"s 

As mentioned previously he proposed that both variation in 

fibre strength and in the debond length of fibres are main sources of 

variation in composite strength. Composite strength was predicted to 

increase with decreasing debond length. In his experimental work(16) 

he assumed that debond length could be observed as the fibre pull-out 

lengths on the composite fracture surfaces. The carbon/epoxy specimens 

tested were basically impregnated tows with Vr% between 20% and 2~. In 

all 6 of the composite systems tested there was a range of tensile strengths 

and generally the stronger specimens in each system showed smaller fibre 

pull-out lengths than the weaker specimens. Barry noted that the 

observations and the strength results were reasonably consistent with the 

trends predicted by his model(4) and concluded that the fibre pull-out 

lengths may be used as a guide to the lengths of debonding between fibre 

and matrix for the purpose of predicting strength. In addition he states 

that the failure strain of a plastic matrix material may not be a signifi

cant factor affecting the short-term composite strength. 

To summarize it appears that the mixture rule, using fibre 

strength data derived from fibres of the same gauge length as those of 

the composite specimen, generally provides a reasonable approximation 

to the average composite strength. It can not be used with confidence 

since it gives no indication of the expected extent of scatter in composite 

strength and in cases where the weakest link failure mode is dominant the 

actual composite strengths will be considerably less than predicted. 

From the literature reviewed statistical theories predict two 

major failure modes for fibrous composites and that in practice failure 

can be a mixture of both, the dominant mode depending on the properties 

of the system in question. The two modes are the weakest link (or non

cumulative), and the cumulative fracture-propagation mode. The relevant 

equations for these modes are proposed by Zweben(2) and Rosen (1)(9) and 

form the predictions for lower and upper bounds to composite tensile 
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strength (3). 
...... 

The lowest limit,c:rvv , for the weakest link mode of failure, 

the probability of which is increased with increasing composite i.l.s.s. 

and lower CVf (i.e. greater ~ values when described by the Weibull 

distribution), is taken as the composite stress at which the first fibre 

fracture is expected. Where cumulative damage occurs the lower bound on ,..... 
composite strength, CJrL ' is the stress level at which the first fibre 

"'
adjacent to a broken fibre is expected to fail. The upper bound,eJiu , is 

the stress at which failure is expected to occur due to a statistical 

accumulation of flaws weakening a region, ignoring stress concentrations. 

In addition to the above the computer simulation of composite. 

failure evolved by Barry(4), based largely on the failure models of Rosen(l) 

and Zweben(2), is valuable. The theoretical and experimental data 

compared correlates well. 

The combined works reviewed suggest that potentially important 

factors influencing the tensile strength and failure mode of unidirectional 

fibrous composites include: 

i) the statistical characteristics of the tensile strength 

of the reinforcing fibres; 

ii) the relative fibre and matrix moduli; 

iii) the volumetric fibre content; 

iv) the fibre/matrix interfacial bond strength; 

v) the matrix shear modulus; 

vi) the fibre diameter and 

vii) the composite volume. 

The composite systems of greatest interest to the author are 

c.f.r.p. and g.r.p. Cumulative failures have been observed in both 

types with first fibre failures fre~uently occurring at less than 50% 
of the ultimate load. There appears to be a greater tendency in c.f.r.p. 

than in g.r.p. for related fibre breakage, the c.f.r.p. tending to have 

higher i.l.s.s. and lower CVf than g.r.p. 

Having achieved a greater understanding of the postulated failure 

modes in single fibre type composites and their controlling parameters, 

attention is now turned to hybrid composites. The following section 

reviews literature on the tensile characteristics and theoretical failure 

modes for unidirectional hybrid composites. 
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2.2 Tensile Failure of Unidirectional Fibre Hybrid Composites 

The importance of hybrid composites has been explained in the 

introduction. This section of the literature review concentrates on the 

experimental results and observations and on the theories evolved in 

previous work conducted on the tensile strength of hybrid composites. 

Reviews on this subject are found in references 19, 20 and 21. References 

19 and 20 cover the general mechanical properties of fibre composite 

hybrid systems whilst reference 21 covers most of the area of this 

review, the tensile strength of hybrid systems containing unidirectional 

brittle reinforcement fibres. 

As with single fibre type composites it was originally assumed 

that the tensile properties of hybrid composites could be accurately 

predicted by the rule of mixtures, a summation of the properties of the 

individual constituents .multiplied by their volume fractions, and that 

initial failure of the hybrid would occur at the failure strain of the 

lower elongation (L.E.) fibre. When the use of the mixture rule for the 

prediction of the tensile strength of single fibre type composites was shown to 

lack accuracy the form of the mixture rule for the prediction of hybrid 

tensile strengths and other tensile properties was adapted. Instead of 

regarding the hybrid to be composed of different reinforcing fibres 

in a resin matrix it came to be regarded as a combination of fibre 

reinforoed plastics. Thus for a hybrid composite, Af Bf m, oontaining volume 

fractions VAf, VSf' and Vm of fibre Af , fibre Bf and matrix m respectively, 

where fibre Af is the L.E. fibre, the hybrid composite tensile stress at the 
I 

initial failure,C)C, can be given by either equation 19 or 20, equation 20 

being potentially more reliable. 

where 
I 

CYBf and c 

• • • 

failure stress of Af , 

stresses in Bf and m respeotively at the failure 

strain of Af , 

failure stress of composite Atm with fibre and 

matrix contents VAf and Vm respeotively, 

stress in the composite Btm with fibre and matrix 

contents VSf and Vm respectively, at the failure 

strain of composite Atm 

(19) 

( 20) 
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and VAfm and VSfirl = the volume fractions of composites A.fD and Brm 
respectively in the hybrid composite Af Bf m. 

The first major work ,on the mechanical properties of hybrid 

composites was published in 1972 when Hayashi (5) proposed a hybrid 

design method based on the second form of the mixture rule above. 

Hayashi postulated the requirement of a hypothetical material X with 
* ....... * ini tial elastic modulus E , maximum tensile ,strength 0- and tensile 

~* ' 
strain e , as shown in figure 10. Three different types ':Jf unidirectional 

reinforced materials, A, B and C are considered with elastic moduli, 
.".... .".... .,.... 

ul timate strengths and ul timate strains of EA' Es ' Ec. DA", CJ8~', OCt .... ..... ...... 
and E. ... ", E.st.' E.'e' respectively, as shown in their O"vE curves in figure 

11. Hayashi predicts the necessary volume fractions of the three 

materials A, B and C, using the mixture rule to give the required 

properties of material X when put into a symmetrically laminated 

unidirectional hybrid composite. He assumes that the fracture of each 

material component in the hybrid composite takes place at its normal 

indi vidual fracture strain. Thus the tensile 0" v E curve for the 

designed hybrid material and the 

modulus (E),tensile stress (CJ» 

relevant equations for the elastic 

( ~) and ultimate tensile strength ~ 

of the three regions of the Curve (I, 11, Ill) are as given in figure 

12. It is assumed that once a component material fails it no longer 

contributes to the strength of the hybrid composite. 

In order to verify the theory a hybrid composi te was fabricated, 

consisting of unidirectional carbon/epoxy and unidirectional glass/epoxy 

material laid up in the order 3 ply g.r.p. + 2 ply c.f.r.p. + 3 ply g.r.p. 

Tensile tests were conducted on carbon/epoxy specimens, glass/epoxy 

specimens and the hybrid' specimens. The experimental results are compared 

with those predicted by the proposed hybrid theory. Correlation between 

the two sets of results is excellent with the exception of the primary 

fracture stress and strain. The theoretical and experimental curves are 

given in figure 13. The predicted first fracture stress and strain are 

49kg/mm
2 

and 0.767% respectively and the experimental values are 67kg/mm2 

and 1.110% respectively. This increase in the primary fracture strength 

of the hybrid by 37% and increase in the failure strain of the carbon/ 

epoxy part by 4% was unexpected. Hayashi's explanation for this phenomenon, 

later termed the 'hybrid effect',was that "the occurrence of fracture of 

c.f.r.p. part will retard under the influence of greater ductility of its 

surrounded g.r.p. parts and it results in the greater fracture strength 

and strain for the c.f.r.p. part. If. 



In the same year as Hayashi's paper(5) Kalnin(22) conducted a 

more extensive study of the mechanical properties of hybrids using a series 

of layered unidirectional graphite/glass/epoxy hybrids with varying relative 

fibre volume fractions. The hybrid composites were tested in shear, flexure, 

compression and tension. In tension Kalnin found that the initial fracture 

of the graphite fibres in the glass rich hybrid laminates (less than 2: 3 

graphite to glass fibre) was not catastrophic for the whole composite. The 

glass fibre supported the redistributed load and the failure strain of the 

hybrid was that of the glass fibre. In specimens with graphite to glass 

ratios greater than 9:11 the initial fracture of the hybrid composite was 

catastrophic, 

redi stri buted 

the amount of glass fibre being insufficient to carry the 

load. Comparing the 

osites with those predicted by the 

tensile properties of the hybrid comp

mixture rule, Kalnin(22) discovered that 

the initial fracture strain of the graphite in the hybrid was greater than 

that of the graphite in its own single fibre type composite. The effect 

increased with increasing ratio of glass to graphite. In addition Kalnin 

found that the elastic moduli of the glass rich hybrids were substantially 

higher than predicted by the rule of mixtures. This contrasts with the glass 

rich hybrid tested by Hayashi(5) in which only the initial fracture stress 

and strain were found to deviate from the mixture rule. 

In 1974 work conducted by Marshall(23) supported the results of 

Hayashi(5). Marshall tested a glass/carbon/resin system with an intraply 

mixing of the fibre tows and a glass to carbon ratio of 4:1. The first 

fracture stress and strain was approximately 40% greater than those based upon 

the rule of mixtures. Marshall tenders two hypotheses for the extension of 

the initial linear portion of the (Tv E: curve of the hybrid beyond the point 

of expected carbon fibre fracture. First is the possibility that. before the 

observed failure strain of the carbon fibres is reached the strain in the glass 

fibres is greater than that in the carbon, the ends of the comparatively short 

test pieces becoming non-planar due to shear strain in the matrix allowing the 

carbon fibre to move relative to the glass fibre. Alternatively the hybrid is 

considered as carbon fibres in a stiff matrix of glass and resin. Thus .weak 

carbon fibres may fail as their theoretical failure strains are approached but 

the stiff matrix absorbs a sufficient proportion of the energy released to 

retard the failure of other stronger fibres in the vicinities. In this 

case the geometrical configuration of the fibres in the matrix is 

expected to influenoe the magnitude of the effect. In both of the above 

hypotheses Marshall notes that a possible contributory factor to the 
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increase in initial hybrid failure strain is the different thermal 

coefficients of expansion of the two types of fibre (carbon fibre ~e II 

and E-glass fibre) since" the manufacture of the laminates was completed 

above room temperature. The effect of different thermal coefficients of 

expansion is covered in greater detail by Bunsell and Harris(24). 

Bunsell and Harris(24) considered the hybrid model of Hayashi(5) 

in which the L.E. fibre layers bear no load after fracturing and the load

extension behaviour becomes that of the H.E. (higher elongation) components. 

Bunsell and Harris suggested that in a hybrid with the layers of fibres 

bonded well together the interlayer bond contributes to the behaviour of 

the composi te"'and its properties may not correspond to those predicted 

by the rule of mixtures. For example in a hybrid consisting of well 

bonded layers of c.f.r.p. and g.r.p. upon the failure of the c.f.r.p. 

the bond between the c.f.r.p. and g.r.p. may be expected to remain sound 

and there will be little, if any, debonding of the carbon fibre. In 

such a case it is only the critical lengths either side of the fractured 

carbon which are ineffective in a load bearing capacity. As previously 

descri bed in tensile failure theories of single fibre type composi tea, 

multiple fracture of the carbon layer may occur. Bunsell and Harris 

then postulated the previously reported 'hybrid effect' to be due to 

differences in the thermal expansion coefficients of the two reinforcing 

fibres. The L.E. carbon fibre has a lower coefficient of expansion than 

the H.E. glass fibre. With an effective bond the L.E. carbon is put into 

compression and the H.E. glass into tension as the hybrid cools from the 

hot-pressing temperature at which the resin is cured. The hybrid must 

reach an internal state of equilibrium where the compressive force in 

the L.E. fibre equals the tensile force in the H.E. fibre. Providing that 

the tensile and compressive moduli of each fibre are assumed to be the 

same and the volume fractions of the carbon fibre, Vcf, and the glass 

fibre, Vg are equal then 

- ECf~€~f c Eg ~Eg • (21) 

where Eof and Eg = the elastic modulus of the carbon and 

the glass fibres respectively 

and ~E" andA€= the strains induced in the carbon and 
cf g 

glass fibres respectively. 

Figure 14 shows the proposed effect of the differential thermal 

contractions on the ini tial section of the hybri d er v E: curve". The 

ini tial "hybrid modulus, Eh' is, as Hayashi proposed, calculated by the 
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rule of mixtures 

= E V + E V ofrp cfrp grp grp • 

The above equation should now hold until the strain of the 
........ 

composite is equal to the breaking strain of the c.f.r.p. (Eec';'?) 

• 

plus its original negative strain, i.e. linearity of the 0- v E. curve 
",.... 

should cease at a strain of € "Of - -+ 6E cf c rp . 

Tb test this theory Bunsell and Harris(24) conducted a set of 

experiments with carbon/glass hybrids consisting of layers of c.f.r.p. 

and g.r.p. in which: 

i) the layers of c.f.r.p. and g.r.p. were unbonded· and 

ii) the layers of c.f.r.p. and g.r.p. were bonded together. 

In the unbonded specimens (which were bonded at their ends) 

the effect of the differential thermal contraction was clearly visible 

with buckling of the c.f.r.p. layers. The tensile properties of plain 

c.f.r.p. and g~r.p. specimens were determined.first. The c.f.r.p. 

specimens failed straight across in a bri ttle mode and the g.r.p. 

• ( 22) 

specimens failed only after extensive splitting. In the hybrid specimens 

the arrangement of the c.f.r.p. and g.r.p. layers made no obvious difference 

to their tensile strength or behaviour. For both the bonded and unbonded 

specimens the initial modulus was rather lcw, indicating that the g.r.p. 

layers took the stress until the compressive strain in the c.f.r.p. layers 

was negated. There was a sharp load 

unbonded hybrids at the point of the 

drop in the 0- v E curve of the 

sudden c.f.r.p. failure. The 

subsequent curve was characteristic of that of g.r.p. alone. In the bonded 

hybrids the first drop in load occurred at a strain approximately 48% and 

80% greater, for the 1:1 and 2:1 glass to carbon hybrids respectively, than 

expected from the behaviour of c.f.r.p. alone. The load drop was less than 

in unbonded specimens and the subsequent curve was jagged. Examination of 

the failed bonded hybrid specimens showed the" c.f.r.p. parts to have failed 

in many different sections and not straight across. The scatter in the 

results was large, e.g. the CV of the strain at first failure in the four 

layer bonded hybrid specimens was approximately 20%. Bunsell and Harris 

concluded that it was not possible to determine whether the so called 

hybrid effect was due solely to the residual compressive strains in the 

c.f.r.p. because of the high degree of scatter. 
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The acoustic emissions of the specimens were monitored during 

the tensile testing. Poor acoustic coupling between unbonded layers , 

prevented good detection of activity in the unbonded specimens. In the 

bonded hybrid specimens some acoustic emissions were monitored in the 

early stages of loading and the acti vi ty increased markedly immediately 

prior to the first load drop. 

In 1976 the controversy concerning the behaviour of hybrid 

composi tes was reflected in a paper by Phillips( 25) entitled "The Hybrid 

Effect - Does it Exist?" In the same year Phillips presented 

a paper(26) at the Reinforced Plastics Conference in Brighton which 

contained further experimental evidence of the hybrid effect. In a 

series of hybrids with 60'/0 total fibre volume content, VT , the initial 

failure strain ranged from 't!fo to 20'/0, for hybrids wi th 1:1 and 4:1 

glass t.o carbon ratios respectively, greater than the normal failure 

strain of c.f.r.p. In investigating one of Marsha11's theories(23) 

Phillips( 26) found no holographic evidence of differential strain between 

the carbon and glass fibres in a stressed laminate. Phi11ips neglected 

any possible "magical increase in the total extensibility of fibres in 

the c.for.p. phase" and postulated the following two closely linked 

theories. 

i) Fibre Bundle Theory:- The weakest carbon fibres and 

tows fail at their normal failure strains remaining well 

bonded to the surrounding glass fibre reinforced resin 

matrix. The failed fibres act as discontinuous fibres 

and so still cont.ribute towards composite strength and 

stiffness. The unbroken fibres are stronger with a 

breaking strain above the mean for c.f.r.p. 

ii) Crack Propagation Theory:- C.f.r.p. with a good i.1.s.s. 

fails catastrophically, the crack travelling transversely 

across the composite cross-section. G.r.p. fails with 

substantial debonding and fibre pull-out giving a rough, 

jagged fracture surface. The g.r.p. can act as a crack 

stopper. In a hybrid of g.r.p. and c.f.r.p. the g.r.p. 

reduces the possibility of a crack, initiated at a weak 

carbon fibre, propagating through the composite to lead 

to catastrophic failure. 

The two theories are similar, with the g.r.p. suppressing, or 

retarding, the point at which the failure of one carbon fibre, ,or one tow, 

can propagate through the rest of the 'carbon in that cross-section. 
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Experimental results do not contradict the theories. It has beeri shown 

that in plain c.f.r.p. the carbon fibres may become discontinuous prior 

to failure(14), following the statistical failure modes described 

earlier(I)(9) • 

Aveston and Sillwood(6) approached the question of a possible 

hybrid effect from a synergistic strengthening and fracture energy point 

of view. They hypothesized that in a hybrid composi te a synergJ.stic 

strengthening of the L.E. fibres occurs and estimated the theoretical 

CSvE: behaviour of a hybrid composite, regarding the composite as L.E. 

fibres in a matrix composed of resin and the H.E. fibres. They state 

that when situated in a composite material the L.E. fibres will. only be 

able to fracture at the failure strain of the L.E. fibres alone if 

sufficient work to fracture is available from the new fracture surfaces. 

If composite failure does not occur at the normal failure strain of the 

L.E. fibres then the potential deformation upon fibre failure may not 

provide sufficient energy for the failure to proceed. The L.E. fibres 

must then remain intact until the strain is sufficient to produce the 

required work of fracture. Aveston and Sillwood assume that wherever 

a L.E. fibre breaks all the other L.E. fibres break and that the failures 

are coplanar and perpendicular to the fibres. They estimate and compare 

the failure strains of the L.E. fibres in a unidirectional hybrid assuming 

first a perfect fibre/matrix bond and secondly a sliding frictional bond. 

The derivation of the minimum strain at which L.E. fibre fracture can occur, 
"-
Cfuc' is given in detail for the bonded case. The final equations for the 

bonded and debonded cases are equations 23 and 24 respectively. 

where 

and 

__ 4_'lS' .... f..--_ . (GElI'lf)~ 
E;(l +~)df 

.. 
= surface work of fracture of the fibres, 

(23) 

= shear modulus of the matrix (H.E. fibre plus resin) 

= E1nVm 

ErVf 
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Multiple fracture of the fibres will occur in both cases 

providing the matrix can support the additional load in the regions 

of fibre fracture, i.e. 

€'fu.c EfV:f' + 4uc:EniV 0 ~ 6"m Viij (25) 
Aveston and Sillwood 6) tested their synergistic strengthening 

theory with h~brids composed of separate layers of carbon and glass in 

an epoxy resin. The volume content of carbon, vcf% waS 3.~ and that of 

glass, Vg%,was 3~. The essential features of their theory were reflected 

in the IT vC; ourve of the hybrid, illustrated in figure 15. One signifi

cant difference between the theory and experiment is that multiple failure 

of the carbon occurred over a stress range instead of at a single value. 

Carbon failures were marked on the surface of the hybrid specimens by 

white striations caused by fibre/matrix debonding. The average spacing 

of the marks was approximately 1.00mm. The mean carbon fibre breaking 

strain in the hybrids was approximately 116% greater than the normal 

strain to failure of those carbon fibres, a separation in the order of 

10 standard deviations of the strain results. For quantitative comparison 

of the increase in failure strain with the predictions of the elastic 

and debonded theories the surface work ·of fracture of Type I carbon fibre 

~f' was assumed to be 150 Joules/m2, the value for graphite. The elastic 

theory proved to be innapplicable, predicting a very low first failure 

strain. The debonded theory predicted a 1.10% cracking strain compared 

with the experimental value of 1.08%. Since there was evidence of debonded 

regions (the white striations) in the specimens it was concluded that 

the debonded theory was suitable. A major assumption of the bonded and 

debonded theories is that the fibres in the hybrid are intimately mixed, 

in practice this is virtually impossible. Although the theoretical 

(for the debonded case) and the experimental results agree well Aveston 

and Sillwood(6) put forward the prevention of crack propagation theory 

postulated by Phillips(26) as an alternative explanation of the hybrid 

effect. Aveston and Sillwood felt that the validity of their theory 

could not be truly tested without an exact value for ~f. 

In 1977 zweben(7) presented an approximate statistical analysis 

of the tensile strength of hybrid composites. The brief review, in 

reference 7.of previous work on hybrid composites considered the residual 

strain theory of Bunsell and Rarris(24). Zweben noted that if the data 

provided by Bunsell and Rarris is assumed to be correct then the residual 

compressi ve thermal strain in the carbon phase would not wholly account 

for the increase in the ini tial fracture strain of the carbon fibre. The 



mean strain at first break in the bonded hybrid composites was 0.48% 

and that in the plain carbon/epoxy composites was 0.26%. Zweb'en 

calculates that approximately 8% of this 80% increase in the carbon 

failure strain can be explained by residual thermal stresses. Despite 

the 20% CV of the first failure strains in the hybrid composites the 

above should be sufficient evidence to conclude that the different 

thermal expansion coefficients in the two reinforcing fibres does not 

wholly account for the hybrid effect. This is emphasized by the resuits 

of tensile, tests on Kevlar 49/graphi te/epoxy hybrids present.ed in 

reference 7. An analysis of the thermal expansion coefficients of the 

two fibres predicted an introduction of a positive residual thermal 

strain in the graphite fibres ~L.E. fibres) during curing. Thus, according 

to Bunsell and Harris's theory 24) the hybrid composite should exhibit a 

negative hybrid effect in strain to first failure. There was an increase 

in strain of approximately 4%. 
Zweben(7) considered the tensile failure of hybrid composites 

in the same manner as single fibre type composites, as a complex statistical, 

process involving the fibre strength characteristics and fibre/matrix 

interfacial properties. However, since hybrids normally contain two types 

of fibres having quite different mechanical properties then the details 

of the failure process in the hybrid composites can be expected to differ 

from those in the single fibre type composites and this may result in 

differing failure strains. The model used is given in figure 16. The 

hybrid composite is 2-dimensional, of axial length L and composed of 

alternating H.E. and L.E. fibres. The moduli and cross-sectional areas 

are denoted by ELE , EHE and ALE' AHE respectively. The total number of 

fibres in the composite is N. The axial length L is considered to be 

divided into Mh layers of Oh' the ineffective length of a broken fibre 

in the hybrid composite. The analysis assumes that the fibres support 

all the load, ignoring the contribution of the matrix. As the composite 

is strained L.E. fibre breaks occur. subjecting the adjacent H.E. fibres 

to strain concentration factors, Kj:,. The analysis follows the approach 

used in reference 9, postulating that composite failure results from the 

propagation of fibre breaks caused by local strain concentrations. The 

lower bound on composite tensile strain is taken as that at which the 

first overstressed H.E. fibre is expected to break. Representing the 

cumulative distribution functions of the failure strains of the L.E. and 

H.E. fibres of length L with Weibull distributions of the form 



FLE (e.) = 1 

and FIIE(e.) = 1 
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exp (- pLE'I) 

exp (_rL€s) 

(26) 

(27 ) 

where p, q, r and s are Weibull parameters, then the 

expression for the composite strain at which the fracture of the first 
.... 

overstressed H.E. fibre is expected, £Lh' is derived as 

~ [ S):1 - l/q+s 
£Lh = NLpr6h (kh - l'J (28) 

The equivalent equation for a composite composed of only LE 

fibres is: 

• ( 29) 

The ratio, RE , of the lower bounds on the failure strain of 

a L.E. and H.E. fibre hybrid composite to that of a L.E. fibre composite 

• 

• (30) 

. I' 

b = 1. 531 (;EL~~LE g) Y
z 

. mm 

k = 1.293 

~ = 1 + ___ m_:1._-_m_, ___ _ 

rn, (2-m ,z )-m2 (2-m» Z) 

where G m c matrix shear modulus , 

tm == matrix thiclmess , 
g = fibre spacing , 
j = ELE ALE 

EIIE AHE (35) 

and m, 2 ,= ~ + 1 :!: . t J 1/2 
(.jZ + 1) /a. 

, . j 

The above expressions for ~. 2> h' k and lq, are approximate and 

are derived in Appendix 2 of reference 7. 
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When the H.E. and L.E. fibres have a similar scatter in failure 

strains and q~s,equation 30 simplifies to 

where is the ratio of the average failure strains of the H.E. and 

L.E. fibres at an arbitrary gauge length L. Furthermore when the CVf is 

small (approximately ~ or less) equation 37 reduces to 

Re: = 2 11l.'i (~)I'i (.!..)~ (~).I/2.q 
E. L &. kf.. ,sh 

(38) 

The model applies to a hybrid with alternating L.E. and H.E. 

filaments. In practice the fibre tows and not the individual filaments 

are intimately mixed. To overcome this Zweben assumed that each impreg

na ted yarn can be treated as an individual fibre wi th an effective fibre 

cross-sectional area equal to the total cross-sectional area of the fibres 

in the yarn. The statistical strain characteristics of the fibres are 

replaced by those of the yarn. Another major assumption is that fibre 

break propagation in the L.E. fibres is arrested when the crack reaches 

intact H.E. fibres. 

Zweben compared the above statistical theory with experimental 

data from a Kevlar 49/Thomel 300 system and a high modulus graphite/E

glass system. Tensile failure strain data for neither individual filaments 

nor impregnated yarns was available and Zweben substituted the data for 

composite tensile specimens, assuming the effect of composite volume to 

be small. The Kevlar 49/Thomel 300 hybrids consisted of alternating 

yarns of the two materials and the Weibull parameters for the materials 

justified the use of the simplified equation 38 for Re • The experimental 

and theoretical values calculated for Re were 1.04 and 1.22 respectively. 

Hybrid composites composed of balanced Kevlar/Graphite fabrics were also 

tested in tension and for these the experimental Revalue was 1. 31. The 

second ~ybrid system of graphite/E-glass fibres deviated markedly from 

the model composite. Hybrids of this system consisted of either one or 

two layers of graphite/epoxy sandwiched between two layers of E-glass/ 

epoxy. No data was given on the Weibull parameters for fibre failure 

strains and Zweben assumed that the parameters were the same as for the 

Kevlar 49 and Thomel 300 fibres. Thus when calculating the values of Re 

equation 38 was applicable. Experimental strain ratios were 1.31 arid 1.83 
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for the cases of two layers and one layer of graphite respectively. The 

theoretical ratio was 2.26. The result for the 3 layer hybrid composite, 

which more closely fits the assumed model of alternating H.E. and L.E. 

fi bres, is nearest to the theoretical result. Note that the theoretical 

strain ratio was not adapted for the change in relative volume contents 

of the two fibres. 

Zweben concluded that the agreement between the experimental and 

theoretical data wae not unreasonable when considering the many simplifying 

assumptions made. However the validity of the failure model is now 

questioned. Zweben assumes that it is the failure of overstressed H.E. 

fibres which cause composite failure. Possible explanations for the high 

t.heoretical Re. values are that: 

i) crack propagation of L.E. fibres occurs, due to secondary 

strain concentrations on L.E. fibres, to result in composite 

failure below the strain at which over strained H.E. fibres 

are expected to fail and 

ii) an extension of Rosen's theory(9) applies, L.E. fibre 

failures accumulate until one cross-section is seriously 

weakened and causes further fibre failure, again below 

the strain at which over strained H.E. fibres are expected 

to fail. 

In either of the above cases the failure of the L.E. fibres may 

or may not spread to the H.E. fibres, depending on the relative fibre 

contents. Therefore the first failure strain need not be catastrophic 

to the whole composite. Zweben's theory does not appear to consider a 

'first failure strain'. 

In 1978 Marom ,et al (27) presented evi dence to show t!Jat the 

fibre/resin interface is an important factor in the hybrid effect. The 

main area of research was the effect of hybridization on the ultimate 

stress (flexural) and fracture energies of a composite. Two systems were 

used,. 'The first was a carbon/carbon/epoxy hybrid in which the mechanical 

properties of the carbon fibres differed but the surface characteristics 

were almost identical. The second system was a carbon/glass/epoxy hybrid, 

in which both the mechanical properties and surface characteristics of the 

fibres differed. The experimental results showed a hybrid effect in the 

carbon/glass/epoxy system. The ultimate strength of the composite was 

lower than )redicted by the'rule of mixtures, as found previously by 

Phillips(26 and Kalnin(22). A hybrid effect was also observed in the 
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fracture energies. The important point here is that the hybrid effect, 

was not exhibited by the carbon/carbon/epoxy hybrid where the fibre/resin 

interfaces were thought to be almost identical. Marom et al noted that 

in the carbon/glass/epoxy hybrid the pull-out lengths of both fibres 

were modified. They postulated the existence of two extreme cases 

resulting in lower and upper bounds in fracture energy: 

i) the pull-out length of the glass fibre reduces to that 

of the carbon fibre and 

ii) the pull-out length of the carbon fibre increases t.o that. 

of the glass fibre. 

In 1979 Aveston and Kelly(28) reviewed reference 6 arid considered 

the specific area of the tensile first cracking strain and strength of 

hybrid composites. They presented a summary of the non-statistical 

theories of multiple cracking and constrained failure. As previously 

stated,for multiple cracking of the L.E. phase to occur in a hybrid composite 

there must be sufficient of the H.E. fibre to bear the applied load when 

the L.E. fibre fails at the first cracking strain,Le. assuming no 

concentration of stress on the H.E. component at the failure of the L.E. 

component then for multiple fracture 

",..... 

VHE ~ 
O""L.E 

",..... 

eL.l: - O-~E O""HI:+ 

'" EL.E ( 1 + ELE VLE ) and eH!: ~ 
EIlE' VL'ii 

(40) 

I ~ 

where O""HE = stress in the H. E. componen t at € LE 

Aveston and Kelly postulated that in a hybrid composite, in 

which the above conditions (equations 39 and 40) are satisfied, as the 
~ 

strain rises above I:. L.E a series of parallel cracks form in the L.E. 

,phase. Each crack results in an extension, ~l , of the specimen due to 

local relaxation of the broken L.E. fibres and the additional load bourne 

by the H.E. phase over a short distance each side of the crack. Where 

the bond remains intact,i.e. the elastic case, the load transfer length 

depends on the shear modulus but in the frictional case it is dependent 

upon the limiting bond strength. The cracking occurs when the strain is 

sufficient to produce the required work of fracture for the L.E. phase. 

Equations equivalent to 23 and 24 are produced for the elastic and debonded 

cases respectively. It is emphasized in reference 28 that by incre'asing 
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fi bre dispersion, which reduces lU , the first cracking strain can be 

increased. 

In summarizing the hybrid review to date it appears that under 

certain conditions a hybrid effect can be expected in the tensile stress 

and strain to first failure. This has ·been observed by Hayashi(5), 

Kalnin(22), Marshall(23) , Bunsell and Harris(24), PhilliPs(26), Aveston 

and Sillwood(6) and Zweben(7). An increase in initial hybrid tensile 

modulus, above that predicted by the mixture rule, has been observed, to 

the author's knowledge, solely by Kalnin(22) and was probably therefore 

a testing artefact. Two major approaches have been taken to the question 

of the failure strain of hybrid composites, the statistical theory of 

Zweben(7) and the non-statistical, ener~ theories presented by Aveston 

and Sillwood(6).·and Aveston and Kelly(28 involving multiple cracking· 

and constrained failure. The failure models for the two approaches 

differ. Zweben predicts a random failure of the L.E. fibres, having 

negligible effect on composite strength, with the H.E. fibres acting as 

crack arrestors until one H.E. fibre fails due to stress concentrations. 

The alternative school predicts multiple failures of the L.E. fibres at 

a specific strain with cracks running right across the composite cross

section normal to the fibres and the craek spacing depending on the load 

transfer length. The suggestion proffered by Bunsell and Harris(24) that 

residual differential strains in hybrid composi tes, cured at elevated 

temperatures, due to differing thermal .coefficients of expansion of the· 

two fibre types is the cause of the hybrid effect has not been substan

tiated though in a limited number of hybrid systems it may be a contributory 

factor. 

According to the constrained cracking theories the first cracking 

strains in a hybrid, for the elastic and debonded cases, are given by 

equations 23 and 24 respectively. 

V 1-'4 
(23) 

• (24) 



This theory only applies to hybrid composites in which the H.E. 

component is capable of bearing the additional load upon failure of the 

L.E. component. The parameters dictating the first cracking strain 

include the following: 

i) fibre dispersion; 

ii) the relative stiffness of the L.E. phase and the matrix 

(H.E. phase + resin); 

iii) the L.E. fibre/matrix interfacial characteristics; 

iv) the shear modulus of the matrix and 

v) L.E. fibre content. 

Following the statistical theory of Zweben(7) the lower bound 

on the failure strain of a hybrid composite containing equal numbers of 

L.E. and H.E. fibres,i.e. the strain at which the first over stressed 

H.E. fibre is expected to fail, is given by equati~n 28. 

• ( 28) 

Thus according to Zweben the parameters dictating the failure 

strain of a hybrid composite, in addition to factors i) to iv) above, 

include: 

i) specimen gauge length and 

ii) statistical characteristics of the fibre strength di stri butions 

Both theories assume intimate mixing of the fibre types. 

In conclusion although great advancement has been made over the' 

past decade in the field of hybrid composites, none of the existing theories 

are regarded as completely satisfactory. The proponents themselves 

. advocate care in their use due to the various simplifying assumptions 

made or the difficulties in obtaining accurate values of the necessary 

parameters. 

The purpose of this research is to further test the hybrid 

failure theories by manufacturing and tensile testing a series of carbon/ 

E-glass/vinyl ester hybrid composites. The effects of total fibre content, 

relative fibre content and fibre geometrical arrangements on the tensile 

properties of the hybrid composites are all investigated. Attention is 

also paid to the fibre/matrix interfacial characteristics. The surface 

treatments of both the carbon and the E-glass fibres are varied in an 

attempt to assess the importance of bond strength on composite tensile 

properties. 
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The following section considers the interfacial/interphasial 

region and"outlines problems encountered in determining the effectiveness 

of different fibre surface treatments. 

2.3 The Interfacial/Interphasial Region in Fibrous Composites 

The characteristics of the interfacial/interphasial area in a 

reinforced composite plays an important deterministic role in the mechanical 

properties of the material. In fibrous composites forces are transmitted 

between the matrix and fibre across the interface. There is evidence to 

suggest that extremely good fibre/matrix bonding can reduce composite 

strength by increasing the chances of catastrophic crack propagation at the 

failure of a weak fibre(3), i.e. a 'weakest link' mode of failure. However 

with the majority of fibre/matrix systems the main problem is the opposite, 

poor fibre/matrix bonding! Low fibre/matrix bond strength does not enable 

transmission of the necessary forces across the interface. The role of the 

fibre as a reinforcement is severely limited and the effect on the majority 

of the mechanical properties is deleterious. Obtaining satisfactory bonding 

was originally a problem with most g.r.p. systems and, to a lesser degree, 

with c.f.r.p. systems. G.r.p. is also particularly susceptible to water 

adsorption" due to the hydrophilic nature of the surface of the glass. 

Water adsorption reduces interfacial bond strength, generally weakening the 

composi te. 

It was to improve and stabilIze interfacial bonds that coupling

agents were developed. The role of a coupling-agent is to form bonds with 

both the fibre and matrix, acting as a bridge between the two surfaces, 

and enabling greater stresses to be carried from one phase to another. The 

bonds formed between the fibre/coupling-agent/matrix may be either mechanical 

bonds, due to interlocking of the materials to produce a high coefficient of 

friction between the surfaces, or chemical bonds. The chemical bonds generally 

have higher strengths. For this type of bond to form the treated fibre and 

resin must come into intimate contact, i.e. the resin must 'wet' the fibre. 

The optimum fibre/matrix bond strength varies for different fibre/ 

resin systems and on the intended application of the composite. A strong 

bond is required for stress transmission between the different phases but 

as already stated this may reduce the resistance of the composite to crack 

propagation. The accepted explanation for this is that crack growth may be 

deflected along weaker interfaces, deldc':':lizing stress at the crack tip. 

With strong interfacial bonds the crack is more likely to pass from fibre t~ 
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resin and so propagqte through the composite(29), resulting in the catastrophic 

'noncumulative' or 'weakest link' fracture mode described by zweben(3). 

It is desirable for the interphasial region to have a modulus 

between that of the fibre and resin and an adequate toughness to withstand 

any differential thermal and curing shrinkages between fibres and resin. 

Note that at the time of writing this complex subject of the interfacial 

and interphasial region is not wholly understood. Different composite 

systems should be treated individually. A number of interphasial theories 

have been proposed after consideration of g.r.p. systems. The theories 

attempt to correlate the adhesion at the glass/coupling-agent/resin interfaces 

with the mechanical properties of the composites. Plueddemann(~) and 

Di Benedetto and Nicolais(3l ) present short summaries of these theories 

and more general information on interfaces is given in reference 32. 

It is generally accepted that the int.erlaminar shear strengths 

(i.l.s.s) of composite materials provide qualitative information on the 

fibre/resin bond strength and, with high bond strengths, on the general 

condition of the matrix. Thus the i.l.s.s. is a suitable property by which 

to compare the effeoti veness of different fibre surface treatments. When 

using the i.l.s.s. of composites for this purpose it is important to be 

aware of the other factors influencing this property. Slight misalignment 

of the fibres may increase the composite i.l.s.s. whereas the presence of 

voids reduces i t( 33). In addition it is best to compare composites with 

similar fibre volume fractions. Prosen et al(34) have shown that the 

i.l.s.s. of a composite system may decrease with increasing fibre content if 

the extra fibres impair the efficiency with which the resin wets the fibres. 

A popular test for determining the i.l.s.s. of unidirectional 

continuous fibre composites is the short beam shear test(35)(36)(37)(38), 

three point bending of a rectangular specimen. The test can be undertaken 

quickly and cheaply over a range of temperatures. The major problem, given 

high quality specimens, is in achieving unambiguous results. The span to 

depth ratio (S:D) of the specimen is crucial. Failure is by a tensile or 

compressive mode if the ratio is too high and if too low the failure is by 

combined shear and tensile modes, giving erroneous results. Figure 17 

shows the different failure modes possible in short beam shear specimens. 

The recommended S:D in A.S.T.M. D. 2344-76(39) for unidirectionally 

reinforced short beam shear specimens is five or less. The exact ratio 

depends on the constituent materials, deflection, stiffness and alignment 

of the test apparatus and on the nature of the load supports, larger diameter 

load supports tend to give a higher apparent L1.s.s. The width· to depth 
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ratio also has a significant effect upon the apparent i.l.s.s. The width 

chosen should be at least twice the specimen thickness. Where possible the 

specimens should be fabricated with the required thickness of the i.l.s.s. 

specimen since an extra machined surface may reduce the accuracy of the . 

t.est. A variety of specimen sizes can be used(39) but are' typically close 

to 2mm x lOmm x 15mm. The cross head speed (c.h.s.) for·i.l.s.s. tests 

should be kept constant for any set of specimens and be approximately 1.2mm/ 

min. The i .1. s.s., L n· of a composi,te is calculated using equation 41. 

L il = (41) 

where P = load at failure 

and BD = specimen cross-sectional area. 

The equation for the maximum tensile and compressi ve stresses. 

(6- ) at mid span of the specimen is 
A. a- = 3PS 

2BD2 
• (42) 

Thus the composite specimen should fail in shear providing that 

--Cl S 
2.'rU < D 

(43) 

Hancock and Cuthbertson (40) have approximately related the 

i.l.s.s. of a composite to the fibre/matrix i.f.s.s. (interfacial shear 

strength), itif , by considering the shear failure path. The equation 

derived is 

'tif =?: il - (1 - X)Lm • 
x 

• where 'tin = shear strength of the resin 

and x = the fraction of the fracture surface area of 

x = 

fibre/resin interface to total surface area 

of one of the shear fracture planes. ',' 

'. 1 

2 (~t (45) 

As previously stated it is the surface treatment of the fibre 

which determines the potential strength of the fibre/matrix interfacial bond 

in any given fibrous composite system. Therefore, to assess the importance 

of the fibre/matrix bond strengths with regards to any possible 'hybrid effects' 
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in the tensile properties of hybrid composites the author chose to vary 

the surface treatments of both of the constituent fibres. The fibres used 

in this research are ·carbon and ~glass fibres. The following section 

briefly covers the nature of the glass and carbon fibre with a view to 

their surface treatments. 

2.4 Fibre Surface Treatments 

Surface treatments for fibres were originally developed for 

two reasons and took two forms: 

i) sizing, to protect the fibres from damage during handling. 

and. 

ii) coupling-agents, to improve the initial fibre/matrix bond 

strength and its resistance to degradation. 

The first types of sizing to be developed had to be removed from 

the fibres prior to composite fabrication due to incompatability with the 

common resins. Sizings have been improved and now most need not be removed 

prior to compositing. Coupling-agents are frequently incorporated into 

these sizings. The use of suitable coupling-agents enhance the mechanical 

performance of the majority of fibre reinforced plastics, including g.r.p. 

and c.f.r.p. As stated in section 2.3, g.r.p. was notorious for poor 

interfacial bond strength and rapid deterioration of properties in adverse 

environments .. due to the hydrophilic nature of the glass. The advent of 

coupling-agents has therefore been of especial benefit to g.r.p. 

This section of the review covers the nature of ~glass.and carbon 

fibre surfaces and the different types of surface treatments for the fibres 

which are directly.applicable to this research. 

A comprehensive background to and a review of the developments 

of glass fibre/resin coupling-agents have been given by Vaughan(4l )(42). 

At present the most widely used glass/resin coupling-agents are si lane based. 

Silane coupling-agents are bifunctional molecules reacting to bond with both 

glass and resin. The general structure for a silane coupling-agent is 

R'Si(OR)3' The R' contains the reactive group for the or~nic resin and 

the OR is an alkoxy group which reacts with the glass surface (it can also 

react with many other inorganic surfaces). The OR group is commonly either 

-<lCH3 or -oC~5' 

to the glass this 

Immediately prior to the application of the coupling-agent 

alkoxy group is hydrolyzed. 



41 

For example, A187 is a Union Carbide silane coupling-agent used 

largely for epoxy resins and has the structure shown in figure 18. The 

hydrolysis reaction is as follows 

C,H 3 o 
I ' R-Si- O-CH 

I 3 

o 
C'H3 

O,H 
+ 3H2 0 ~ R'-Si -OH 

I 
OH 

H 
I 

+ 3HO-C-H 
I 

H 

(46) 

On subsequent application of the coupling-agent to the glass 

surface a condensation reaction is thought to occur between the silanols 

on the glass surface and those of the coupling-agent(29)(43), resulting 

in siloxane bridging (illustrated in figure 19) ~ In addition to the 

siloxanebridging some hydrogen bonds may form (see figure 20). A further 

possibility is condensation reactions between the silane coupling-agent 

molecules, thus forming siloxane polymers which-encapsulate the glass. 

The decision of which of the many available silane couplin~gents 

to use in a system is taken by consideration of the resin type. The functional 

group R' of the coupling-agent should be capable of forming covalent bonds 

with the resin. Therefore an amino - or epoxy - functional silane is best 

used with epoxy and vinyl ester resins and a methacrylate - functional silane 

for a polyester resin. Thus the'A187 coupling-agent in figure 18 is ideal 

for use with epoxy or vinyl ester resins. 

Effective coupling appears to require' a monomolecular covering 

or less of the, glass surface with the coupling-agent. In practice optimum 

loading of silane coupling-agents in different systems varies between 0.2% 

and 2.0% weight per weight of the virgin fibre(44). Reference 44 describes 

suitable methods for the application of silane coupling-agents to the fibre 

surface. Further information on silane coupling-agents is presented in 

references 45 and 46. 

The type of carbon fibre used in this research is produced from 

polyac~lonitrile (PAN) precursor fibre by a method developed from the 

original R.A.E. process. The basic procedure is to heat the precursor 

fibre to remove all the elements except carbon and transform the carbon 

into the required structure. The process of converting the precursor 

fibre by pyrolysis to carbon fibre, via a ladder polymer, is described 

in references 47, 48 and 49. The structure of the fibres is relevant to 

the potential adhesion between fibres and resin and_is_ ~he!,efore mentioned 
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The structure of carbon fibres (50) has been shown to vary with 

their precursor fibre and heat treatment(5l ). The general structure of the 

polycrystalline carbon fibres is thought to be as follows: hexagonal crystals 

form a layer structure with no regularity in stacki"ng; about thirty planar 

layers group together to form a crystallite; the crystallites form cylindrical 

fibrils of unknown length and the carbon fibres consist of closely packed 

fibrils. Carbon fibres formed from acrylic precursors are normally 

cylindrical. High modulus carbon fibres have greater preferred orientation 

and crystalline ordering than low modulus carbon fibres. The adhesion of 

carbon fibres to resin has been found to reduce as the fibre modulus 

increases(37), implying that in this respect less crystalline ordering 

is preferable. There are two distinct possible reactive si tes in the 

crystals, firstly those in the basal planes with high bonding energy 

and therefore low reactivity and secondly the edge sites of the basal planes 

wi th high reactivity due to unpaired electrons. Work presented by Clark et al (37) 

in 1974 shows that the i.l.s.s. of carbon fibres in an epoxy matrix is con

siderably increased by etching the virgin fibres by oxidation either in air 

or in sodium hypochlorite solutions. The exact reason for the improvement 

in the fibre/resin bond strength is not known. It is postulated that the 

increase is due to the oxidation producing first pitting and then channels 

on the fibre surface. This results in an increase in the mechanical bonding 

between fibre and resin. A more favoured hypothesis is that the etching 

exposes more of the relatively reactive edge sites of the basal planes. 

Thus groups such as carboxyls (-COOH) and carbonyls (:- C=O) become attached 

to these sites. These groups then form chemical bonds with the resin, when 

at the gelling stage, by means of a condensation reaction to form 

~O 
-[ + H2 0 or 

'0- resin 

Oxidation, either in air or sodium hYPochlori te solutions, is 

now a standard surface treatment for carbon fibres. Other treatments, 

suitable mainly for middle modulus carbon fibres, are oxidation by nitric 

acid(52) and coating with alternating and block copolymers(53). 
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Theories and experimental work concerning the tensile properties 

of plain fibre type and hybrid composites have been reviewed. The important 

parameters for the tensile hybrid effects have been highlighted and attention 

paid to both the interfacial/interphasial region of composites and the fibre 

surface treatment. The final two sections of this review concern the materials 

selected by the author for the experimental work and the quality control of 

the composites produced. 

2.5 Composite Constituent Materials 

The material system selected for this research is carbon and E

glass reinforcing fibres and a vinyl ester resin matrix. Reasons for this 

choice are given in section 3.1. This section deals with characteristics 

of the reinforcing fibres and the resin matrix. 

2.5.1 Carbon and E-glass Reinforcement Fibres 

The Hyfil-Torayca (trade name) carbon fibre chosen for this work 

has not, to the author's knowledge, been used in previous published research 

on hybrid composites. It is produced from special Toraylon (trade name) 

6000 filament PAN fibre by a process involving controlled pyrolysis, in 

discrete stages, of the precursor fibre. The properties of the carbon' fibre, 

as given by Hyfil(54), are listed in table 1. Two types of E-glass fibre 

are used in this research, the intention being to assess the effect of H.E. 

fibres with differing mechanical properties but with similar surface treatments 

on the tensile, properties of a hybrid composite. The types are 600 tex and 

500 tex E-glass fibres. The 600 tex E-glass fibre is manufactured by T.E.A. 

Industrial Products Limited. The sole information available from T.E.A. on 

the properties of the 600 tex E-glass fibres is that the average filament 

diameter lies in the range of 12.7pm - 14.0~(55). Unfortunately the manu

facturers of the 500 tex E-glass fibres could not be traced,; the, fibre was 

obtained directly from Carr Reinforcements Limited, the weavers of the fibre 

tows into unidirectional continuous fibre tapes. 

As mentioned in section 2.1 the tensile strength of a fibre type 

is not a unique value. The fibre strength distributions are attributed to 

flaws in the fibres. Various types of flaws may exist in both carbon and . 

E-glass fibres(8)(56) and can generally be classified as either structural 

or accidental. Structural faults (e.g. voidS, inclusions) are ini tiated • 
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during the manufacture of the fibres .whilst accidental flaws (e.g. surface 

cracks) occur during subsequent handling of the fibres. Consideration of the 

severity distribution and denSity distribution of the flaws explains the 

length/strength dependence of fibres noted previously. In general the more 

severe flaws tend to be more widely spaced than the less severe flaws. Thus 

as the gauge length of a fibre is increased the probability of a severe flaw 

increases and therefore the tensile strength decreases. Conversely as the 

gauge length is reduced the tensile strength increases, approaching in the 

limit the theoretical tensile strength of a flawless fibre. 

The statistical characteristics of fibre tensile strengths are 

particularly pertinent to this research since they are basic to many of 

the strength theories for composites(2)(3)(4)(9). The distribution commonly 

used to describe the fibre tensile strength variations is the Weibull 

distribution (see Appendix I). 

The Wei bull parameters cl.. and ~ are characteristic to each 

indi vidual fibre type. 

The relationship between log (fibre strength) and log (gauge length) 

for both glass and carbon fibres has been found to be linear,as shown in 

figure 21,and to correspond to a Weibull distribution by a number of researchers 

(10)(16)(57). The Weibull parameters are derived from the log (C3f) v log (L) 

plots. Such plots are given in references 15, 57 and 58. The @ values 
I/~ 

calculated from these lie between 6.86 and 10.15. The corresponding ol -

values, sometimes 
3.85 ¥:N/mm(Z- .... ~). 

termed the 'reference stress level', are between 1.08 and 

Note that the units for 0(. - I/~ are not those of stress and 

care must be taken to maintain the correct units. ~ can be calculated 

using equation 47. 

In (~~) 
~ -

(~) In 
~, 

..... ...... 
where ~, and CTF2 are the average fibre 

L1 and L2 respectively. 01.. - I/@ can be 

where~is the gamma function. 

) 

(47 ) 

failure stresses at gauge lengths 
....... 

calculated from equation 48 for CT~. 
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Data on the statistical characteristics of carbon fibre tensile 

strength is not as common as for E-glass fibres. In reference 4 Barry gives 

the linear log-log plots of average fibre failure stress versus fibpe length 

for Modmor TYPes IS, lIS and IllS carbon fibres. The Weibull parameters 

for the same fibres calculated from data given by Barry in reference 16 are 

as follows: 

TYPe IS, ~ 8.86, 
_'le> 2. 69KN/mm(Z- i) i = d.. = 

TYPe lIS, ~ = 10.01, I/~ 3. 57KN/mm (2- ~ ) i ex - = 

TYPe IllS, ~ 9.57, 
_ v€, 3.39KN/ mm(2.- ~). = 0<. = 

The fibres are PAN based and the mechanical properties of TYPe lIS 

correspond closely with those of the Hyfil carbon fibre (see Table I) used 

by the author in this research. 

2.5.2 Vinyl Ester Resin Matrix 

The definition of a vinyl ester resin is(59) 'a polymerizable 

resin in which the terminal positions of the resin are vinyl ester groups 

and in which the main polymeric chain between the terminal portions 

comprises the residue of a polyepoxide resin'. 

The mechanical properties of a vinyl ester' resin are generally 

superior to those of conventional. polyester resins and comparable with those 

of the established epoxy resins(60)(61). Vinyl ester is a relatively new 

addition to thermosetting resins and has a steadily increasing usage due to 

its good mechanical properties and high corrosion resistance. The type of 

vinyl ester used in this research is Derakane 411-45 manufactured by Dow 

Chemical Company Limited •. Its mechanical properties, as given by Dow(62), 

are presented in Table I. 

Vinyl esters are produced by reacting an epoxy wi th a vinyl group. 

The reaction is commonly an addition between a bisphenol - A based resin, 

such as diglycidyl ether of bisphenol - A, and an acrylic acid or derivative 

(see figure 22). The epoxide ring of the bisphenol - A based epoxy resin is 

broken and the resultant molecular chain has terminal unsaturation. This 

results in a relatively low molecular weight and precise polymer structure 

when compared with the high molecular weight and random structure of polyester 

resins. The terminal unsaturation and the positioning of the ester groups in 

the vinyl esters are the keys to their distinguishing properties. During the 

curing of vinyl ester resins ·the carbon to carbon double bonds (C=C) at the 

ends of the chains virtually all react, leaving very few C=C bonds to be 



susceptible to oxidation and other chemical attack. The fewer ester groups 

in vi~YI esters(63). compared with polyesters (see figure 23) also contri

butes towards the superior chemical resistance of vinyl ester resins. The 

ester groups are particularly susceptible to chemical attack by base catalyzed 

hydrolysis (see figure 24). For detailed information on the chemical 

resistance of vinyl esters consult the Dow Technical Bulletin 'Derakane 

Chemical Resistance Guide'. (64). 

The high activity of the C=C bonds in vinyl esters gives fast and 

reproducible gel times and the fibre wetting ability of the resins makes 

them suitable for wet lay-up fabrication techniques. Both are requirements 

for this research. A further point in favour of vinyl ester resins when 

considering them for use in a fibrous hybrid composite system is the occurence 

of solely terminal cross-linking during the curing process. This produces a 

relatively uniform polymer which minimizes internal stresses and leaves the 

whole of the molecular chain free to absorb mechanical and thermal ShoCks(63). 

Another feature of the vinyl ester molecular chain is the secondary 

hydroxyl groups. It is believed by a number of people that these aid adhesion 

to reinforcingagents(62)(63). For example, when considering glass it is 

suggested that the vinyl ester secondary hydroxyl groups react with the 

hydroxyl groups on the surface of the glass reinforcement, resulting in 

excellent wetting of and adhesion to the glass by the vinyl ester resin. 

In this way the resin facilitates the production of high quality laminates. 

With styrene present the major curing mechanism of vinyl esters is 

styrene cross-linking. Free radical initiating catalysts, e.g. organic 

peroxides (see figure 25), are commonly used to break the C=C bonds and achieve 

the oross-linking. To generate the free radicals required the catalyst is 

activated by accelerator(s). The catalyst/accelerator system must be chosen 

with care. The proportions of each added to the resin can be adjusted to 

satisfy the various requirements of different resin mixes but it is important 

thai; the degree of cure of the resin is checked. Complete curing is important 

in order to realize the optimum mechanical properties and chemical resistance 

of the vinyl ester resin. Incomplete curing of the resin matrix in a fibre 

reinforced composite is just one of a number of parameters which can affect 

the mechanioal properties of the composite. The final section of this review 

is concerned with the evaluation of composite defects and the correct 

comparison of experimental data derived from composites with varying 

composi tion. 
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2.6 Factors Affecting the Quality and Comparison of Composite Materials 

When comparing the properties of a series of composites it is imp

ortant to have confidence in the quality of the composites tested. Good 

quali ty control reduces the possi bili ty of erroneously assi gning special 

characteristics to a composite which in reality are due to faults originating 

from the fabrication of the composite. Possible faults in the composites 

manufactured for this research are inclusion of voids, fibre misalignment 

and incomplete resin cure. The effect of these faufts on the composite 

tensile and i.l.s.s. are assessed in this section. 

A comprehensive paper on the effect of filamentary misalignment was 

presented by Claus, Jr. in 1972(65). The bundle strength theory of parallel, 

non-interacting fibres was extended to incorporate random fibre misalignment. 

Filament 

strength 

misalignment up·to as much as 200 was found to reduce the bundle 

by only a few per cent. 

Claus(65) also studied the effect of fibre misalignment on the 

composi te shear strength. The misaligned fibres enhance the composite· shear 

strength since they change the internal state of stress from pure shear to 

a mixture of shear and tensile stress. Claus considered the misalignment of 

indi vidual fibres about the mean fibre direction. Another form of mis

alignment is in the orientation of the mean fibre axis to the stress axis. 

Slight orientation errors may be made when machining the tensile specimens 

from the composite slab and in the alignment of the specimen in the testing 

machine. Phillips and Harris summarize the effect of fibre orientation on 

tensile strength in reference 66. The critical angle ( e c ... ) above which 

composite tensile strength falls significantly and rapidly is that at which 

the fracture mode changes from fibre tensile fracture to interfacial or 

matrix shear failure. The value of eeT is represented by the equation 

For untreated fibres, i.e. low Le' eCT may drop to approximately 

50. Fibre misalignment of this extent would be visible to the naked eye in 

specimens 50mm in length. 

In 1970 Lenoe(67) reviewed the theoretical assessments of the effect 

of voids on mechanical properties of and.on crack propagation in fibrous 

composites and evaluated the various techniques for the measurement and 
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characterization of voids in graphi te/epory laminates. The" resin burn off 

and acid digestion techniques of void measurement had both good reproducibility , 
of results with CV s of approximately 2%. Precise values for the fibre and 

resin densities are important in order to obtain realistic composite void 

contents and even then extremely small void volume fractions cannot be 

measured accurately. Various techniques for determining resin and fibre 

densities are given in references 35, 36, 68, 69 and 70. 

In 1972 01ster(33) artificially introduced voids into graphite/ 

epory laminates and determined the horizontal shear strengths and tensile 

properties as a function of void content. For a porosity of ~ (by volume) 

the composite tensile strength and moduli were found to decrease by 

approximately 10%. The data indicated that there was a significant degradation 

at porosities greater than 1%. The strain to failure was highly insensitive 

to porosity content. The shear strength was highly sensitive to porosity, 

decreasing by approximately 10% for every 1% increase in porosity. 

The question of void content goes hand in hand with fibre content. 

The "resin burn off and acid digestion techniques for void content determina

tion both involve the removal of the resin from the fibres. Knowing the 

original weight and den si ty of the composite specimen (Wc. ,~c. ), the weight 

of the residual fibres (wf) and the density of the fibres (E'I' ) and the resin 

(E>m) then the void content (Vir %) can be calculated from the equation 

(50) 

For composites containing two fibre types the equation (50) is 

replaced by equation (51). 

100 

Where the subscripts f1 and f2 denote the two fibre types. 

Cilley et al(71) compared a variety of methods of fibre and 

void measurement in graphite/epory composites. These included acid 

digestion, water take up and quantitative microscopy. The most important 
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conclusion reached was that the acid digestion technique is as reliable 

as the more complex quantitative microscopy method for determining total 

fibre and void contents. Fibre volume fractions are important not only 

for void content determination but also for accurate comparison of different 

composites, especially hybrids. Relative fibre contents should always be 

quoted in terms of volume fraction rather than weight, tow or number fraction 

since in a stressed system the load bourne by the fibres is a function of 

their relative volume fractions. In a recent paper by Phillips(7 2) the 

importance of the correct definition of hybrid composition is emphasized 

and some of the consequences of incorrect usage illustrated. 

The final source of variation in composite properties considered 

here is the degree of cure of the. resin. Work conducted by Fuwa. et al(14) 

on failure mechanisms in c.f.r.p. showed semi-cured c.f.r.p to have 

considerably lower tensile strengths than fully cured c.f r.p. (see section 

2.1). In addition the density of the resin varies with degree of cure, so 

incomplete resin cure can also lead to inaccurate void content determination. 

A differential thermal analysis (D.T.A) technique has been applied 

successfully to determine the degree of cure of a number of thermosetting 

resins. This was demonstrated by Creedon(73) in a paper presented in 1970. 

D.T.A. has been proved to be a quick and reliable method. 

The literature relevant to hybrid composites and associated areas 

has now been reviewed. The following section describes the experimental 

work undertaken by the author. 

3. EXPERIMENTAL PROCEIXJRE 

The literature review has shown the first tensile failure strain 

and failure mode, in unidirectional hybrid composites to be controversial. 

The aim of the experimental work is to provide sufficient data to explain 

the tensile behaviour of hybrid compOSites, establishing the existence or 

otherwise of any 'hybrid effects' and determining the controlling parameters • 

The parameters studied are: 
•... 

i) total fibre volume content; 

ii) relative fibre volume contents; 

iii) fibre geometrical arrangement; 

iv) fibre/resin interfaCial properties and. 

v) mechanical properties of the H.E. fibre. 



Ranges of hybrid composites were fabricated in which the ab6ve 

were varied. iv) was varied by changing the surface treatments of the 

fibres. v) was varied by using two different H.E. fibres from different 

manufacturers, keeping the general fibre type constant and therefore 

enabling the use of the same surface treatments on both H.E. fibres. 

Below is a brief outline of the experimental work undertaken: 

selection of the hybrid composite L.E. fibrejR.E. fibre/resin 

system including surface treatments; 

characterization of the fibres and matrix; 

fabrication of the parent and hybrid composites, varying the 

appropriate parameters and checking their quality, and, 

i.l.s.s. and tensile testing of the composites. 

The first step was to choose the constituent materials of the 

hybrid composites. 

3.1 Choice of Composite System 

The material requirements for the components of the composites 

were that: 

i) the fibres and resin were compatible; 

ii) the mechanical properties of the two types of reinforcing 

fibres chosen for the hybrid composites were complementary; 

iii) . the fibres were available in a suitable form for the 

manufacture of continuous unidirectional fibre composites; 

iV) the H.E. fibre type was available from two different 

manufacturers in the required form; 

v) alternative surface treatments were possible for both the 

L.E. fibre and H.E. fibre. and 

vi) the viscosity and gel time of the resin were suitable for 

wet lay-up techniques. 

The favourable. form for the fibres, considering that their surface 

treatments were to be changed, was unidirectional woven tape. To faciliiate 

the fabrication of hybrid composites with varying fibre geometrical arrange

ments both mixed and single fibre type tapes were preferable. This severely 

limited the fibre choice. Carr Reinforcements Limited (now of Harris 

Trimminge Limi ted) were found to weave a range of E-glass fibre and carbon 

fibre tapes. Therefore this fibre reinforcement system was chosen. The 

properties of carbon fibre and E-glass fibre are highly complementary. 

A variety of surface treatments exist for both oarbon and glass fibres which 

are compatible with most common resin matrices. Details of the surface 
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treatments are given in section 2.4 A final advantage of the system is 

that glass and carbon composites have good machinability. 

The unidirectionally woven tapes obtained from Carr Reinforcements 

Limited were nominally 150mm. wide and were comprised of continuous warp 

lengths of carbon and/or E-glass tows held in position by a fine weft thread 

of E-glass fibre. Five different tapes were used: 

i) 6000 filament carbon tow tape; 

ii) 600 tex E-glass tow tape; 

iii) 500 tex E-glass tow tape; 

iV) & v) 600 tex E-glass tow and 6000 filament carbon tow tapes 

in the E-glass to carbon ratios of iV) 3,1 and v) 1:1. 

Tables 2 to 6 give the relevant data on the above unidirectional 

woven tapes. The equations given for the calculation of the fibre volume 

fractions in the tape/resin composites are explained in section 4.1. 

Hybrid tapes of the carbon and 500 tex E-glass tows were not available. 

As mentioned in section 2.5.1 the 6000 filament carbon is manufactured by 

Hyfil Limited. The '600' tex E-glass, manufactured by T.E.A. Limited, is 

actually two tows of 300 tex E-glass. Throughout this work it is referred 

to as 600 tex E-glass. Epoxy, polyester and vinyl ester resins were all 

possible matrices for the fibre system. The high corrosion resistant 

vinyl ester resin Derakane 411-45 (manufactured by Dow Chemical Company) 

was chosen. In addition to satisfying the material requirements i) and vi) 

this resin is a cold cure resin with a low shrinkage on curing.' Thus internal 

composite stresses are minimized. 

In order to understand the tensile behaviour of the composi tes 

and to apply existing tensile failure theories the materials must be 

thoroughly characterized. Sections 3.2 and 3.3 describe the experimental 

characterization of the fibres and the vinyl ester resin respectively. 

3.2 Characterization of the Reinforcement Fibres 

The majority of the fibre properties were determined experimentally. 

Information provided by the manufacturers was of limited use due to possible 

variations in fibre properties from batch to batch and possible damage incurred 

by the fibres during the weaving process. The properties determined here are 

fibre diameter, fibre denSity and fibre tensile strength. Section 3.4 is 

concerned with the fibre surface treatments. 
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3.2.1 Fibre Diameter and Cross-Sectional Area 

The cross-sectional areas (c.s.a.) of the carbon fibres and tows 

were calculated from the relevant. data supplied by Hyfil(54). The c.s.a. 

of the 500 tex and 600 tex E-glass fibres were determined experimentally. 

Two composite rods, approximately 10mm in diameter, were fabricated. One 

contained 600 tex and the other 500 tex E-glass fibres. Both fibre types 

were 'elean I, the original 'as received' surface treatments having been 

removed (see section 3.4.3). The rods were sectioned normal to the fibre 

direction and the cut surfaces polished down to a l~m finish and prepared 

for scanning electron microscope (S.E.M.) examination. At known magnifica

tions the projected fibre diameters were measured directly from the screen. 

The average fibre diameters and the fibre and tow c.s.a. were calculated from 

the values of forty fibre diameters for both the 600 and 500 tex E-glass 

fibres. The results are given in section 4.2.1. 

3.2.2. Fibre Density 

The density bottle technique recommended by sturgeon(36) was adopted 

to determine the fibre densities. The weight of a liquid displaced from a 

density bottle by a specimen of known weight is determined and the specimen's 

density calculated from the results. 

A lOOcm3 density bottle was weighed. The bottle was filled with 

distilled water at 21 0 C and reweighed. The bottle was emptied, dried, 

reweighed and filled with bromobenzene at 21 oC. The density bottle plus 

bromobenzene was weighed. A known weight of clean fibre which had been kept 

in a dessicator for at least 24 hours, was added to the density bottle. Great 

care was taken to ensure that the fibres were completely wetted by the 

bromobenzene with no trapped air bubbles. All traces of displaced bromobenzene 

were carefully removed from the outside of the density bottle and the density 

bottle was reweighed. The process was repeated ten times for each fibre 

type and the average of each set of results taken as the fibre densities. 

The results are given in Section 4.2.2. 

3.2.3. Fibre Tensile Strength 

The literature review establishes that fibre strengths are 

statistical in nature and are dependent upon the gauge length of the fibre. 

Their statistical behavi.our can be approximately described by the Weibull 
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distribution. As preViously noted Weibull parameters feature in a number 

of equations proposed for composite tensile strengths. The manufacturers 

of the carbon fibres publish only the average fibre tensile strength of 

the virgin fibres at a gauge length of 23rnm, giving no indication of the 

st.atistical distribution of the strength. It is almost certain that the 

sizing and weaving processes cause some damage to the fibres which lowers 

their average tensile strength to below that quoted by the manufacturers. 

Therefore the statistical nature and values of the tensile strength of the 

6000 filament carbon and 600 tex and 500 tex E-glass fibres were investigated 

and the appropriate Weibull parameters calculated. Two methods for determining 

the characteristics of the fibre tensile strengths were considered. 

Method I Single Fibre strength 

A brief attempt was made to test single fibres in tension. The 

intention was to use the window method(35) with fibre gauge, lengths of 50mm 

and lOOmm. Unfortunately this method proved unsui table since the individual 

filaments, with fibre diameters ranging from 7pm to 14jIDl, could not be 

separated from the sized tows without causing damage. Size removal 

facilitated the separation of the fibres but left them unprotected and far 

more vulnerable to damage. It was apparent that any results obtained via 

this method would be unreliable and therefore method II was adopted. 

Method 11 - Fibre Tbw Strength 

The statistical nature of the strength of fibre bundles, or tows, 

has been related to that of individual fibres (see Appendix I and reference 

57). Therefore the tensile testing of fibre tows provides an alternative 

method to the tensile testing of single fibres for the determination of the 

Weibull parameters for the tensile strength of individual fibres. 

Tbw lengths apprOximately 50mm greater than the desired specimen 

gauge lengths were cut. Each tOY was gripped at the ends in small clamps 

and the tow pulled taut. Liquid wax was brushed on the tow at the Hmi ts 

of the gauge length. Cardboard tabs, 25mm square, were glued to the tows 

with a fast setting epoxy resin. The tabs were positioned at the ends ,of . 

the specimen, up to the waxed portion of the tow. The pUrpose of the thin 

barrier of wax was to prevent any of the epoxy resin travelling along the 

fibres into the gauge length. The gauge lengths chosen were 50mm and 250mm 

for the as received fibres. Tbws with altered surface treatments were also 

tested in case they had been damaged by the surface treating process. Such 

tows were available in lengths up to approximately 23Omm. Therefore 50mm 

and 180mm gauge lengths were used in the tensile testing of these tows. 

At least 20 specimens were fabricated for each gauge length, fibre 'type and 
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fibre surface treatment. The prepared specimens were .placed in a 

dessicator at 50% relative humidity (r.h.) for at least 24 hours prior 

to testing. The specimens were tensile tested on an Instron te'sting machine 

fitted with a 500kg load cell and set at a c.h.s. of O.lcm/min. The 

specimens were gripped on the cardboard tabs in self-aligning, self

tightening wedge grips. The results are presented in section 4.2.3. 

3.3 Characterization of the Resin Matrix 

Table 1 lists the typical room temperature properties of clear 

cast Derakane 411-45, the vinyl ester resin chosen for the matrix, as 

given by Dow Chemical Company(62). However, both the physical and mechanical 

properties of the vinyl ester resin can vary according to the types, 

quantity and ratio of the accelerator and catalyst used and to the 

casting method used. Therefore the properties of the resin relevant to 

this research were determined experimentally by the author. Tensile, shear 

and density specimens were taken from vinyl ester slabs fabricated via the 

same 'lea.k;y mould' technique used for the fabrication of the .composi te 

slabs (see sections 3.3.2 and 3.5) and cured under the same conditions and 

with the same accelerator and catalyst system as used throughout this 

research. Thus the final properties of the resin specimens were as close 

as possible to those of the resin in the composite slabs. This section 

first covers the choice of the curing system and then the fabrication 

of the resin slabs and the testing for the density, the shear modulus and 

the tensile strength of the Derakane 411-45 'vinyl ester resin. 

3.3.1 The Curing SOCstem 

The desired resin gel time for the fabrication of the composite 

slabs via the lea.k;y mould technique was 45 to 50 minutes. The optimum 

resin mix had to have this gel time and give a complete cure. The 

accelerators and catalyst used were cobalt naphthenate (CoNap), dimethyl 

amine (DMA) and methyl ethyl ketone peroxide (MEKP), as recommended by 

Dow Chemicals. 

To determine a curing system with the correct gel time a number 

of resin mixes were prepared with different quantities of catalyst and 

accelerators. The resin was weighed into polypropylene beakers and the 

required amounts of accelerators and then catalyst were added, mixing 
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thoroughly between additions. The addition of the peroxide to vinyl ester 

resin causes a strong generation of bubbles throughout the mass of the 

resin. Therefore after the final addition and mixing of the MEKP each 

mix was placed in a vacuum dessicator and degassed to aid the removal 

of the bubbles. The gel point of each mix was determined by dipping 

a glass rod into the mix and immediately removing i t( 35). The gel point 

was reached when a solid string of resin was formed on removal of the rod. 

The experiments were conducted 'at room temperature. The results are 

presented in table 7. Three of the mixes, 3, 9 and 13, gave sui table gel 

times. The degree of cure of these three mixes was investigated. 

D.T.A. (see section 2.6) was used to check the extent of cure. 

Three batches of resin were mixed wi th the formulations of mixes 3, 9 and 

13 in table 7. Three specimens for D.T.A. analysis were taken from each 

of these resin mixes. The first specimen from each mix was taken and 

scanned immediately after mixing to give the complete curing D.T.A. scan 

of each resin mix. The second specimen from each mix was taken and sC,anned 

24 hours after resin mixing. The final set of three specimens was taken 

and scanned when the resin had been post-cured, 24 hours after mixing, 

at loooe for 2 hours. The temperature range of each D.T.A. scan was oOe 

to 2000 e. The individual specimen weights were recorded. They were kept 

to between 4 and 8gms. The results of the D.T.A. scans are given in 

section 4.3.1. 

3.3.2 Fabrication of Resin Slabs 

The slabs were fabricated in a leaky mould, see figure 26, with 

inside dimensions 200mm x 150mm x spacer thickness. The surfaces were 

treated with Vydax AR release agent. RLtreme care in preparing the mould 

was found to be vital in order to produce resin slabs with satisfactory 

surface finishes. Prior to the fabrication of a resin or composite slab 

the mould was thoroughly cleaned. A new coat of release agent, Vydax AR, 

was then brushed on to the clean grease free surfaces of the mould and left 

until the solvent had evaporated. The release agent was baked on to the 

mould at 3000 0 for approximately 10 minutes to improve its adhesion to the 

mould. Vydax AR is a trade name for tetrafluoroethane. It is supplied 

by Uni ted Lubricants Limited as a dispersion in Freon TF (trichlorol;rifluoro

ethane) solvent. Details of its properties and recommended modes of 

application can be found in Vydax trade literature(74). 



The prepared mould was placed in a cardboard tray in a fume 

cupboard and the tray packed to make the mould lie horizontal. Strips 

of plasticene were positioned along the ends of the mould to act as 

temporary end walls for the resin and the appropriate spacers were placed 

on the side walls. The required amount of resin was weighed out and 

catalyst and accelerators added in the following ratios. 

~l 

O.3ml 

0.05ml 

~ 

CoNap 

D~ 

per lOOgm of Derakane 411-45 resin. 

The resin was mixed thoroughly, placed in a vacuum dessicator, 

degassed for 2 minutes and cast on to the prepared mould. Once the resin 

began to gel the mould lid was carefully lowered into position and a mass 

of 20kg placed on the top to force the excess resin out over the plasticene 

ends until the mould lid and spacers met. After 24 hours the mould was 

placed in a furnace and Slowly heated up to lOOoC. After 2 hours it was 

furnace cooled to room temperature and released from the mould. 

3.3.3. Resin Density 

The density of the cured vinyl ester resin was determined using 

the density bottle technique as described in section 3.2.2 with the exception 

that distilled water and not bromobenzene was used as the displacement 

medium. The 10 resin samples tested were approximately O.5gms in weight 

and were taken from resin slabs, fabricated as described in the previous 

section 3.3.2. The samples were kept in a dessicator for at least 24 

hours prior to their density determination. ·The results are given in 

section 4.3.2. 

3.3.4 Resin Shear Modulus 

The shear modulus of the matrix of a fibre reinforced composite 

is important when considering the transfer of stresses from fibre to fibre. 

It is a parameter in a number of equations relating to failure strains in 

composites. The carbon/E-glass/vinyl ester hybrid composites can be 

regarded as carbon fibre reinforcement in an E-glass fibre/vinyl. ester 

matrix. Therefore the shear modulus of both the vinyl ester resin and a 

range of E-glass composites was determined by the method described overleaf. 

The basis of the method was to apply a known torque to a rectangular bar 

specimen and measure the resultant deflection. 
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The standard shear modulus test specimens have the following 

dimensions: length 125 ± lmm; width 10.0 ! O.lmm; thic!mess 4.Omm! 0.2mm. 

The thic!mess can be reduced but if taken down to less than 2.5mm there 

is a chance of increasing the error in the measured modulus. The composite 

specimens were Hmi ted to the thic!mess of their slabs, nominally 2.00mm 

It was simple to fabricate resin slabs of different thic!messes. Therefore 

prior to fabricating and testing the composite specimens, the magnitude 

of the error due to decreasing specimen thic!mess to below 2.5mm in the case 

of the resin was investigated by testing resin.specimens with the following 

thic!messes: 2.00mm; 2.50mm; 3.0Omm; 4.00mm. Four specimens of each 

thic!mess were tested with the length and the width of the standard test 

specimens. 

The specimens were prepared by cutting from the length of the 

slabs the required number of strips approximately l50mm long and llmm 

wide. The strips were routed down to approximately 10.5mm in width ~d 

cut down to l25mm in length. The machined edges of the specimens were 

ground down successively with 400 and 600 grade silicon carbide paper to 

a width of 10 ! O.lmm. The specimens were stored in a dessicator and 

kept at 50% r.h. for 24 hours prior to testing. The thickness and the 

width of each specimen were measured with a micrometer in five different 

places along: its length and recorded. 

A Wallace Clash and Berg Torsion Apparatus was used to test the 

shear specimens. A specimen was clamped into position in the apparatus. 

One end was held firmly in a fixed clamp and the other end attached to a 

rotatable drum. The effective free length of the test piece betWeen the 

clamps was 10Omm. A load of approximately lOOgm was applied to the loading 

wire threaded around the drum. By this means the drum rotated, applying 

a torque to the specimen. The load applied was recorded, and the 

resultant deformation of the speCimen, in the form of drum rotation, was 

measured. The results are given in section 4.3.3. 

3.3.5 Resin Tensile Strength 

In order to calculate the theoretical tensile properties of the 

composites from the rule of mixtures the tensile behaviour of the matrix 

mus t be !mown. 

The resin tensile specimen shape adopted was as shown in figure 27. 
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Strips of width 27mm were cut from the length of a cast slab. The strips 

were trimmed to a length of l40mm, placed in the specimen template and 

routed down to the correct shape. The radius and parallel gauge length 

of each specimen was polished to 600 grade silicon carbide paper, using 

a small volume of acetone as the wetting agent. Acetone is· a we~ 

solvent for Derakane 411-45 and would therefore tend to close any 

microscopic cracks remaining on the resin surface. The specimens were 

placed in a dessicator at 50% r.h. for at least 24 hours prior to testing. 

Ten specimens were prepared. The thickness and width of each specimen were 

measured in five places along each gauge length and recorded. The tensile 

specimens were tested to failure on an Instron testing machine fitted with 

a 500l<g load cell and geared to give a c.h.s. of 0.5cm/min and a chart 

speed (c.s.) of 5cm/min. The specimens were secured in self-tightening, 

self-aligning wedge shaped grips. The extension of the specimen was 

measured up to a 3% strain by means of an extensometer with two linear 

variable differential transducers (l.v.d.t's.) and a gauge length of 25mm. 

This extensometer was clipped on to the specimen within the specimen's 

gauge length. The load v strain was recorded on an XY plotter. The 

extensometer was removed from the specimen when the l.v.d.t.'s reached 

the end of their linear range at a strain of approximately 3%. Beyond 

this point the strain was oalculated from the less accurate load v time 

plot recorded on the Instron's own chart. This was used throughout each 

test. The results of the tensile tests are given in section 4.3.4. 

3.4 Fibre Surface Treatment 

As previously stated one of the aims of this research was to 

investigate the importance of the fibre/matrix interface in hybrid 

composites. To achieve this the surface characteristics of the glass and 

carbon fibres in the plain (single fibre type) tapes were changed by 

varying the fibre surface treatment. The tapes were only available from 

Carr Reinforoements Limited with one type of surface treatment. Therefore 

the as received treatments had to be removed from the fibres and alternatives 

applied. Two alternative treatments were chosen for the 6000 filament 

carbon fibre and three alternative treatments for both the 600 tex and 

500 tex E-glass fibres. This seotion inoludes the determination of the 

type and amount of size (plus coupling-agent) on the as received fibres 

and describes the size removal processes and the application of the· chosen 

alternative surface treatments. 

---,~- -- -- - - -- ----, ~-
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3.4.1. Fibre Size Content 

The weight percentages and volume percentages of sizing on the 

carbon and E-glass fibres in the as received state were determined. Ten 

approximately 200mm lengths of fibre tow were cut from each"of the carbon, 

600 tex and 500 tex E-glass plain tapes. The lengths were kept for 24 

hours in a dessicator before being accurately measured and weighed. In the 

oase of the carbon fibre the prooedure was repeated with oleaned fibres 

(see section 3.4.2). The fibre size oontents on the as received fibre.s 

were oalculated from the weights per metre of sized and unsized tow (see 

section 4.4.1). 

3.4.2 Carbon Fibre Surface Treatment 

The carbon fibre in the as reoeived unidireotional tapes was 

treated with an Epikote 828 (Shell trade name) sizing, applied by Hyfil 

Limited. Information on the removal of the sizing and on possible alterna

tive surface treatments was supplied by Hyfil Limited(75). The two surface 

treatments ohosen as alternatives to the Epikote 828 Sizing were oleaned 

(hereafter termed no coupling-agent, no ~-~) carbon fibre and carbon fibre 

etched in a solution of ferrio ohloride in sodium hypoohlorite. Thus the 

three surface treatments of the oarbon fibres used in this researoh are 

as follows: 

i) Shell Epikote 828 sizing (as reoeived, as rec.); 

ii) cleaning (no c.-a.), and 

iii) oleaning with subsequent etching to a weight loss of 

approximately 0.8%, in a solution of ferric ohloride 

in sodium hypochlorite (etohed). 

The method reoommended by ayfil Limited for the removal of the 

Epikote 828 sizing was suooessive leaching in baths of diohloromethane. 

The required lengths of carbon tape were cut and immersed for 

10 minutes in each of five successive baths of diohloromethane. On 

removal from the final bath the tapes were rinsed twioe in acetone and 

five times in distilled water. The tapes were hutlg up to dry in a furnace 

at 800 C and kept at that temperature until used or treated further. 

Throughout the prooess great oare was taken not to damage the fibres. In 

no instanoe was the olean tapes kept more than 24 hours before use. 

The following prooedure for the etohing of oarbon fibres was 

adopted and produced approximately a 0.8% weight loss of the carbon fibres 

whioh in work by Clark et al(37) was found to give good fibre to matrix 

bonding. 
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The required number of lengths of tape were cut and cleaned as described 

above. The tapes were kept at 80oC. 1.25gm of ferric chloride was 

added to.20Oml of sodium hypochlorite and stirred thoroughly for two 

minutes. The solution was filtered to remove any excess ferric chloride 

and poured into a glass tr~. The tapes were removed from the furnace 

and placed in the tray, ensuring that· all the tapes were completely 

immersed in the etchant. The tray was left in a fume cupboard for 16 

hours. The etchant was poured off and the carbon tapes rinsed in slowly 

running water until the fibres were clean. The tapes were rinsed five 
o times in distilled water and placed in a furnace at 80 C to dry and kept 

at that temperature until used a maximum of 24 hours later. 

3.4.3 E-glass Fibre Surface Treatment 

The 600 tex E-glass fibre was treated by T.E.A. Limited, with a 

silane coupling-agent incorporated in a polyester size. Unfortunately 

T.E.A. Limited could not be persuaded to reveal the type of silane 

couplin~nt used but did say that it was supplied to them by Union 

Carbide. Information from Union Carbide, along with examination ·of their 

trade literature(44) suggested that the incorporated silane coupling-agent 

was either Al72 or Al74 (Union Carbide production codes). Union Carbide 

kindly provided samples of two further types of their silane coupling-agents, 

A187 and Alloo. Nothing was known concerning the surface treatment of 

the 500 tex E-glass fibres. As with the carbon fibres alternative surface 

treatments were required for the E-glass fibres. It was decided that both 

the 600 tex and 500 tex E-glass fibres were to be used in the following· 

four surface treated states, providing that the dressing on the as received 

500 tex E-glass was found not to include either A187 or AIIOO coupling

agents: 

i) as received (as rec~; 

ii) cleaned (no ~-a.); 

iii) cleaned with A187 coupling-agent applied (A187). and 

iV) cleaned with AIIOO coupling-agent applied (AIIOO). 

This section covers the experimental investigation into the type 

of coupling-agent on both the 600 tex and 500 tex E-glass fibres, the 

method adopted for the removal of the as rec. dressings and the applica

tion of the two alternative coupling-agents, A187 and AIIOO. Two methods 

were tried to determine which of the two Union Carbide coupling-agents, 

A172 or A174, was incorporated into the polyester sizing on the 600 tex 
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E-glass fibres, the first method being unsuccessful. The second method was 

more involved than the first. Union Carbide's trade literature on silane 

coupling-agents(44) states that both A172 and A174, under certain conditions, 

are soluble in water and that the bY""products on hydrolysis are 2 methoxy

ethan-l-ol (CH
3

0CH2CH20H) and methanol (CH30H) from A172 and Al74 

respectively. The aim of the second method was to obtain Sufficient of 

the by-product for analysis. 

Method I The coupling-agent and size was removed from a 

sample of 600 tex E-glass (as described later in this section). Two 

KBr disc infra red (I.R.) specimens, A and B, were prepared. Specimen 

A contained a small amount of the cleaned E-glass and specimen B contained 

a small amount of the dressed as rec. E-glass. In both cases the glass 

was chopped up finely, mixed with J<:Br and pressed into a disc. The 

specimens were examined on an I.R. analyzer and 

Method II Approximately lOOgms of 

their spectra compared. 

dressed 600 tex E-glass 

fibre was simmered for 8 hours in 60ml of distilled water in a 200ml 

flask., Any condensate was collected and returned to the solution at the 

end of the 8 hours. A 15ml aliquot of the solution from the flask was 

measured into a separating funnel and 10ml of Genklene (an I.C.I. trade 

name for a solvent, the predominant constituent of which is 1-1-1 trichloro

ethane) and'a pinch of sodium chloride were added. The sodium chloride 

was added to enhance separation of the solution and the Genklene. The' 

mixture was shaken thoroughly for 5 minutes and left to settle and separate. 

A sample of the Genklene (OI) was collected from the separating funnel. 

A control sample of Genklene (OIl) was prepared by repeating the extraction 

and separating process using distilled water and Genklene. Two further 

l5ml aliquots were measured from the solution in the 200ml flask and the 

extraction and separating procedure was repeated using the organic solvents 

diethyl ether and methyl isobutyl ketone. The samples obtained were labelled 

DI and MI respectively. The appropriate controls, DII and MII, were prepared 

in the same manner as the Genk1ene control. An I.R. analysis was conducted 

on each of the 6 samples and the spectra compared. The results are presented 

in section 4.4.3. 

The analysis, method II above, of the coupling-agent on the 600 

tex E-g1ass was repeated with the as rec. 500 tex E-g1ass fibres. The 

results from this and comparisons between the appearances of the as reo. 

600 tex and 500 tex E-glass, the behaviour of the as rec. dressing system 

at temperature and their composite behaviour are discussed in section 4.4.3 

in order to determine the coupling-agent on the as rec. 500 tex E-glass 

fibres. 
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The recommended method(55) for the removal of the silane coupling

agent and the polyester sizing from the 600 tex E-glass tapes is to heat 

the tapes to between 3500C and 6000C until no size or coupling-agent 

remains. The satisfactory method and conditions for the complete removal 

of the dressing from both the 600 tex and 500 tex E-glass fibres were 

found to be identical. The procedure is now described. 

The required lengths of glass tapes were cut and placed in a 

furnace fitted with an extraction tube. The furnace was heated up to 

5700C ± 30C and kept at that temperature for 30 minutes. The glass was 

furnace cooled to Bo°C and kept at that temperature until used or treated 

further. In no instance was the clean fibres kept more than 24 hours. 

The clean fibres produced by this treatment were extremely brittle and 

fragile. Therefore the utmost care was taken not to damage the fibres in 

subsequent handling of the tapes. 

The method for the application of the A187 and AllOO silane 

coupling-agents to the E-glass fibres was derived from information supplied 

by T.E.A. Limited(55) and Union Carbide(44). The method gives the glass 

fibres a coating of approximately O.~ by weight of coupling-agent. 

The required number of lengths of E-glass tape was cleaned as 

described above. 80ml of silane coupling-agent was measured out and 

added to 5000ml of distilled water and stirred thoroughly to form a 1.6% 

volume solution. The glass tapes were removed from the furnace and 

immersed in the solution for two minutes. The tapes were removed and hung 

up to dry in a furnace at 8o°C and kept there until used. Throughout the 

process the silane coupling-agent and its solution",erekept in a fume 

cupboard and the fibres handled as gently as possible. The treated glass 

was kept a maximum of 24 hours before use. 

3.5 Fabrication of the Unidirectional Composite Slabs 

Having characterized the constituent materials and determined 

the methods of application of the alternative surface treatments for the 

fibres the fibrous composites to be investigated were fabricated. The 

leaky mould teohnique was adopted, as for the resin slabs. The following 

describes the composite slab fabrication. 

The required number of 2O.5cm lengths of tape was cut from the 

relevant roll(s) of tape and placed in a furnace at approximately 8o°C for 

at least 3 hours prior to fabrication of the slab. The mould was prepared 

as described in section 3.3.2. The base was placed in a cardboard tray in 



a fume cupboard and positioned to lie horizontally. 2mm spacers were 

placed on the side walls. These resulted in composite slabs of thickness 

1.96 to 2.05rnrn, depending on the mould used and its preparation. 120grns 

of resin were weighed out and O.06ml DMA, O.36ml CoNap and 2.4rnl MEKP 

were added. The resin was mixed thoroughly after each addition and finally 

placed in a vacuum dessicator for two minutes to degas. A layer of resin 

was poured over the prepared surface of the mould base. The appropriate 

tape length was gently removed from the furnace, allowed to cool and placed 

on the resin in the mould with the warp threads running the length of the 

mould. When all the fibres were wet and any air bubbles originally trapped 

in the fibre bundles had risen and dispersed a further layer of resin was 

added. The succession of fibre, resin etc. was continued until the desired 

lay-up sequence and number of layers of tapes had been reached. Great care 

was taken to position the fibre tows in the different layers parallel to 

one another. When the final layer of resin had been added and the gel point 

reached, the mould lid was carefully lowered into position and a mass of 

20kg placed on the top to force the excess resin out of the open ends until 

the mould lid met the spacers. After 24 hours the mould was placed in a 

furnace, heated up to loooC and kept at temperature for two hours. The mould 

was furnace cooled to room temperature and the slab released. Its quality 

was checked prior to calculating the fibre volume content using the appropriate 

equation(s) from equations 57 to 65 in section 4.1. Table 8 gives the range 

of slabs fabricated which passed the quality control tests and lists their 

fibre volume fractions. 

3.6 Quality Control of the Composite Slabs 

Occasionally poor quality composites were produced. It was necessary 

to recognize and reject these to prevent misleading and confusing results. 

The quality of every slab produced was checked. The following slab 

properties were monitored: slab thickness; surface finish; void content and 

degree of cure of the resin. 

The thickness of each slab was measured along its length and.width· 

upon release from the mould. If the variation in thickness was greater 

than! 1% of the mean thickness the slab was rejected. The cause of this was 

incorrect settling of the mould lid on to the spacers. The slab surface 

finish was examined by eye and touch. If either side of the slab looked or 

felt rough it was rejected. The cause of a poor slab surface finish was 

inadequate mould surface preparation. 



Two methods of void content determination were considered. 

These were via image analysis microscopy and via composite den si ty and 

fibre content. Due to problems in the preparation of carbon composite 

specimens for the image analysis microscopy the second method was preferred. 

The densities and fibre volume fractions of composite samples were 

determined and from the results the void content was calculated. 

Five samples, each of approximately O.5gm, were cut from each 

slab and their edges smoothed down. The samples were placed in a dessicator 

for at least 24 hours before their densities were determined using the 

density bottle technique described in section 3.2.2. 

Resin burn off and acid digestion techniques were used to determine 

the fibre volume contents in the composite samples. Control specimens of 

pure resin, sized glass fibres, no ~-~ glass fibres, sized carbon fibres, 

no ~a.carbon fibres and composites showed that for resin burn-off a 

temperature of 5200 C for 3 hours was required. This removed all the resin 

and sizing whilst producing no weight loss in no ~a. E-g1ass. It comp

letely oxidized the carbon fibres. The acid digestion controls showed the 

technique to remove the resin and sizing with no weight loss of either the 

clean E-glass or clean carbon fibres. Therefore the resin burn-off method, 

since it was the simplest to carry out, was used for the plain E-glass comp

osi te specimens and the more complicated acid digestion method was used for 

the plain carbon oomposite specimens. In the case of hybrid composites the 

acid digestion technique followed by the resin burn off technique was used 

in order to produce the separate fibre contents. The accuracy of the tech

niques for fibre content determination was checked using composite samples 

of known fibre contents. 

For resin burn off a specimen and crucible were weighed and placed 

in a furnace, 'with a through air flow, at 5200 C for 3 hours. The crucible 

plus fibres was removed from the furnace, cooled, kept in a dessicator for 

at least 24 hours and then weighed. The apparatus used for the acid digestion 

is shown in figure 28. A clean sintered glass filter and a composi te, 

specimen were placed in a dessicator for at least 24 hours and weighed. A 

water pump was attached to the three necked flask in figure 28. The sample 

was added to the lOOml flask with 20ml of 98% sulphuric acid. The flask 

was heated gently until the acid was fuming. The heat was removed and 50% 

weight/volume hydrogen peroxide was added to the flask from the dropping 

funnel at an approximate rate of one drop every 3 seconds for the first two 

minutes and then increased to one drop per second until all the resin was 

digested and the solution was clear. The solution was heated gently for a 



further three minutes and allowed to cool. The contents of the flask 

were thoroughly rinsed out and washed with distilled water through the 

sintered glass filter until the washing liquid was neutral. The filter 

with the fibres was dried in a furnace and placed in a dessicator to cool 

before weighing. The digestion process was carried out in a fume cupboard. 

The results are given in section 4.5. Any composite with a void 

content greater than 1% was likely to give misleading results when tested 

in tension. Therefore an actual void content of 1% was considered to be 

the critical rejection level. Due to the difficulties in obtaining precise 

values at such low void contents it was decided that any composite yielding 

a value greater than 0.8% would be rejected and composites yielding a 

void content value of greater than 0.6% would be examined.microscopicaliy •. 

The quality of the liquid resin was checked approximately monthly 

for deterioration by conducting a D.T.A. immediately after mixing, as 

described in section 3.3.1. This revealed whether a maximum cure of the 

resin was possible. 

To check the degree of cure of the resin in a composite slab a 

sample of composite was taken from the slab at the end of the post-cure, 

weighed and tested by D.T.A.There was no feature in the D.T.A. scan of 

either the E-glass or carbon fibres over the temperature range of the resin 

scan. Therefore if the D.T.A. scan obtained for the composite differed 

from that of mix 3 (shown in figure 36) the cure was unsatisfactory and 

the slab discarded. 

3.7 Determination of Composite Interlaminar Shear strength 

As stated in the literature review the i.l.s.s. of a composite 

provides qualitative information on the fibre to resin bonding and a 

relationship between i.l.s.s. and i.f.s.s. (interfacial shear strength)~ 

given in equation 44, has been postulated qy Hancock and Cuthbertson(40 • 

The test was therefore used to indicate the relative successes of the diff

erent fibre surface treatments and, to a certain extent, to act as a further 

quality control check on the composites. I.l.s.s. reduces considerably 

with increase in composite void content (see section 2.6). The short beam 

shear test method, which is essentially a three-point bending test, was 

adopted here since it is quick and economical with regard to materials. 

The recommended specimen span to depth ratio (S:D) for carbon and glass 

fibre reinforced resins is approximately 5:1(39)(76). The use of the 

correct ratio is imperative in order for the specimen to fail in shear •. 
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According to B.S. 2782 part 3, method 341A(76) the minimum specimen thickness 

is 2mm + 2%, the overall length is 6 times the mean thickness and the width 

is 10.0 + 2mm. The specimens were prepared as follows. 

Strips approximately 10.6mm wide were cut lengthwise from each 

composite slab on a diamond cutting wheel. The cut edges were polished 

down to 1200 grade silicon carbide paper and a width of 10.0 : 0.02mm, great 

care being taken to keep edges parallel. The strips were cut into lengths 

and keeping the corners square were polished down to 1200 silicon carbide 

paper and a length of 6 times the mean thickness. The specimens were 

rinsed in distilled water, dried and placed in a dessicator at 50% r.h. 

for at least 24 hours prior to testing. Six specimens were prepared from 

each slab. 

The specimens were tested on the three-point bending rig shown 

in figures 29 and 30. The rig has 6mm diameter rollers and was designed 

to give a span varying in discrete steps of 0.5mm between 9.50mrn and 1l.50mm. 

The Instron machine was fi tted wi th a 500kg load cell and geared to give a 

c.h.s. of O.lcm/min and c.s. of 10cm/min. The dimensions of the specimen 

to be tested were measured and the rig set up with the appropriate span. 

The specimen was positioned in the rig and tested. When specimen failure 

was not by shear the span was altered and more specimens from the same slab 

were tested until the correct span to give shear failure was found. The 

results of the previous specimens from that slab were disregarded and the 

corrected span used for the remaining specimens., The results are given 

in section 4.6. 

3.8 Composite Shear Modulus 

The shear modulus is one of the properties of the composite matrix 

required for the analysis of the tensile behaviour of the hybrid composites. 

A hybrid composite can be regarded as the L.E. fibre in a matrix of H.E. 

fi bre and resin. Therefore the ,shear modulus of a range of ~glass fi brei 

vinyl ester composites was determined. The specimen shape used and experi

mental procedure followed was as described in section 3.3.4. 
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3.9 Determination of Composite Longitudinal Tensile Properties 

The tensile stress v strain (crv e: ) curves for the composites 

were obtained and particular attention paid to the initial modulus and the 

stress and strain at the point of initial fracture. From the results the 

extent of any hybrid effects with varying composite ratios of glass to 

carbon, fibre geometric arrangement, fibre volume content, interfacial 

characteristics and H.E. fibre properties were investigated. 

A variety of tensile specimen shapes has'·. been used with unidirect

ional fibrous composites and three of these are shown in figure 31, all are 

recommended in B.S. 2782 part 3 (77). Shape a) was unsuitable since the 

machining of the waist removes fibres from the outside layers of the 

composite which, in the case of a hybrid composite composed of plain fibre 

tapes, would change the carbon to E-g1ass ratios over the crucial waisted 

area. Trial specimens with shapes b) and c) were tested. The b) specimens 

were unsuccessful, failing in shear as shown in figure 32. The rectangular 

straight sided specimen c) was satisfactory with approximately 90% of the 

specimens failing within the gauge length. Therefore this specimen shape 

was chosen and the composite tensile specimens made to the dimensions given 

in figure 33. The specimens were prepared as follows. 

Six strips approximately l3mm wide by 190mm long were cut length

wise from each slab on a diamond wheel. The specimens were placed in a 

specimen template and routed down to a width of 10.l0±O.10mm. The specimen 

edges were polished down to 600 grade silicon carbide paper and cut to the 

required l;Omm length. The variation in specimen thickness and width was 

less than 0.5%. A 50mm centre gauge length was marked on each of the 

specimens and the outside portions prepared for the bonding of aluminium 

end tabs. They were abraded in water with 400 grade carbide paper, rinsed 

thoroughly with distilled water, dried and placed in a dessicator for at 

least 24 hours. The rectangular end tabs were 50mm x 11mm and were 

guillotined from a sheet of commercially pure aluminium approximately 0.5mm 

thick. The tabs were thoroughly degreased in Genklene in an ultra-sonic 

bath for 15 minutes and etched in a chromic acid bath(36) for 30 minutes. 

The· bath composition was: 

10gms 

36m1 

160m1 

chromium trioxide; 

98% sulphuric acid. and, 

distilled water. 
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On removal from the bath the tabs were washed thoroughly in 

distilled water, dried and left in a dessicator for at least 24 hours. 

Immediately prior to the bonding of the end tabs to the specimens both 

were wiped quickly with acetone to remove any surface grease. The tabs 

were bonded to the specimens with a thin layer of fast setting epoxy 

resin adhesive and left to cure at room temperature under a mass of lkg. 

Alternative adhesives were tried but there was frequent debonding of the 

end tabs during tensile testing. The prepared specimens were placed in 

a 50% r.h. dessicator for at least 24 hours prior to testing. 

The composite specimens were tested on an Instron machine, fitted 

with a lO,OOOkg load cell and geared for a c.h.s. of O.2cm/min and c.s. of 

lOcm/min. 

Prior to the testing of each specimen the specimen's dimensions 

at 5 equidistant points along its gauge length were measured and recorded. 

The c.s.a. recorded nearest to the point of actual failure was used in 

the stress calculations. The specimen was positioned in self-tightening 

wedge shaped grips and the dynamic strain was recorded against the load 

on a Bryan's XY plotter. The specimen was pulled to complete failure. 

The dynamic strain was measured for the first few tensile specimens tested 

wi th FLA-30 foil strain gauges (produced by Techni-Measure Limited, gauge 

length 35mm, gauge factor 211 and nominal resistance l20iQ.3ohms). These 

were applied to the specimens prior to testing and since the specimens were 

pulled to failure the gauges could only be used once. As the experimental 

technique developed the strain gauges were replaced by aLv.d.t. extensometer 

which clipped straight on to the specimens. This method ef strain measurement 

proved to be both simple and economical. The testing of 6 control specimens 

showed differences between the strain monitored by the strain gauges and 

by the extensometer to be insignificant. The initial fai·lure of a specimen 

disturbed either the strain gauges or extensometer. Therefore where initial 

failure was not oatastrophic, the strain beyond this point was estimated 

from the Instron plot of load v· time. 

The results are presented in seotion 4.7. The fracture surfaces 

of the specimens were studied with the aid of S.E.M. 



4 RESULTS AND DISCUSSION 

This section presents and discusses the results of the experimental 

work and investigates and develops theories for the tensile failure of 

hybrid composi tee.. In some cases this section would be unnecessarily 

encumbered by the inclusion of the data and results for every individual 

specimen tested. Therefore, where deemed appropriate, only the average 

results for sets of specimens are. detailed here and the complete. sets of 

re sul ts are gi ven in Appendix 2 (2A). Where the average, x, standard 

deviation, t, standard error of the mean, '/r se' and the coefficient of 

variation, CV, are reported for any set of results the following formulae 

have been used: 

- LX 
n 

i'"- = x 
y.r 
In 

cv - 't 
X 

where x = the value of an observation 

and n = the number of observations 

• • 

• • 

• • 

In some cases two sets of results are compared to see if there 

is a 'significant difference' between them. The two-sample t test is 

applied in these cases using either the 9~ or 99% levels of significance 

(011.5 = 0.05 or 0.01). Where the means are found to differ at the 99% 
level the difference is said to be 'highly significant'. Where means 

(53) 

( 54) 

(55) 

differ only at the 9~ level the difference is 'significant'. The t test is 

used in preference to the simpler Z test since n < 30. The statistic t 

for two sets of results is given by the formula: 

X, x:2. 
• (56) 
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Table III in reference 78 lists t values for different degrees 

of freedom' and levels of significance. 

In cases where the differences amongst more than two means are 

studied an analysis of variance method in conjunction with an F statistic 

is adopted. The necessary steps in the calculation are best summarized 

in the following table: 

Source of 

Variation 

Treatments 

Error 

Total 

Degrees of 

Freedom 

K-l 

N-K 

N-l 

Sum of 

Squares 

SS(Tr) 

SS(E) 

SsT 

Mean 

Square F 

MS(Tr) = SS(Tr) MS(Tr) 
K-l MSE 

MS(E) = SSE 
N-K 

where Treatments = the K different sets of results being studied, 

N 

SS(Tr) 

SST 

= 

= 

= 

= 

= 

= 

= 

= 

total number of observations 
K ""',.Z_ treatment sum of squares = :c li 

1=1 nj 

T2. 
N ' 

number of observations in the'ith sample, 

sum of values of the ith sample, 
K 

grand total = LT 
i=1 I' 

K 
total sum of squares = L 

i=1 

ni 2 
'L: x .. 
j=1 lJ 

the jth observation of the i th sample, 

SST - SS(Tr) 

MS = mean squares = respective sum of squares 
their degrees of freedom 

and F = statistic of the F distribution used in 

the significance test = SS(Tr) 
SSE 

F values are given in Table V of reference 78 

, 
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4.1 Unidirectional Woven Tapes and Composite Fibre Contents 

Section 3.1 gives the reasons for the choices made of constituent 

materials for the hybrid composites. The materials chosen were Derakane 

411-45 vinyl ester resin and 6000 filament carbon and 600 tex and 500 tex 

E-glass fibres in the form of unidirectional woven tapes. In this section 

the formulae for,fibre volume contents of composites fabricated from the 

tapes are derived utilizing some of the results presented in the next 

section, 4.2, on the properties of the reinforcement fibres. Tables 2 to 

6 present data on the-unidirectional woven tapes. The equations given for 

composite fibre volume contents were derived as follows. 

Consider the plain carbon fibre unidirectional woven tape. The 

average tape width was 150mm and the warp consisted of 70 tows of 6000 

filament carbon fibre. In any composite slab the carbon fibre volume 

fraction (Vcf) due to the layers of the plain carbon tape equals the product 

of the average carbon C.s.a. per unit width of tape and the number of layers 

of plain carbon tape divided by the slab thickness (t) in mm. 
The average carbon tow c.s.a. = 0.2310mm2 (see section 4.2.1). 

Therefore the average c.s.a. of carbon fibre per unit width of tape = 
70 x 0.2310 which equals 0.1078mm2 

150 

Therefore the formula for Vcf due to n layers of plain carbon 

tape in a composite slab is: 

V f = 0.1078 x n 
c t 

Note that for composites fabricated from etched carbon fibre 

tapes the carbon content is reduced by 0.8%, i.e. multiply the Vcf 

derived from equation 57 by 0.992. 

• 

Parallel calculations for Vg6 and Vg5 '(volume fractions of the 

600 tex and 500 tex E-glass fibres respectively) due to plain 600 tex and 

plain 500 tex E-glass tapes respectively produce equations 58 and 59. 

= 0.1117 x n 
t 

= 0.1117 x n 
t 

• 

• • 

In hybrid composites the formulae for composite slab VT (total 

fibre content), Vcf and Vgb due to the hybrid tapes are necessary. 

Consider the 3:1 unidirectional woven tape. Tape width was 148mm 

and of the 71 warp tows every fourth one was carbon. Using the average tow 

c.s.a. 's given' above the average fibre c.s.a. per unit width of tape is 

___ calculated_ as __ 

( 57) 

(58) 

(59) 



71 x 0.2310 x 1 
148 x 4 

12 

+ 11 x 0.2362 x 3 
148 x 4 

2 
= 0.1l21nun 

Thus in a compo si te slab the V T , V cf and V g6 due to n layers 

of 3:1 hybrid tape are as follows: 

VT = 0.1l21 xn 
t • • 

Vcf = 0.0271 xn 
t 

Vg(> = 0.08:20 xn 
t 

• • 

Similarly for a composite containing n layers of 1:1 hybrid 

unidirectional woven tape, in which the warp tows alternate between carbon 

and 600 tex E-glass tows, the composite VT , Vcf and Vgb due to those 

layers of 1:1 tape are given by equations 63, 64 and 65. 

VT = 0.1l06 x n 
t • • 

Vcf = 0.0:2£ x n 
t • • 

Vg(> = 0.0:2:22 xn 
t • • 

The fibre contents (total, carbon and E-glass) of all the slabs 

fabricated from the unidirectional woven tapes were calculated using 

equations 57 to 65 and are given in table 8. In practice slab thickness 

varied between 1.96 and 2.05 ! O.Olmm.. To facilitate comparison of the 

tensile results the thickness of all the slabs was taken as 2.0mm in the 

tensile and fibre content calculations. This simplification is justified 

by the low variation in thickness between the slabs and the high ratios 

of fibre to resin tensile strengths and moduli. 

4.2 Reinforcement Fibre Properties 

(60) 

( 61) 

(62) 

( 63) 

The results of the experimental characterization of the constituent 

fibres in the hybrid composites are presented in this section. The properties 

concerned are fibre diameters, fibre and tow c.s.a.'s, fibre densities and 

oharacteristics of the fibre tensile strengths. The results are summarized 

in tables 9 and 10. 
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4.2.1. Fibre Diameter and Cross-Sectional Area 

The average fibre diameters, c.s.a.'s and tow c.s.a.'s for the 

6000 filament carbon, 600 tex E-glass and 500 tex E-glass are given in 

table 9. The complete sets of measurements are given in table 2Al. 

Hyfil describe the cross-sectional shape of the carbon fibres 

as off-round. The c.s.a. is calculated using the given average diameter 

of 7.3pm and the off-round shape 

Carbon filament c.s.a. 

6000 filament carbon 
tow c. s.a. 

factor of 0.92. 

= 

= 

= 
= 

n x 7.3 
2 

x 0.92 
4 

38. 51 I'm 2 

2 
6000 x 38. 51pm 
0.2310mm2 

The S.E.M. examination of both the 600 tex and 500 tex E-glass 

fibres showed the majority of the fibres to have round cross-sections. 

A few fibres had irregular cross-sections but their appearance suggested 

that they had been damaged during the sectioning and preparation of the 

samples and therefore the diameters of these fibres were discounted. 

tex and 500 tex E-glass fibres were The average diameters for the 600 

12.82pm and 11.68pm respectively. 
2 

The corresponding c.s.a.'s are 129.08~2 
and 107.15pm • 

The 

in table 9 as 

the equation: 

tow c.s.a.'s of the 600 
2 2 0.2362mm and 0.1969mm 

tex and 500 tex E-glass tows, given 

respectively, were calculated using 

weight per unit length of clean tow 
E-glass densi ty • 

By definition the weight of one metre of virgin 600 tex and 500 

tex E-glass tows is 0.6gm and 0.5gm respectively. The densities -of the 

fibres are dealt with in the following section. 

4.2.2 Fibre Density 

(66) 

The average densities obtained for the fibres are given in table 9. 

The complete results are given in table 2A2. The average density of 1.76gm/cm3 

for the carbon fibre agrees with the value quoted by Hyfil. The average 

density of 2.54gm/cm3 for both the 6~0 tex and 500 tex E-glass fibres is 

within the range expected for E-glass material. 

The fibre densities were calculated using the equation: 

E't == u.J~ (>'" ( W e+z- - We) 

________________ -(.WB"'Z.--WB+Z"'~-+-W~-) "-Cwe+w---Ws-)- --- ------- - -- ---
r 1 .... _' 
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where ~F = density of fibre, 

ew = density of water at 21 0
C, 

WB+Z = weight of density bottle plus bromobenzene, 

.Wa = weight of empty densi ty bottle, 

Wf= weight of fibre added to density bottle, 

WS+Z+F = weight of density bottle plus bromobenzene plus fibre 

andws+W = weight of density bottle plus water. 

4.2.3 Fibre Tensile Strength 

As explained in section 3.2.3 two different methods were considered 

for the determination of fibre tensile strength characteristics. The 

first method, based on the testing of individual fibres, proved to be 

unsuitable and no relevant results were obtained. The second method was 

more successful. 

Method II Fibre Tow Strength 

The average two tensile strengths for all of the sets of tows tested 

are given in table 10 along wi th the Wei bull parameters and average indivi

dual fibre tensile strengths derived from the results. The complete lists 

of the individual tow strengths are given in table 2A3. 

Equation 68 has been successfully used by Zweben et al(57) to predict 

the mean fibre bundle strengths (6'b) from the Wei bull parameters 

describing the tensile strength characteristics of the individual fibres. 

From equation 68 it is 

a gradient of - V~ . 

(3 = Intt~ • .. 
In[~ 

• • 

..-.. 
seen that the log - log plot of CJb v L has 

• 

This equation corresponds to equation 47 used in the case of single 

fibres rather .than fibre tows. 

(68) 

-'/A 
Once ~ is known the value ofa( "can be calculated by direct substitution 

into equation 68. The ratio of average bundle strength (csrb ) to average 

fibre strength (O'"f) is 

• • • (70) 
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• 

Therefore the tensile characteristics of the single fibres can be 

calculated from data on fibre bundle strength using equations 68, 69 and 

70. 
In this research it is assumed that the Weibull distribution 

adequately describes the statistical behaviour of the 6000 filament 

carbon fibre, the 600 tex E-glass fibre and the 500 tex E-glass fibre. 

Work recorded in references 10, 16 and 57. justify this assumption. The 

Weibull parameters, average bundle and fibre tensile strengths given in 

table 10 have been calculated from the results of the tensile tests of 

the fibre tows. 

For example, consider the tensile results for the 6000 filament carbon 

fibre tows. At gauge lengths of 50mm and 253mm the average tow strength 

is 543.6N/mm2 and 431.5N/mm2 respectively. ~ is calculated by substitution 

into equation 69. 

from 

= 
In(?£) 
In@l~_i) 

= 7.02 

Substituting into equation 68 gives the value of 0( _I/~ 

.543-6 m 0(- VI' (50)( 7-02)( e) - '-'7-02 

• 
0(. -!..-~ = 543-6 

0- 4-33<;1 " 0-8672 
....... 

to 6-~ for the 6000 The ratio of o-b filament carbon is 

equation 70 • 

....... 
Gb = [1.32 x 1.153 x 0.935~-1 = 0.702 -;;:::;: 
0;; 

calculated 

Therefore the average tensile strengths for Hyfil carbon fibre with 

lengths of 50mm and 253mm are 774.4N/mm2 and 614.7N/mm2 respectively. 

The tensile results for the 600 tex E-glass tows and 500 tex E-glass 

tows were treated in the same manner. 

(48) 
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Consider the results obtained for the carbon fibres. The average 
2 

fibre tensile strength quoted by Hyfil is 2.35kN/mm at a gauge length of 

23mm. The equivalent tensile strength of the as rec.carbon can be 

calculated from the data in table 10, equation 68 and the ratio of equation 

70. 

Q(2.31M1) = 1450 (23 x 7.02 

0.702 

= 868.2 N/mm 
2 

_ I...e: 
x e) 7·0, 

This is less than 40% of the value quoted by Hyfil. Some variation 

in properties is expected between fibres from different batches but even 

when allowing for the possibility that the as rec. fibres came from an 

inferior batch the difference in tensile strength is still considerable. 

The reduction in strength may be apparent and, as such, a result of poor 

specimen preparation. However the author was fully aware of the importance 

of preparing specimens in which the fibres were of equal length and of 

careful handling of the specimens throughout the preparation and testing. 

Great care was taken to minimize damage due to handling. The former source 

of error is believed to have been eliminated by discarding the results of 

specimens in which the load v strain plots revealed the specimen to 

contain fibres of varying lengths. On average there was one such specimen 

in each set of fibre tows tested. The reduction in carbon fibre strength· 

is therefore attributed to damage incurred by the fibres, due to handling 

and weaving, between the manufacture 

form. Both the {!> value of 7.02 and 

and receipt of the 
-, _'/1;\ the Ck value of 

fibres in tape 
1.45 KN!mm(2- '/{') 

are lower than those values derived for three different types of PAN based 

fibres from data in reference 16. 

8.86 to 10.01 and 2. 69KN/mm(2- '/f') 

,/o 
The values of ~ and cl.. - f> ranged between 

(2- ,/o ) 
to 3.57 (' respectively. 

The Weibull parameters calculated for the surface treated fibres 

(no Q-a.and etched) are very close to those of the as rec. carbon fibres. 

An analysis of the variance amongst the mean fibre strengths of the three 

groups at the fibre gauge length of 50mm was conducted on the data. The 

test Showed that there is no significant difference amongst the results. 

Therefore the fibres suffered a negligible amount of damage during the 

surface treatments. 

The results for the as rec. E-glass fibres show both the 600 tex and 

500 tex fibres to have noticeably lower tensile strength CV's than the 

carbon fibres. The €'> values calculated for the 600 tex and 500 tex :&-glass 

fibres are 14.91 and 11.20 respectively. The average tensile strengths of 
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the 500 tex E-glass fibres at the gauge lengths tested are slightly 

greater than the corresponding values for the 600 tex E-glass fibres. It 

was hoped, for the purpose of investigating the importance of the mechanical 

properties of H.E. fibres on the tensile properties of a hybrid composi te, 

that this difference would be more marked. 

The most important point arising from the results of the tow tensile 

tests is the difference in the Weibull parameters of the surface treated 

E-glass fibres. For both types of E-glass the tensile strengths of the no 

~-a., A187 and AIlOO are considerably lower than the tensile strengths of 

the as rec. fibres. Despite the care taken during the removal of the 

original sizing and coupling-agent damage was obviously done to the fragile 

fi bres, reducing their tensi le strengths and increasing the strength (J'J. 

In the case of the 600 tex E-glass A187 fibres the tensile strength at 

50mm is approximately 40% lower than for the equivalent as rec. 600 tex 

E-g1ass fibres. 

The Weibull parameters for the fibres derived from the tow tensile 

tests and listed in table 10 are used in sections 4.7 and 4.8 in the 

comparison of the theories of Rosen(l) and Zweben(2) with the experimental 

composite tensile strengths. 

The properties of the vinyl ester matrix are now considered. 

4.3 Properties of the Derakane 411-45 Vinyl Ester Resin 

This section deals with the results arising from the experimental work 

described in section 3.3. These include the determination of a suitable 

curing system for the resin, the resin density, resin shear modulus and 

resin tensile strength. 

4.3.1 The Optimum Curing S[stem for the Resin 

The experimental procedures in the determination of the optimum curing 

system particular to this research are described in section 3.3.1. Table 

7 gives the gel times and formulations of the resin mixes investigated. 

Out of the 13 formulations tested the following 3 (numbers 3, 9 'and 13) 

gelled within the desired time range of 45 to 50 minutes. 
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Mix 3: 2.0Oml of 'ft1, MEKP; O.30ml of 10% CoNap and O.050ml of 

100% DMA per 100gms of resin. 

Mix 9: 1.OOml of 'ft1, MEKP and 0.6Oml of 10% CoNap per 100gms of resin. 

Mix 13:0.80ml of 'ft1, MEKP; O.40ml of 10% CoNap and O.050ml of 100% 

DMA per 100gms of re~in. 

The results of the D.T.A. scans (taken to determine the degree of 

cure of the resin) .of the specimens taken from mixes 3, 9 and 13 are given 

in figures 34, 35 and 36. 

Figure 34 shows that the major curing reaction occurs between 900 C 

and 120oC. Mix 3 undergoes the greatest exothermic reaction, indicating that 

mix 3 can be cured to a greater degree than either mixes 9 or 13. The scan of 

mix 9 shows its potential degree of cure to be minimal, suggesting that for a 

good cure ·DMA _ is necessary. After 24 hours the resin mixes 3 and 13 

appeared to have completely hardened. However figure 35 shows mixes 3 and 13 

to have only partially cured, making the post-cure treatment necessary. 

Figure 36 shows mix 3 to respond virtually completely to the post-cure at 

lOOoC for 2 hours whilst the treatment is only partially successful for mix 13. 

Therefore mix 3 had the optimum formulation for use in this research. The 

formulation is: 

-2ml MEKP (5Q.t),O.30ml CoNap (10%) and 0.05ml DMA (100%) 

per 100gm of resin. 

This mix gives the desired gel time of 45 minutes to 50 minutes 

and a post-cure treatment of 2 hours at lOOoC completes the cure. 

4.3.2 Resin Density 

The resUlts of the experimental work described in section 3.3.3 

are presented in detail in table 2A2 and summarized in table 9. The resin 

density was calculated using the equation 

\'m = wm x (?w 

wS-+w we+w-+m + wm • 

where em = resin density, gm/cm3 , 

ew = water density at test temperature, gm/cm3, 

Wm = weight of re sin sample, gm, 

We. ... w· = weight of density bottle plus water, gm, 

and ws+w+m = weight of density bottle plus water plus resin, 

(71) 

gm. 
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For example, the readings obtained from specimen 1 were as follows: 

~w = 0.99842 g;n/cm3 j 

we."" = 85.5778 g;nj 

Wm = 0.4810g;nj 

VJs+w.m = 85. 6362g;n. 

Substituting the above values into equation 71 gives I;>m = 

1.14g;n/cm3• 

The average density of all the specimens was 1.13g;n/cm3, with a CV 

of 0.84%. Dow(64) quote the density of Derakane 411-45 as 1.12gm!cm3• The 

slight difference between the two values is probably due to a different 

formulation and curing cycle adopted for the tested resin by Dow Chemicals 

compared with those adopted in this work. The density value used throughout 

this work for the resin is 1.13gm/cm3• 

4.3.3 Resin and E-Glass Composite Shear Modulus 

The average shear modulus for each set of resin and E-glass composite 

specimens tested (as described in section 3.3.4) is listed in tables 11 and 12. 

Figure 37 shows the variation in shear modulus with the composite 600 tex 

and 500 tex E-glass fibre content. Table 2A4 gives the complete results. 

In every case the shear modulus, G, was calculated from equation 72. 

G L T N/mm 
2 

= x 

Bt3 J.l e 
• • 

Where L = effective free length of specimen = lOOmm, 

B = specimen width, mm, 

t = specimen thickness, mm, 

T = applied torque, N/mm2 = applied force x drum radius 
(1l6mm) 

e = angle of twist, radians 

and. p = function depen~~t on B/t ratio. 

and the Bit ratio. 

(72) 

Figure 38 shows the relationship between fA 
The data was obtained from Benham and Warnock(79). As an example calculation 

of the shear modulus consider the resin specimen 10 of width 10.00mm and 

thickness 3.01mm. From figure 38 the B/t ratio of 3.32 gives a J.l value 

of 0.269. For this specimen the applied load of 105gm produced a twist of 

0.0747 radians. Substituting into equation 72 gives G = 2.18KN/mi. 

As explained in section 3.3.4 the recommended specimen thickness 

for the torsion test is 2.5 to 4.0! 0.2mm. However, the composite specimens 

were taken from the composite slabs with a nominal thickness of 2.0mm. To 

ascertain the effect of specimen thickness on the resultant experimental 
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shear mociilils ire rean sp:lCimens"O cf '\B;,yjng tltickness wre. fabricated and tested. 'lhe a \eI'a.gl 

shear modulus of the 2.00mm thick resin. specimens was 2.l5KN/mm2• This is the 

same value as the overall average shear modulus of the three sets of resin 

specimens tested with thicknesses of 2.50mm, 3.00mm.and 4.0Omm. It is 

therefore concluded that the shear modulus of the vinyl ester Derakane 411-45 

resin is 2.15 :!: .01 XN/mm2, IJV 1.29%, and that between the bounds of 2.00mm 

to 4.00mm the effect of specimen thickness on the shear modulus of the 'resin 

is negligible. It is assumed that this can be applied·to the composite 

specimens and that the lower thickness bound can be extended to 1.95mm, the 

minimum thickness of the composite specimens. 

The shear modulus of the composite specimens increased with increasing 

fibre content. This was expected and is in agreement with results of shear 

tests conducted by Reynolds and Hancox (80) on carbon fibre reinforced epoxies. 

Table 12 and figure 37 show the results for the 600 tex and 500 tex E-glass 

composite specimens to be very similar. The shear modulus for slab 11 

(7 C" , as rec.) and slab 19 (7 Cs., as rec.) is 5.84 KN/mm2 and 5.51 KN/mm2 

respecti vely. The shear moduli of the six slabs 14 (7 c" , A187), 15 (7 G 10 , 

AllOO), 16 (7 c" , no c.-a..), 21 (7 Cs, A187), 22 (7 Cs , AllOO) and 23 (7 Cs, 

no c~) all lie between the above values for slabs 11 and 19. Therefore the 

surface treatment of the E-glass fibres has not affeoted the shear modulus 

of their composites. The relationship between the composite shear modulus and 

the fibre content does not appear 'to be linear but it is difficult to be 

certain due to the scatter in the results. The expected shear modulus of 

2.15lCN/mm2 at zero fibre content was considered when fitting the curve to 

the data points in figure 37. The curve approximates to the data for both 

the 600 tex and 500 tex E-glass composites. The shear modulus re suI ts derived 

in this section are used in sections 4.7 and 4.8. 

4.3.4 Resin Tensile Strength 

The tensile test results are presented in table 13 and the stress 

v strain curve given in figure 39. The average values for the tensile strength 

(80.5 ~ 1.lN/mm2), ini tial modulus (3.37 :!: 0.05 IN/mm2) and the failure strain 

(4.90 :!: 0.06%) correspond closelY to those quoted by Dow Chemicals (62), 

81.4 N/mm2, 3.38 KN/mm2 and 5.0% respectively. Some di sagreement was expected 

since, with none of the following information provided by Dow Chemicals, it 

is probable that the resin composition, testing conditions and specimen size 

used by ~w Chemicals varied from those used here by the. author. 
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It is interesting to note that the tensile specimens 5, 6·,and 1 were machined 

from a 6 month old resin slab and the other specimens were machined from 

approximately 3 week old resin slabs. There is no significant difference 

between the results, suggesting that deterioration in the tensile properties 

of the cast resin does not occur in the first 6 months. 

Figure 39 is the typical stress v strain curve recorded for the 

Derakane 411-45 resin specimens. It is accurate up to a strain of 3.0% 

when the extensometer was removed from the specimen. Beyond this point the 

curve is derived from the Instron chart plot of load v cross-head movement. 

Fortunately the most relevant portion of the curve is that from 0% to 2.02% 

strain, 2.02% strain being the expected failure strain of the 600 tex E-glass 

fibre/resin composites. 

The work conducted on the reinforcement fibre surface treatments 

i snow con si dered. 

4.4 Fibre Surface Treatment 

The results of the experimental work described in section 3.4 are 

detai led here. 

4.4.1 Fibre Size Content 

Table 14 gives the average weight and volume percents of sizing 

on the as rec. 6000 filament carbon, 600 tex E-glass and 500 tex E-glass 

tows. The individual results for each tow length weighed and measured are 

given in table 2A5. 

The weight percentage of dressing on a tow was calculated using 

the equation: 

\Ni;"/. _ m of m of no c.-a. tow 
x 100% • • (73) 

The weight of one metre of unsized tow of 600 tex and 500 tex E-glass 

tow is, by definition, 0.6gm and 0.5gm respectively. In the case of the 6000 

filament carbon tow the weight per metre of unsized tow is calculated from the 

tow volume and carbon density. Thus the weight per metre of unsized carbon 

tow is 0.2310 x 1.76 = 0.4066 gm/m. 

The sized tows had the 

600 tex E-glass 

500 tex E-glass 

. 6000 filament carbon 

following weights per metre: 

0.6132 f!lI1/m; 

0.5130 f!lI1/m; 

. 0.4210 gm/m • 
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Therefore the weight percentage (wt %) of sizing on the 600 tex :&

glass was, using equation 73: 

wt % a 0.6132 - 0.6000 X 100% c 2.1% 
0.6132 

Similarly the wt ~ of sizing on the 500 tex :&-glass and 6000 

filament carbon tows were calculated as 2.53% and 3.42% respeotively. 

The sizing on both the 600 tex and 500 tex :&-glass tows (see section 

4.4.3) consisted of an unsaturated polyester resin with a small amount of 

coupling-agent incorporated. The density of Impol A201, a typical unsaturated 

polyester resin manufactured by I.C.I.,is 1.20f!l1l/cm3. Therefore, assuming the 

density of the sizing to be 1.20f!l1l/cm3 and knowing the density of the :&-gla'ss 

to be 2.54 gm/cm3 (see section 4.2.2) the volume percent of sizing on the 

600 tex tow was: 

(
0.0132\ 
1.2 • J 

(
0.6000 + 

2·54 
0.0132) 

1.2 

X 100% a 

Similarly the volume percent of sizing on the 500 tex E-glass 

was calculated as 5.21%. 

The 
, 3 

of 1.3f!l1l/cm • 

sizing on the carbon fibre was Epikote 828 which has a density 

Therefore the volume percent of sizing on the 6000 filament 

carbon tow was 4.58%. 

The weight percent of size on both the carbon and 600 tex :&-glass 

tows is quoted respectively by BYfil and T.B.A. Limited as 3% to'~. However 

weaving and handling can remove some of, the' 'sizing. This obviously happened 

in the case of the 600 tex :&-glass. 

4.4.2 Carbon Fibre Surface Treatments 

The experimental procedure to produce clean carbon fibres, with the 

minimum amount of fibre damage, by the removal of the Epikote 828 sizing was 

straightforward and is described in section 3.4.2. In the etching of the 

carbon fibres (see section 3.4.2) the care taken over the rinsing stage was 

crucial. C1ark et a1(37) found that any deposit on the fibres from the 

etching solution of ferric chloride in sodium hypochlorite considerably 

reduced the interfacial bond strength between the fibres and a resin m~trix. 

After etching the carbon fibres C1ark et a1 washed them in running tap water 

and then in 5 or 6 changes of distilled water, squeezing the fibres to expel 
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excess water. It was when the squeezing procedure was omitted, leaving 

some deposits still on the fibres, that the resultant composites had low 

interlaminar shear strengths. The author, by microscopic examination of the 

carbon fibres after rinsing in tap water, found that all of the deposit could 

be removed by prolonging the rinsing time. Therefore the squeezing procedure 

adopted by Clark et al(37), which could easily damage the wet unprotected 

fi bres, was avoided. 

4.4.3 E-Class Fibre Surface Treatments. 

The removal of the as rec. sizing from and application of alter

native coupling--agents to the E-glass fibres was straight .forward (see section 

3.4.3) once the details of the original surface treatments were determined. 

This section presents the results of the experimental work carried out to 

determine: 

i) the silane coupling-agent in the as rec. dressing on the 

600 tex E-glass and 

ii) the dressing on the as rec. 500 tex E-glass. 

Section 3.4.3 describes the two experimental methods adopted in 

order to determine the type of silane coupling-agent incorporated in the 

polyester Sizing on the as rec. 600 tex E-glass. The results are as follows. 

Method I 

The infra red (I.R.) spectra obtained from the no c.-a. 600 tex 

E-glass and the dressed 600 tex E-glass fibres were identical. As expected 

the no c.-a. glass blank was highly absorbent, thus the spectrum of the 

comparatively small amounts of coupling-agent was masked by the glass. 

Method II 

It was hoped that the solution obtained by boiling the sized 

E-glass in distilled water for 8 hours would contain a small amount of 

the by-product from hydrolysis of the coupling--agent and that one or more of 

the three organic solvents used would extract from the solution sufficient 

of the by-product to be identified by I.R. analysis. 

Identical I.R. spectra were obtained from the GI and GII specimens 

and from the DI and DIl specimens. This suggested that the by-product was 

not sufficiently soluble in Genklene and diethylether or that there was 

insufficient of the by-product in the water to be picked up and detected by 

I.R. analysis or that there was no by-product at all present in the water. 
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However, a comparison of the spectra of MI and MII showed the MI 

to have two extra peaks at wave numbers 1070 - 1100 and 710 - 740. The spectra 

obtained from MI and MII are shown in figures 40 and 41. 

The possible by-products from the suspected coupling-agents A172 

and A174 were 2 methoxy-ethan-l-ol (CH
3

0CH2CH20H) and methanol (CH
3
0H). The 

two extra peaks in the MI spectrum do not correspond to peaks in the methanol 

'fingerprint'. The absorbance band of 1070 - 1100 indicates the presence 

of an aliphatic ether (CH
3
-D-CH2-) and the band 710 - 740 indicates the 

presence of a -GH2- unit. Thus the two peaks correspond to two units present 

in 2 methoxy-ethan-l-ol. Other .expected peaks in the 2 methoxy-ethan-l-ol 

'fingerprint' occur in regions where the methyl isobutyl ketone control 

strongly absorbed infra red, therefore these peaks due to the 2 methoxy-ethan-

1-01 would be masked. For example, a strong absorbance of infra red by 

2 methoxy-ethan-l-ol is expected in a band around 3500 due to the C4)H group. 

The control spectrum has a strong peak at this point due to hydroxyl groups 

absorbed by the control from the water. 

It is therefore concluded from the spectra of the I.H. specimens 

MI and MII that 2 methoxy-ethan-l-ol was present in MI, having been absorbed 

by the M.I.B.K. from the water boiled in the flask with the as rec. 600 tex 

E-glass. Therefore the silane coupling-agent incorporated in the polyester 

sizing on the as rec. 600 tex E-glass was Union Carbide's A172, vinyl tris 

(beta-methoxy ethoxy) s11ane [CH2 = CHSi(OCH2CH20CH
3
)3] • 

When considering the surface treatment of the as rec. 500 tex E

glass fibres the following facts were noted: 

i) the appearance of the surface treatment on the as rec. 

500 tex E-glass was indistinguishable from that of the 

as rec. 600 tex E-glass; 

ii) the i.l.s.s. values of the as rec. 500 tex E-glass/resin 

and the as rec. 600 tex E-glass/resin composites are 

similar (see section 4.6); 

iii) the required time at temperature for removal of the dressing 

on the as rec. 500 tex E-glass tapes was the same as that 

for the 600 tex E-glass tapes; 

iv) the as rec. 500 tex E-glass size content was within the 

quoted range for the 600 tex E-glass; 

v) the results of an I.R. analysis of the by-product of the 

hydrolysis of the coupling-agent incorporated in the s1z1ng 

on both the 500 tex and 600 tex E-glass are identical (the 

analysis was primarily designed to determine whether the 

coupling-agent incorporated in the sizing on the as rec. 

600 tex E-glass was A172 or A174, it was found to be A172); . 



vi) the most popular resin for use with E-glass fibres is a 

polyester resin and 

vii) Union Carbide, the major U.K. manufacturer of silane coupling

agents, recommend the use of only two out of their range 

of sixteen silane coupling-agents for a glass fibre/polyester 

resin system I these 2 coupling-agents are A112 and A114. 

It is probable that the manufacturers of both the 500 tex and 600 

tex E-glass fibres were aiming for similar sections of the reinforcement 

market, i.e. their envisaged applications are similar. If this is so then it 

is likely that the same dressing system was chosen for both. Therefore, 

considering the above seven facts it is concluded that the sizing and the 

coupling-agent on the as rec. saO tex E-glasswere the same as on the as rec. 

600 tex E-glass, i.e. that the dressing on the as rec. saO tex E-glass fibre 

consisted of Union Carbide's A172 silane coupling-agent incorporated in a 

polyester size. 

The results of all the experimental work concerning the constituent 

materials of the composite slabs fabricated and tested have been presented. 

Results arising from the quality control of the composite slabs are now 

presented and discussed. 

4.5 Quality Control of the Composite Slabs 

Consistent quality of specimens is most important for consistent 

results when testing fibrous composites. As recorded in section 3.6 the 

thickness, surface finish, void content and degree of cure of each slab 

were examined. At the outset of this work the slab rejection rate was 

approximately 2~. This was largely due to inadequate surface finishes and 

increased attention to the preparation of the mould surface and the application 

of the release-agent reduced the rejection rate to approximately la,1o of the 

slabs fabrioated. The void contents, determined as described in section 3.6, 
of all the slabs tested are given in 2A6, along with the average density, fibre 

content and resin content of the five specimens tested from ea.ch slab. 

The void content of a composite slab is calculated using equation 51. 

• (51 ) 
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As an example oalculation oonsider the hybrid slab 28: 

t'c = 1.69gxn/om3; 

E'", '" 1.13gxn/om3; 

pc~ '" 1.76gxn/om
3

; 

€'s,,= 2.54gxn/om3; 

Wc '" 4. 1 826gxn ; 

Wm '" 1.5277gxn; 

w<F = 0.4888gxn; 

Wg" '" 2.1661gxn • 

• fi - (1.5277 x 1.6~) - (.2.1661 x 1.6*) - (0.~88 x 1.6*\l.Xl(X>% L . 1.13 x 4.182 \2.54 x 4.182 1.7 x 4.182 ~ 
•• v,J'o '" 

'" 0.31% 

Unfortunately this method does not give a partioularly aoourate 

value for void oontent. Slight experimental errors have an exaggerated 

effeot sinoe the void oontent is so low. This explains the negative void 

oontents determined for slabs 5, 16, 26, 39, 41, 42, 44, 47 and 60. However, 

the resUlts are adequate for the purposes of this researoh. It is the tensile 

behaviour of the oomposites whioh is of paramount importanoe to this researoh. 

Aooording to 01ster(33) signifioant degradation of the tensile strength and 

moduli of unidireotional fibrous oomposites does not ooour until the void 

oontent is ~ 1% and the strain to failure is less sensitive to void: oontent. 

The average void oontent determined of all the slabs is 0.24%, with the 

maximum being O. TJ'/o. Thus no slabs exoeeded the arbitrary rejeotion level 

of 0.80% given in seotion 3.6. As a safety oheck seotions from slabs 

1, 9, 34, 37, 40 and 51, whioh yielded void oontents greater than 0.60%, 

were examined miorosoopioally. This showed the void oontent to be minimal 

with no voids at all observed in the majority of the seotions. Thus the 

possibility that any of the slabs had a voidoontent ~ 1% is extremely small. 

A final oheok was examination of the oomposite i.l.s.s. results. Composite 

shear strength is highly sensitive to voids, deoreasing by approximately 10% 

for every 1% void oontent. In no oase was the i.l.s.s. value of a slab 

markedly lower than expeoted. Therefore no slab was rejeoted on aooount of 

its void oontent. 

D.T.A. of all the composite slabs showed the resin to be fUlly 

cured. 

Table 8 lists the slabs whioh passed the quality oontrol tests. 

The volume fraotions quoted are oalculated from equations 57 to 65. The 

results for the meohanioal tests on the oomposites are now reoorded and 

disoussed. 
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4.6 Composite Interlaminar Shear strength 

Six i.l.s.s. specimens from each of the slabs in table 8 were 

prepared and tested in three point bending as described in section 3.7. 

The full set of results is given in table 2A7. The average i.l.s.s. of each 

slab is given in table 15. The i.l.s.s. of each specimen was calculated 

using equation 41. 

• • • 

Originally it was hoped to obtain the interfacial shear strengths 

of the composites from the i.l.s.s. values using equations 44 and 45, proposed 

by Hancock and Cuthbertson(40). 

't' if = 1:'il - (l- x)'Tm 
x • • • 

x = 
{Vf IT yt 

i i 

{Vf nF + 1 - 2 (V f / T'i )2 • • • 

This had to be ·abandoned after obtaining unrealistic results. 

The equations produced acceptable i.f.s.s. for the higher but not the lower 

fibre volume. content composites. The shear strength of the matrix, 1:", 

was estimated after examination of the failed i.l.s.s. specimens from all of 

the slabs. In composites with i.l.s.s. greater than approximately lO4N/mm2 

(44) 

(45) 

the fracture surfaces indicated that the shear strength of the specimens was 

approaching that of the vinyl ester. There was an increasing tendency towards 

resin shear failure in areas where interfacial failure was expected. The 

greatest i.l.s.s. of any specimen tested was 109.9 N/mm2 (see 2A7,specimen 22.2). 

Therefore the shear strength of the matrix, 't'm, is estimated at no N/mm2• 

For example consider the results for slabs 1 and 4. For slab 1 

VT = Vcf =.0.1617 and i.l.s.s. = 43.3 N/mm2• 

Substi tuting into equation 45 gives 

1/2-
X = (0.16171'1") = 0.5661 

{0.1617 n)X:<+ 1 _ 2(0.~17)'/2 

Substi tuting into equation 44 gives 
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For slab 4 VT = vcf = 0.3773 and i.l.s.s. 

Substi tuting into equation 45 gives 

1 

X = (0.3773 n )'~ = 0.7801 
i 1 

(0.37731t)'ll" + 1 - 2(0'9~pr 
Substi tuting into equation 44 gives 

2' 
= 43.5 N/mm 

1: Of = 43.5 - (1 - 0.7801) 110.0 = 24.8 N/mm
2 

1 0.7801 

The negative value of Itif for slab 1 is obviously incorrect and 

therefore no i.f.s.s. value calculated by the above method can be used 

confidently in this research. Criticism of the equations 44 and 45, as an 

over simplification, levelled by Phillips and Harris in reference 38 appears 

to be justified. 

Figure 42 gives a typical load v deflection curve for the i.l.s.s. 

specimens failing in shear. Beyond the peak load the load gradually decreases 

down to zero. '!'hi s behaviour was also observed by Prosen et al (.34) when testing 

carbon/epo:x;y specimens. They found that load v deflection curves similar to 

that in figure 42 indicated shear failure and that curves without a significant 

gradual decrease in load prior to an abrupt failure indicated tensile failure. 

The specimens tested here which failed in modes other than shear had this latter 

form of curve. 

I.l.s.s. specimens from approximately 80% of the slabs tested failed 

in shear, as illustrated in figure 17, at a span of lOmm. Out of the remaining 

2afo only specimens from slabs 8 and 57 did not fail in shear when the span 

was altered. The i.l.s.s. for these two slabs are quoted as being greater 

than the maximum stresses of the particular specimens tested. 

Table 15 shows that there was little variation in the i.l.s.s. of 

the plain as rec. fibre type composite specimens with the fibre content. 

Increasing fibre content tends to impede the penetration of the resin and 

str~~erfacial bonds can not be formed if the resin does not wet the fibres. 

In such a cass the i.l.s.s. would be expected to decrease with increasing fibre 
content(34). 

The i.l.B.B. of the hybrid composites generally fell between those 

of the parent composites. However the results for slabs 41 and 42 are both 

slightly lower than expected, their i.l.s.s. and geometrical arrangements 

being 43.3N/mm2 and 42.3N/mm2 and Gb 3:1 G~ 3:1 G~ 3:1 G" and 1:1 C 1:1 C 1:1 

C 1:1 respectively. One cf the purposes of evaluating the i.l.s.6. of the 

composites was as a quality control check on the void contents of·the composite 
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slabs. Inspection of table 2A6 shows that the void contents of slabs 41 and 42, 

"as determined by the density bottle technique (see section 3.6), were both 

negative, being-{).2C/fo and -{).02% respectively. Therefore it is highly 

improbable that the slightly low i.l.s.s. results for these slabs should 

be attributed to a significant void content. It seems more likely that 

the standard of preparation of the specimens from slabs 41 and 42 was below 

average or that between preparation and testing the particularly susceptible 

and important side edges of the specimens were inadvertantly"darnaged. A 

further possibility is that the variation is due simply to the inherent inaccuracy 

of the short beam shear te"st. Doubts on the ability of the test to give 

reproducible results except under strictly controlled conditions have been 

voiced by various people including Harris(13). The test is correctly termed 

as the 'apparent' i.l.s.s. of composites, the results being qualitative 

rather than quantitative. However, the three point bending short beam shear 

method is still widely used" since it is an extremely economic test in terms 

of both time and materials, the latter being of paramount importance in this 

work. 

Consider the results of the 7 layer parent composites in which the 

fibre surface treatments vary. The relevant carbon composites are slab 4 

(as rec.), slab 6 (eiched) and slab 7 (no c.-a.). The results show that the 

protective sizing applied to the carbon by Hyfil slightly reduced the i.l.s.s. 

of the carbon/vinyl ester composites from approximately :0 .ON/rnm2 for a 

carbon (no c.-a.) composite to approximately 43.5N/mm2. This highlights the 

suitability of vinyl ester resins as a matrix for untreated carbon fibres. 

The value of 97.8N/mm2 obtained for the i.l.s.s. of the etched carbon fibres 

in vinyl ester compares favourably with results obtained by Clark et al(37). 

They found that the i.l.s.s. of TYPe 11 carbon fibres in an epoxy matrix could 

be increased up to 90N/mm2 by liquid-phase oxidation of the carbon fibres in 

sodium hypochlorite solution. The TYPe 11 carbon fibres had a mean elastic 

modulus of 252KN/mm2, which is close to the estimated mean elastic modulus of 

242.1 I<N/rnm2 (see section 4.7.1.2) for the 6000 filament carbon fibre. Thi s 

is relevant since the i.l.s.s. of carbon/epoxy composites has been shown to 

vary with the elastic modulus of the constituent carbon fibre(37). However, 

comparison between the systems must be guarded since Clark et al do not give 

details of the i.l.s.s. specimens. It is concluded that the etching of the" " 

Hyfil carbon fibre was successful in respect to the improvement of the carbon 

fibre/resin bond strength and that, as regards i.l.s.s., Derakane 411-45 

vinyl ester is at least as suitable in the role of matrix for carbon fibres 

as the epoxy resin used by Clark et al(37). 



90 

The i.l.s.s. results for the E-glass composites show the different 

surface treatments to be equally effective on both the 600 tex and 500 tex 

E-glass fibres. This was expected since the surface characteristics of the 

two fibre types must be virtually identical. The success of the AllOO 

coupling-agent in promoting adhesion between the E-glass fibres and vinyl 

ester matrix was the greatest of all the surface treatments. The average 

apparent i.l.s.s. values for the E-glass/vinyl ester composites with AllOO, 

A187, as rec. (equivalent to A172) and no c.-a. surface treatments are 

approximately 105N/mm2, 59N/mm2, 53N/mm2 and 46N/mm2 respectively. No previous 

work is known with which the above results may be precisely compared. In 

general the expected i.l.s.s. of E-glass/polyester resin systems containing 

untreated fibres is in the range 20N/mm2 to 4ON/mm2, whilst for satisfactorily 

treated fibres a composite i.l.s.s. greater than about 5ON/mm2 could be 

expected. The value of approximately 46N/mm2 obtained for the i.l.s.s. of 

untreated E-glass/vinyl ester specimens is exceptionally high. ~s supports 

the theory voiced by Dew Chemicals(62) and Varco and seamark(63) that the 

secondary hydroxYl groups on the vinyl ester molecules react with hydrOxYl 

groups on the E-glass surface, promoting excellent adhesion to the glass fibre. 

Union Carbide(~) recommend the silane coupling-agent A174 for 

use with polyester systems and AllOO and A187 for use with epoxY systems but 

does not mention vinyl ester systems. The i.l.s.s. results of E-glass/vinyl 

ester composites indicate that though silane coupling-agents used for polyester 

systems are suitable for vinyl esters the coupling-agents recommended for 

epoxY systems are preferable. The structures of the three coupling-agents 

A172, AllOO and A187 are given in figure 18. The silane coupling-agents are 

believed to bond to the inorganic fibre surfaces via hydrolysis and elimination 

of the alkoxY groups in the coupling-agents. Union carbide(44) state that diff

erent alkoxY groups only produce minor differences in the overall fibre/coupling

agent bond strength. Thus the variation in the i.l.s.s. of the E-glass/vinyl , 
ester composites is attributable to the different organo-functional (R ) groups 

in the coupling-agents A172, A187 and AllOO. Therefore it is the amino functional 

group of AllOO which makes this coupling-agent more effective than the other two 

coupling-agents for the vinyl ester system used, the average i.l.s.s. of slabs 

15 and 22 being 105N/mm2. The considerable difference in the i.l.s.s. of slabs 

15 and 22, 

(no c.-a.) 

slabs 14 and 27 (A187), slabs 11 and 19 (A172) and slabs 16 and 23 

is fortuitous. 

fibres was to investigate 

The purpose of changing the surface treatments of the 

the effect of the strength of the fibre/resin interface 

on the tensile characteristics of the hybrid composites. The broad range of E

glass fibre/resin bond strengths aids any variation in the tensile properties due to 

this p3lBiletd- to re distinguished and not lost :in tm :inherent scatter of the hybrid tensile 

properties, though this is complicated by the change in the E-glass tensile 
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strength characteristics with surface treatment (see section 4.2.3). By 

the same reasoning the extent of variation in the carbon fibre/resin bond 

strength with the different surface treatments is also pleasing. 

The tensile strength properties of the parent composites are now' 

studied. 

4.7 Tensile Results of the Parent Composites 

The tensile results of the parent, i.e. single fibre type, composites 

of slabs 1 to 23 are presented, discussed and compared with existing composite 

strength and failure theories in this section to produce the required informa

tion for the analysis of the hybrid tensile results in section 4.8. 

The summarized tensile results for all the composite .slabs tested 

are given in table 16. The full tensile results (except those for specimens 

which failed outside their gauge length which have been discounted) are given 

in table 2A8. The stress values, CJ' , quoted were calculated using the 

equation. 

c:r = load x 9.81 N/rnm2 
2.00 x width • • • 

The strain, €:. , was taken from the chart recorder plot of ei ther 

the strain gauge or l.v.d.t. readings up to the initial failure. In some 

hybrid composites initial failure was not catastrophic. In such cases the 

strain beyond this point was estimated from the Instron load v time plot. The 

elastic modulus, E, of the specimens was calculated from the equation 

E = CJ 

E: 
• • 

CJ' e and e: E 
define the elastic limi t of the specimen tested. 

They frequently coincide with CJ" and €.' ,the ini tial failure stress 

and strain at which the first sudden load drop occurs, and , the 

maximum stress. 

A number of graphs have been plotted from the results and, where 

appropriate, the best straight lines have been fitted to the data by the 

regression method of least squares. This method defines the constants A 

and B in the general straight line equation 

y = Ax + B 

where A = n ~ XiV - ~x~y 

n ~ x2 _ (Ex) 2 

• • 

• • 

(75) 

(76) 

(77) 
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andB 

• 

where n = the number of data points. 

When the intercept of the line with the y axis is kriown, as is 

occasionally the case in this work, A simplifies to 

• • 

As an example consider the variation in the initial elastic 

modulus with the fibre volume content of the carbon composites (slabs l' 

to 5). E is plotted on the y axis against Vcf on the x axis. The value 

of the intercept on y, i.e. E for a 'composite' with Vcf = 0.00, is 

obtained directly from the resin tensile 'cr v E. curve in figure 39. The 

initial elastic,modulus of the resin is 3.4KN/mm2• Therefore the value 

of B in equation 76 is 3.4. The remaining constant A is calculated using 

the data in table 16 and the simplified formula A given by equation 79. 

E 
Vcf 

E x Vcf Vcf 
2 

KN/mm 2 KN/mm 2 

42.8 0.1617 6.921 0.0262 

55·1 0.2156 11.880 0.0465 
80.4 0.3234 26.001 0.1046 

93.2 0.3773 35.164 0.1424 

119.2 0.4851 57.824 0.2353 

L 1·5631 L 137.790 L 0·5550 

• 
• • 

Therefore the relationship between E and Vcf in the carbon fibre 

composites of slabs 1 to 5 calculated by the method of least squares is 

E = 3.4 + 238.7 Vcf KN/mm2 

(79) 

The results of the carbon fibre/vinyl ester resin tensile specimens 

from slabs 1 to 7 are now studied. 
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4.7.1 Tensile Properties of the Carbon Fibre Composites of Slabs 1 to 7 

The tensile results for slabs 1 to 7 are given in tables 16 and 

2AS. Figures 43 and 44 show the variation with V cf of composi te elastic 

modulus and tensile strength respectively. Figure 45 is a typical 0- v 

E: curve for a specimen from slab 4. During the testing of some of the 

higher carbon content specimens occasional faint pings were heard as the 

ultimate fracture load was approached. No damage was visible on the surface 

of the specimens at this stage. It is debatable whether the noise originated 

from fibre failure, fibre/resin debonding within the specimen or debonding 

of the aluminium tabs from the specimen. 

4.7.1.1 The Fracture Surfaces of the Carbon Fibre Composite Tensile Specimens 

There was little difference amongst the appearances of the fracture 

surfaces of the carbon composite specimens from slabs 1 to 7. Figure 46 shows 

half of the fractured specimen 4.2. Specimens did not fail in a planar 

manner straight across one cross-section. The fractures had a notched or 

semi-jagged appearance. The carbon fibres tended to fail in bundles with 

the different bundles connected by· shear failure taking place predominantly 

at the fibre/resin interface. The fibre surfaces exposed by the shearing, and 

by fibre pull-out, were almost completely resin free in specimens from slabs 

1 to 5 and 7. Only in specimens from slab 6 were portions of resin commonly 

found adhered to such 'exposed' fibre surfaces. The above is illustrated by 

figures 47 and 48. The pull-out lengths of the fibres within each specimen 

varied greatly and were commonly between 0 to 13 fibre diameters. In many 

cases fibre debonding had continued beneath the failed resin surface (see 

figure 47). The size of the bundles of failed fibres also varied greatly 

within each specimen. T,ypically the bundles consisted of a small fraction 

of the fibres in one tow although they were not always confined to individual 

tows. The general trend of the fracture surfaces of these bundles of failed 

fibres was to run at different angles across the specimen. The varying pull

out lengths of the failed fibres gave the fracture surfaces of the bundles a 

rough appearance. 

4.7.1.2 The Ten si le Stress v Strain Curves of the Carbon Fibre Composite 

Specimens 

All the specimens tested from slabs 1 to 7 had linear stress v 

strain plots up to the catastrophic failure of the composite. Figure 45 is 

a typicalo-v e Qurve fo!,.a comp"I!i te specimen from. slab 4. 
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Consider the elastic modulus, E, of the carbon composites as given 

in table 16. Figure 43 is a plot of E v Vcf for slabs 1 to 5. The line Ea 

is the expected elastic modulus of a carbon fibre/vinyl ester recin composite. 

The equation was calculated to best fit the experimental data by the method 

of least squares assuming a linear relationship between E and Vcf ' The 

value of 3.4KN/mm2 at Vcf = 0.00 is the elastic modulus of the vinyl ester 

resin matrix, ER' up to the average failure strain of the carbon composites 

(0.47% , determined later in this section). The equation derived for Ee 

is 

• •• 

This is equivalent to the familiar rule of mixture form of • 
--. . 

(80) 

• (81) 

There is little scatter in the results about this line. Extra

polation of the straight line to Vcf = 1.00 gives an elastic modulus for the 

6000 filament carbon fibre, Ecf ' of 242.1 KN/mm
2

• This compares with the 

value of 230 KN/mm 2 quoted by Hyfil(54). This difference of 5% is acceptable 

since the mechanical properties of carbon fibres are known to vary from batch 

to batch. Therefore it is concluded that the elastic modulus of the carbon 

fibres used in this research is 242.1 KN/mm 2 and that the relationship between 

composite modulus and carbon fibre content is linear, as represented by 

equations 80 and 81, corresponding to the value predicted by the rule of 

mixtures. 

Consider the elastic-modulus of slabs 4, 6 and 7 of 93.2KN/mm2, 

92.6KN/mm
2 

and 93.3KN/mm
2 

respectively as given in table 16. These are the 

7 layer composites containing carbon with varying surface treatments. The 

value for slab 6, containing etched carbon fibres, is slightly lower than for 

the other two slabs. However the carbon content of this slab is correspondingly 

low and normalizing the carbon volume content to 37.73% (that of slabs 4 and 7) 

gives an elastic modulus 

92.6 x 37.13 
37.43 

Therefore the elastic moduli of the three slabs containing carbon 

fibre in the as rec., etched and no c.-a. surface treated states are in 

excellent agreement and the appropriate analysis of their variance shows the 

small difference in their means to be insignificant. It is concluded that 

these surface treatments of the carbon fibre, and therefore the accompanying 

changes in the carbon/resin interfacial characteristics, have no effect upon 

the modulus of the carbon fibre composites. 
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Consider the failure strains of specimens from slabs 1 to 5 

(e;E = e;' = E:). Table 16 shows that the average failure strains of slabs 

1 to 5 vary between 0.44% and 0.48%. An analysis of the variance amongst 

the means indicates the differences to be insignificant. Therefore it is 

assumed that fibre content has no effect on the mean failure strain (within 

the limits 16.17%~ Vcf% ~48.51%) and that the mean failure strain of the 

as rec. carbon fibre composites is equal to the grand mean of the failure 

strains of all the specimens from slabs 1 to 5. The appropriate calculation 
...... 

gives the expected failure strain, .ce , of the carbon fibre/vinyl ester 

resin composites as 0.47 ~ 0.01%. 

Now consider the average failure stresses of slabs 1 to 5 

( 0- E = 0-' = e- ). figure 44 shows the variation in fr wi th V cf • 
......... 

The line eJre was calculated to best fit the experimental data by the regression 

method of least squares assuming a linear relationship. The value of 16N/mm2 

plotted at Vcf = 0.00 is the expected matrix stress at the expected failure 
......... 

strain, 0.47%, of the carbon fibre composites. The equation derived for eJre 
is 

• • • 

This is equivalent to 
~ l 2 o-e = 16.0 Vm +1141.0 Vcf N,mm • • • 

It follows that the average carbon fibre failure stress in the 

composite slabs 1 to 5 is 1141N/mm2. The validity of equations 80 and 82 

is checked by substituting 1.00 for Vcf and comparing the resultant value 

of fre divided by the resultant value of Ee wi th ~e = 0.47%. 

At Vcf = 1.00 

= 1141.0 = 0.47% 
242.1 

"..... ...... 
The degree of scatter in 0- is similar to that in e: , both 

being considerably greater than that in E. The stress range for each set 

of specimens is indicated in figure 44. The cv for each set liesbetween 

3.53% and 14.77%. This wide range in CV is attributed to the small number 

of specimens tested from each slab, one extreme result having an exaggerated 

effect on the resultant CV. 

(82) 

(83) 

The effect of the different fibre surface treatments on the carbon 

composites tensile stress and strain is not marked. There is no significant 

difference between the mean tensile strengths of the as rec., etched and no 

c .-a. surface treated carbon fibres (see section 4.2.3) and their ~ values 
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all give similar standard deviations in fibre strengths at a gauge length of 

SOmm. Thus the tensile results of slabs 4, 6 and 7 can be compared directly 

with one another and an analysis of the variance between the means is valid 

(assuming the standard deviation of composite strength to be governed by that 

of the constituent fibre strength as postulated by Barry(4)). Prior to the 

analysis the failure stresses of the specimens from slab 6 were appropriately 

adjusted to normalize the Vcf"/. from 37.43"/0 to 37.73"/0. The analysis of the 

variance of the mean tensile stresses of slabs 4, 6 and 7 shows that the three 

fibre surface treatments produced no significant difference in either the mean 

tensile strength or the mean tensile strain of the carbon fibre composites. 

The experimental tensile results are now compared with those 

predicted by existing failure theories. 

4.7.1.3 Comparison of the Experimental and Theoretical Tensile Properties 

of the Carbon Fibre Composites 

There is some dispute concerning the tensile behaviour of single 

fibre type composites and a number of theories have been postulated for comp-" 

osite tensile strength as outlined in the literature review (see section 2.1). 

This section applies and compares the commonly utilized mixture rule and the 

more complicated failure theories of Rosen(l), Zweben(3) and Barry(4) to the 

experimental results of the carbon composite slabs. 

i) The Rule of Mixtures The rule of mixtures predicts a linear 

relationship between composite fibre content and the property under consideration. 

According to the rule of mixtures the elastic modulus of a composite is 

• • • 

It was concluded in section 4.7.1.2 that the elastic modulus of the 

carbon fibre composites obeys the above rule of mixtures formula, using 242.1 

/ 
2" KN mm as the average modulus of the carbon fibre rather than the value of 

230KN/mm2 quoted by Hyfil. 

In order to compare the average experimental failure stresses of 

the carbon composites of slabs 1 to 5 with those predicted by the rule of 

mixtures, it is necessary "to know both the average tensile failure stress of 

the carbon fibres in the unidirectional woven tapes and the stress in the 

resin composite matrix at the average failure strain of the carbon fibres. 

According to the results of the carbon fibre tow tests recorded in section 

4.2.3 the average tensile strength of the carbon fibres was 774.4N/mm2 at a" 

gauge length of SCmm. The elastic modulus of the carbon fibre is taken as 

242.1KN/mm
2

• Thus, using the relationship E = cr , the expected failure e: " 
strain of the carbon fibres is 
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A, 

E cf = 774.4 x 

I 
(O"m ), 

2 
n.ON/mm 

242.1 x 

• 
• • 

The stress in the vinyl 

obtained from figure 39. 

ester matrix at 0.32)'.':: is 1l.ON/mm
2 

2 
Therefore the values of 77 4.4N/mm and 

........ I 
for 0"; and O"m respectively are substituted into equation 1, 

-" 
the rule of mixtures equation for composite tensi le strength, O'"RM • 

a et 774.4 v f + 1l.OV N/mm 
2 

• • • RM c m 

• A 2 
• • O"II.M = n.o + 763.4 V cf N/mm • • • 

The relationship determined from the experimental data from 

slabs 1 to 5 is represented by equationB2. 
........ 2 
De = 16.0 + 1125.0 V cf N/mm • • • 

Comparison between equations 86 and 82 shows that the average 

experimental composite failure stress is greater than 140% of that predicted 
-" 

(85) 

(86) 

(82) 

by the rule of mixtures. For example, O"e for slab 4 with V f = 0.3773 is 

440.5 N/mm2 compared with the predicted frRMof 298.9 N/mm
2

•
c 

This result 

implies that the compositing process has greatly enhanced the failure stress 

and strain of the carbon fibres in the composites. The composite failure 

stress is proportional to fibre content so once the average stress and strain 

of carbon fibres in one composite type at the failure of that composite is 

known the average failure stress of carbon composites with differing fibre, 

contents can be predicted. In this respect the composite failure stress 

"" does follow the mixture rule but 0" cf becomes the average stress of a carbon 

fibre at composite failure rather than the average failure stress of a free 

carbon fibre with a gauge length equal to that of the composite under consid

eration. The average stress in the carbon fibres at the failure of slabs 1 to 

5 was 1141.0N/mm2. Equation 87 defines the average failure stress of the as 

rec. carbon fibres. 

• • (87) 

/'. 
From this equation the expected gauge length of fibres withO"cf 

= 1141.0N/mm2 can be calculated. 
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I.;' 1141.0 L - '7.Q2.,=~ ___ -;-___ ~ __ 

1.45 % 103 %'1"(1 + v..,.o:J 
" 0.84101 

• 
• • L " 3.31mm 

Thus the· apparent failure strength of the 50mm carbon fibres in the 

composi te specimen gauge lengths has increased to the average failure strength 

of 3.31mm carbon fibres. The theories of Rosen and Zweben consider the statis

tical characteristics of the fibre tensile strength and the possibility of 

multiple fibre failure within the composite prior to catastrophic failure. 

ii) The .Statist~cal Theories of Rosen and Zweben - The stat1stical 

of Rose~(i) and Zwebe~(3r ~~~. d;scribed in detail in the literature theories 

review and are based on the probabilities of random single fibre failures 

throughout the composite and the probabilities of the propagation of these 

failures. The different possibilities give rise to three important theoretical 

fibre stress levels for composite failure: 
...... 

a)c:rWf , the stress at which the first (weakest) fibre is expected to fail; 

b)C3Lf ,the stress at which the first overstressed fibre (i.e. a fibre 

subjected to a stress cqncentration, k, due to a failed adjacent fibre) is 

expected to fail and 

'" c)c:r
Uf

, the expecte~ stress at which a composite cross-section becomes so 

weakened by the random fibre failures that the remaining fibres are unable 

to support the applied load. 

These stress levels are calculated for the carbon composites of 

slabs 1 to 5. Assuming that the carbon fibre strength can be represented by 

the Weibull distribution of the form 
F (0-) " 1 _ e -OI.L.o-~ • • (11) 

and that the fibre array in the composites approximates to hexagonal then the 

relevant equations for the three stress levels are. 

'" "( e.-I t~ c:rw+ 
NLDl$ 

'" !.1 -~ 
o-Lf' " oC ~ ~NLb(kt' - l~ ~ 

III 
'" (o<.l? l>e) - ~ c:rut " 

where N " number of fibres" spec. c.s.a. x Vcf , 
carbon fibre e.s.a. 

L " specimen length " 50mm , 
o<.-I/ca and {?> = Weibull parameters which for as rec. carbon 

1.45KN/mm(2-1f~') -and 7.0:> l'ARn""tiuAlu -(0:':' 

• • (14) 

• • • (88) 

• • (1) 

fibre = 
"" .......... ..:_-
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k = 1.104 [ ',I. U Y2. 
and b = ineffective length = 1 S: (1 - V f 2.) d 

2 Gm Vf'/2 ;: 
• 

To convert the fibre stress ( ITr: ) to composite stress (IT" ) 

without ignoring the stress carried by the matrix it is assumed that the 

matrix and fibre have the same strain, E.. The stress in the matrix, ITm , 

is equal to the product EEm' Given that the stress in the fibre is ITr: 

then e: = ~ • In the case of the carbon fibre composites Ef = 242.1 Kl'i/mmz 

F'l 2 and Em = 3.4 KN,mm. It follows that the stress in the composite is 

DC = IT cf V cf + ~ ~f' ( I ~ Vc.f ) 
-ef . 

• 
• • CYc. = ITcf (0.986 Vcf + 0.014) N/mm2 

Therefore in the case of the carbon composites to convert the 

""' '" stress levels ITw;' Di.~ ...... 
'" '" '" and ITu; to composite stress levels, O"w, ITL 

and ITu the fibre stress levels are multiplied by the composite factor, Fc = 

(0.986 Vcf + 0.014). 

The three fibre and composite stress levels were calculated for 

carbon fibre volume percents of 20%, 40%, 60% and 80%. These are given in 

table 17 and plotted in figure 44 with the experimental results. As example 

calculations consider a carbon composite with V
cf

% = 40%. 
The number of fibres in such a composite is 

N = 2.00 x 10 x 0.4 = 207738 

38.51 x 10=6 

o is calculated using ~ = 2.15KN/mm2 (see section 4.3.3), Ef = 
242•1KN/mm

2 
and dr = 7.3}111l' Substituting into equation 3 gives 

b =~ • 2~:i~ ( \~40~4'-1~ 1-'2703 x 10-3 = 0.0418mm 

From equation 14 

A k 
cr =( ~.02 - 1 ) 7.02-

Wf' 20773 x 50 x 7.02 

• JfI"o... 2 .......... 
• • CJWF = 142.0N/mm and CJw = 

From equation 88 

o-Lf = 1.45 x 103 [6 x 207738 x 50 x 0.0418 

• ,...,. 2 -"'" 2 
• • ~f = 506• 2N/mm and CJL = 206.7N/mm 
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From equation 7 

'" 3 (' )-Y,..02 CJ"'UF = 1.45 x 10 7.02 x 0.0418 x e 

• '" 2 "" 2 
• CJ"'w:= 1497. 5N/ mm and CJ"'u = 611.6N/mm 

Figure 44 shows all of the experimental failure stresses of·the 

plain carbon composites to fall within the bounds of the upper and lower 
...... -" 

stress levels, CTU and CTL • The failure stresses predicted by the rule of 

mixtures also fall within these bounds. The possibility of the weakest link 
A 

mode of failure, the lower stress bound for which is given by O"W' applying to 

the carbon composites can be eliminated. This was expected since for this mode 

to dominate the distribution in fibre strength must be narrow. This mode is 

also encouraged by a high fibre/matrix interfacial bond strength so that a 

crack caused by the failure of one of the weakest fibres may propagate straight 

across the specimen without being deflected and terminating in fibre/matrix 

debonding. The 6000 filament carbon fibres in slabs 1 to 7 have a wide 

distribution in tensile strength and judging by the i.l.s.s. only slab 6 has 

high fibre/matrix bond strength. 
-" ",.... 

The position of the experimental results between CTu and O"L 

indicates, according to the statistical theory, that a considerable number of 

carbon fibre failures occur in a specimen before catastrophic failure of the 

composite. It is possible that the faint 'pings' emitted from some of the 

specimens during the latter stages of their tensile tests originated from 

carbon fractures. As each additional fibre fails intuitively one expects the 

tensile strength of the composite to decrease. However, provided that the 

fractured fibres remain bonded to the matrix, each fractured fibre is only 

ineffective as reinforcement over the length 6 , defined by equation 3. Thus 

the detrimental effect of single fibre fractures on the tensile strength of the 

composite is only directly cumulative when they occur in the same ~omposite 

cross-section, or to be more precise in the same axial layer of length & . 
In addition the strength of the discontinuous fibres produced by a fibre fracture 

is greater than that of the original continuous fibre since the weakest point 

has been eliminated. Indirectly the single fibre fractures all have a signifi

cant effect on the composite tensile strength since neighbouring fibres are , 

subjected to stress concentrations •. Thus each single fibre fracture is a 

potential site for the propagation of fibre fracture leading to the catastrophic 

failure of the composite. The upper stress limit derived by Rosen(l) ignores 

the effect of stress concentrations imposed on fibres adjacent to fractured 

fibres. It is the expected stress level at which complete composite failure 
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occurs due to the chance accumulation of fibre fractures in one cross-

section. The lower stress level .considers static but not dynamic stress 

concentrations. The experimental results for the carbon composites fall in the 

top half of the area bounded by the upper and lower stress limits. This 

implies that the stress concentrations on fibres adjacent to broken ones do have 

a significant effect on the composite failure stress and that numerous single 

and multiple fibre failures occur before the ultimate composite failure, the 

lower bound being the stress at which the first multiple fibre fracture is 

expected. As noted previously all of the experimental carbon composite failure 

stress levels are above those predicted by the mixture rule. This supports 

the latter point. It has been calculated that 'at composite failure the 

average stress in the carbon fibres is equivalent to the average' failure stress 

of carbon fibres of length 3.37mm. The first point implies that the stress on 

the fibres which fracture to cause the failure of the whole composite is most 

likely to be greater than the average carbon fibre stress, due to stress 

concentrations. If this is so then the strength of the carbon fibres must be 

equivalent to that of fibres less than 3.37mm in length, implying that the 

average fibre fails at more than 14 places along its length. However this 

may be an over estimation since the tensile characteristics of the fibres must 

improve as failures occur at the weaker points. 

The upper, lower and weakest stress levels were calculated for the 

7 layer carbon composites with different fibre surface treatments (slabs 4, 6 

and 7) and the values are presented in table 18. The slight changes in the 

Weibull parameters of the etched and no c.-a. carbon fibres account for the 

small variations (<: 4%) in the predicted stress levels for the three slabs. 

The statistical failure theories of Rosen and Zweben provide an 

explanation for the experimental failure stresses of the carbon fibres being 

greater than predicted by the rule of mixtures but their proposed upper and 

lower stress levels are very wide apart. Barry's model, presented in reference 

4, narrows these stress bounds. He also considered the failure of composite 

materials from a statistical point of view. Barry's model is 

Rosen(l) and Zweben(3). 

a slight variation 

on and extension to 

iii) The 

and tensile failure 

those proposed by 

Statistical Model Proposed by Barry - The composite model 

theory presented by Barry(4) is covered in detail in the 

literature review. There are a few basic differences between the models of 

Zweben and Barry. Firstly Barry's model considers the effect of both dynamic 

and static stress concentrations caused by a failed fibre, on intact adjacent 

fibres. Barry obtains upper and lower stress levels. For the upper level he 

assumes no overlap of dynamic stress concentration increases. For the lower 
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level he assumes complete accumulation of dynamic stress concentration 

increases on intact fibres once a dynamic stress concentration causes the 

failure of one or more fibres. Secondly, instead of dividing the composite 

into transverse sections of length S ,the ineffective length of a broken 

fibre, Harry uses the positively affected length, Lp' of adjacent intact 

fibres. This is calculated in a similar manner to 0 but includes the effect 

of possible debonding of the failed fibre. Thirdly, in considering the effect 

of fibre debonding on the composite tensile strength Barry obtains two sets of 

stress levels. One for the case of minimum and one for the case of maximum' 

fibre debonding. A minor difference between the theories is the use of the 

normal distribution to characterize fibre strength. The complete model is well 

detailed in reference 4. The information provided in this reference enables 

the model to be applied to the 6000 filament carbon fibre/vinyl ester resin 

carbon composites, the stress limits are ultimately derived from the given 

generalized scatter limits. Section 6 in the reference describes the steps 

taken in the practical application of the model. Following this method the 

stress limits were derived for slabs 1 to 7. The results are presented in 

table 19 and the intermediate steps in table 2A9. An example of the derivation 

of the stress limits, divided into the main steps, is now given for slab 4. 
-.. -.. 

Step I Determination of Of(L .. ):- OF(L;o:)is the mean fibre strength 

of a carbon fibre with a gauge length equal to the model fibre length assuming 

zero debonding (LR) in the broken fibre. In the model composite LR equals 

8 fibre diameters (df). A correction factor, F, for composites with Vf and 

Er which differ from the model composite is given. 

Eln F ~~ (Vf~~ _ 1) 0.02~ "'2. • • 

2' 2 
For slab 4 Ef ~ 242.1KN/mm , E\n ~ 3.37KN/mm and Vf ~ 0.3773. 

Substituting into equation 17:-

F =[242.1 
[ 3.37 

( -l..-a ) Ll~' 0.3773 - 1 0.02J = 1.041 

The appropriate carbon fibre gauge length becomes 

LR ~ 1.041 x 8 x 7.3 x 10-3 ~ 0.0608mm 

The mean fibre strength using equation 48 is 

....... - '/Cl 'II!' 
OJ:(iR)~ d. L - 'T' (1 + I/~) . . .. 
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The Weibull parameters 
I/~ 

for the as rec. carbon fibres are 01..-

= 1.45KN/J2 -Yp) and ~ c 7.02 . 

• 
• • 

,..... "-
Step 2. Determination of O"a.f :- O"o.f is the average fibre stress --at the failure of the model carbon composite. Tb determine c:raf it is necess-

ary to estimate the length of fibre debonding in the composite and the fibre 

strength CV (CV
f
). Barry(4)(16) found that substituting the fibre pull-out 

lengths on the composite fracture surfaces for fibre debond lengths gave 

satisfactory results. The maximum and minimum fibre pull-out lengths for the 

6000 filament carbon fibre composite specimens were noted during the micro

scopic examination of the fractured tensile specimens. In the case of the 

specimens from slab 4 the pull-out lengths ranged from 0 to 13 fibre diameters. 

These values are standardized to the model by dividing by F. Thus the 

equivalent standard debond range is 0 to 12.5 fibre diameters. Figure 5 shows 

that the corresponding Lp/LR ratios to the above minimum and maximum standard 

debond lengths are 1 and 3.7 respectively. CVf for the as rec. carbon fibre 

is 16.6% (see table 2A9). The proposed modified value of CVf in reference ·4 

is not used here since neither the dependence of the fibre failure strain on 

the fibre elastic modulus nor the CV of the fibre elastic modulus are known. 
...... "-

0" * is the ratio of 0" a.f to 0"1'(4<). Figures 6 to 8 show the 

variation of the upper and lower 9~ single tail scatter limits for 0"* 

and the mean of c:r * with the ratio of Lp/La, as given in reference 4, for 

fibres with strength CVf ranging from 10% to 2~. These figures give for slab 

4, wi th CV f = 16.6% and Lp/La = 1, the upper limi t, mean and lower limi t of 

c:r * as 0.766, 0.721 and 0.664 respectively. Similarly for Lp/41 = 3.7 

the corresponding 0" * values are 0.682, 0.637 and 0.579. Multiplying these 
. ...... /'0 
values by ~(L«~ves O"a.f ' the predicted values of average .fibre stress at 

model failure. O",,{L...:) was derived in Step I as 2.02KN/mm2• Thus for the case 

of zero debonding (i.e. Lp/La = 1) the upper, mean and lower values for ero.f 
2 2· 2 

are 1.55KN/mm , 1.46KN/mm and 1.34KN/mm respectively. In the case of 

maximum debonding (i.e. Lp/La = 3.7) the corresponding values of. fra.-f are 

1. 38KN/rnm2, 1.29KN/mm2 and 1.17KN/rnm2• The model composite is only a fraction 

of the real composite. Therefore a composite size factor, 1"J.. , has to be ..... ...... 
applied to O"a.f to obtain the actual composite strength, O"c • 
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step 3 Determination of,? :- It is assumed that the failure of one 

model composite results in the failure of the whole composite specimen. The 

specimen is therefore regarded as M times the length of the model composite, 

where M is the number of model composites in the specimen. The model carbon 

composite contains approximately 4000 fibres of length 0.0608mm when assuming , 
the case of zero debond length. When assuming maximum debond length the model 

fibre length becomes 0.0608 x 3;7 = 0.225Omm. The actual test specimens were 

50mm in length and contained approximately 196000 fibres. Therefore the 

number of model carbon composites in the specimen for Lp/La = 1, Ml' is 

Ml = 196000 x _~~ 
4000 'O':'O'bOE 

= 40296 

Similarly Ma'7 ' when Lp/La = 3.7, is 

= 10889 

Figure 9 gives the relationship between CVf and CVac (CV of model 

composite strength). The as rec. carbon fibres have a CVf of 16.6%, therefore 

according to figure 9 CVac is 3.4%. 

The computer simulation method of reference 4 assumes the composite 

specimen to have the same type of strength distribution as the constituent 

fibres, i.e.,in reference 4, a normal distribution. Barry demonstrated that 

the resultant fibre and composite strength to length relationships deviate 

from the equivalent relationships predicted by a Weibull distribution by a 

maximum of 1.5%, provided that M>2 and CV .. 2afo. The Weibull distribution has 

been used throughout this research to represent the strength distribution 

of the carbon fibres and is therefore, in view of the above, used here to 

describe the composite strength distribution. As a result of this the formula 

for '1 differs from that given in reference 4. l1. is derived from the equation 

\> = In (~J 
• (47) 

In(~) 
• \ -~ • • ~=Sj~ • • (89) 

0"2 L (L.) ___ "" ...... 
Substi tuting M for L~' ITo.l' forD; and Dj: for IT, , where Dj: 

is the average fibre stress at composite failure it follows that 

'1. = M-J-I(!. 
• • (90) 
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I? is determined from the av of the model composite strength. 

For slab 4 the equivalent model composite has a av of 3.4%. Referring to 

figure 3 and equation 16 the corresponding Wei bull parameter, ~ , for the 

strength distribution is 36.90. By substitution into equation 90 the size 

factor, '1' can now be determined. For zero debonding Ml = 40296 

Similarly for maximum debonding, M307 = 10889 

• 

..... "-
To determine Of the size factor is now applied to ITaF 

....... "'-
step 4 Determination of Dj::- The predicted O"".f values for the 

real composite are the products of the appropriate rt values with their 
..... 

corresponding O""af values. Thus for the case of zero debonding the upper 

and lower limit (D-L+) of the fibre stress at limi t (6-UF )' mean (Dr,F) 

composite failure are: 

........ 
ll62.5N/ mm2 ; O""Ul' = 1.55 x 0.750 = 

........ 
1.46 x 0.750 1095.0N/ mm2 ; IT"'F = = 

....... 
1.34 x 0.750 1005.0N/mm

2 
• ITL; = = 

Similarly for the case of maximum fibre debonding: 
....... 

1075.0N/mm2; S;:ur = 1.38 x 0.779 = 
O"~= 1.29 x 0.779 = 1004.9N/ mm2 ; 
'" 911.4 N/mm2• O"LF = 1.17 x 0.779 = 

Therefore according to Barry's model the fibre stresses at the 

failure of the specimens from slab 4 are expected to fall within the range 

911.4N/mm2 to 1162.5N/mm2. To facilitate the comparison of these theoretical 

results with the experimental results the fibre stresses are converted to 

composite stresses. 
...... 

Step 5 Determination of Composite Failure Stress,ere :-
..... ..... ..... 

To convert Of to [)c. the erf" values for slab 4 are multiplied by 

the factor Fc = (0.986 Vcr + 0.014) derived earlier in this section when 

considering the statistical theories of Rosen (1) and Z>leben (3). The general 

equation for the factor Fc is 

• • 
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For slab 4 Vcr = 0.3774. Therefere Fc = 
zere fibre debending the expected cemposite 

'" DUI 
~ 

ITMI ...... q, 
Fer 

ll62.5 x 0.386 448 .7N/ rnrn 2 
= = ; 

1095.0 x 0.386 422. 7N /rnrn 
2 

= = ; 

= 1005.0 x 0.386 = 387 .9N/rnrn2 • 

the case .of maximum fibre debending 

1075.0 x 0.386 = 415.0N/rnrn2; 

1004.9 x 0.386 = 387.9N/rnrn2; 

911.4 x 0.386 = 351.8N/rnrn2. 

0.386. Thus for the 

stress levels are: 

are: 

Table 19 gives the twe sets .of upper, mean and lower stress values 

fer slabs 1 te 7 and their experimental failure stresses. The theoretical and 

experimental results are compared graphically in figure 49. The main infermatien 

and steps in the calculation .of the stress levels fer slabs 1 te 7 are 

tabulated in 2A9. 

The experimental results are quite close to the stress levels 

predicted fer the case .of zere fibre debonding. For all the slabs bar .one 
...... ,... 

(slab 4) the failure stress .of the strongest specimen exceeds DUI with ITe 

(expected cempesite maximum stress calculated frem the experimental results) 
...... ~ ...... 

approximating te OLlI • Fer example, in the case of slab 4 De and ITul are 

440.5N/rnrn2 and 448.8N/rnrn2 respectively. frUI is defined as the upper 9% 

--scatter limits fer the case of zere fibre debending. Therefore CJulis net an 
absolute limit te composite strength but sheuld rarely be exceeded by an 

experimental result. The lowest experimental tensile stresses are all abeve 
...... ...... ...... 
ITL2. , commonly falling between ITM2. and ITU2. • Again using slab 4 as an 

example the lowest experimental tensile failure stress is 389.8N/mm2 whereas 
......-.... l 2 I 2 the correspending ITM2. and ITU2 levels are 387.9N/rnrn and 415.0N mm 

respectively. In reference 4 Barry recommended that the estimation .of the 

maximum fibre debond length be based en the maximum fibre pull-out length, 

even if .only a very small number .of fibres exhibit such a pull-eut length. 

Examinatien .of the fracture surfaces of specimens from 1 to 7 showed fibre pull

out lengths te be predominantly 0 te 4 fibre diameters in length with .only very 

few fibres exhibiting the maximum pull-out lengths as listed under maximum 

debond length in table 2A9. Therefere the experimental results are expected 
...... ~ 

to appreximate more closely te the ITI stress levels than the IT 2. stress 

levels, as is the case. 
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As regards the effect of the different surface treatments on 

composite tensile strength it is interesting to note that Barry's model predicts 
~ ~ ( slightly lower 0-; and· 0; levels for slabs 6 and·7 having normalized 

the levels of slab 6 to an equivalent Vcf% of 37.73%) than for slab 4 due to 

the marginally different statistical characteristics of the tensile strengths 

of the carbon fibres after varying the surface treatments. As stated 

previously the experimental results from slabs 6 and 7 are slightly greater 

than those from slab 4 but a statistical analysis shows the variance amongst 

the means to be insignificant. 
"'-

In general although the theoretical (]I. levels are slightly 

conservative the agreement between the theoretical and experimental results 

is promising when taking into account the assumptions made in the model and 

the number of parameters involved in the calculations. The theory is particul

arly dependent upon the tensile strength characteristics of the constituent 

fibres since these are necessary for the calculation of the basic mean fibre 
....... 

strength, ~(L~) , prediction of CVac and the size factor ~. Unfortunately 

the statistical characteristics of the carbon fibres were derived from the 

tensile properties of the fibre tows. Although this has been justified the 

testing of individual filaments would have been preferable since any inter

action between the fibres in the tows tends to mask the basic fibre strength 

characteristics. The effects of the dynamic stress concentrations in the model 

should also be considered. Barry's simplified representation of the dynamic 

stress concentrations may also be partly responsible for the conservative 

nature of the predicted stress levels. This is questionable though since when 

Barry applied. the model to some carbon/epoxy tensile specimens he found that 

the experimental results tended towards the lower theoretical stress levels. 

One drawback to Barry's model is the method adopted for estimating 

the maximum fibre debond length. The use of the maximum pull-out length on 

the composite fracture surface necessitates the testing of the composite 

before the theoretical lower stress limits can be calculated. In addition 

it is thought that the maximum fibre pull-out length must frequently over

estimate the fibre debond length. Fibre debonding and pull-out of previously 

failed fibres may occur during the catastrophic failure of the composite 

rather than at the time of failure of the individual fibre. 

In the case 

model(4) has predicted 

of the 6000 filament carbon fibre composites Barry's 

a composite. failure stress band considerably narrower 

than that predicted by the similar statistical theory of Rosen(l) and Zweben(3). 

One common criticism of the cumulative fracture propagation mode, 

upon which the statistical theories are based, is that the random fibre 



108 

fraotures should result in a non~linear upper portion of the stress v strain 

curve. In the oarbon oomposi tes tested in this research and in many ot,her 

single fibre type systems the stress v strain curves remain linear up to the 

oatastrophio failure of the speoimen. This does not mean that the statistioal 

theory is ,inoorreot. In composites oontaining thousands of fibres (of number 

N) it is possible for a oonsiderable number of fibre failures to have no 

determinable effeot on the composite elastio modulus. If on f~lure a fibre 

is fully ineffeotive over its entire length then the oontribution of that 

fibre to the elastio modulus of the composite is zero. In this case, assuming 

the oomposite elastio modulus obeys the mixture rule '(justified for the oarbon/ 

vinyl ester oomposites in section 4.7.1.2), upon the failure of one fibre 

the reduotion in oomposite elastio'modulus, ~E, is 

• • • (92) 

In the statistioal theories, assuming no fibre debonding, the fractured fibres 

are only ineffeotive over a length E. • Therefore the reduction in the 

elastio modulus of a oomposite of gauge length L when one fibre fails is 

~E c V&& 
NL 

• • • 

Consider a tensile speoimen from slab 4 with Vor% c 37.73% for whioh 

N c 0.196 x 106 and 0 c 43.4 x 10-3mm. 'It follows that 

From equation 80 the expeoted modulus of a specimen from slab 4 

is 93.5KN/mm2(t 0.3). It is estimated from the original plots of load v 

strain"reoorded during the tensile tests that the minimum deteotable ohange 

in slope for slab 4, assuming the ohange to be gradual, is equi valen t to a 

change in modulus of 1.9KN/mm2. Therefore approximately 4.69 x 106 fibre 

fraotures have to oocur before the effect on the composite modulus is deteotable, 

eaoh fibre failing an'average of 24 times into average lengths of 2.08mm. This 

demonstrates the feasibility of the oumulative fraoture mode for the oarbon 

fibre/vinyl ester,oomposites despite their linear tensile stress v strain ourves 

up to oomposite failure, i.e. the postulated soattered single and multiple 

fibre failures have no deteotable effeot on the tensile stress v strain ourve. 

There is no evidence from the tensile tests to oontradiot the statistioal theory. 

The apparent inorease in the tensile strength of the 50mm constituent fibres 

from an expected 744.4N/mm2 to an average of 114l.0N/mm2 is supportive. It is 

oonsistent with the ooourenoe of random single and multiple fibre failure in 

t~e oomposites, ,breaking the fibres down into estimated average lengths of 
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less than 3. 37mm, as calculated earlier in this section. The close correlation 

between the experimental results and the expected stress levels according to 

Barry, compared with the extremely conservative nature of the lower bound 

on composite failure stress according to Zweben, indicates that a substantial 

number of multiple fibre as well as single fibre failures occur prior to the 

ultimate composite failure; Therefore it is suggested that the tensile failure 

process of the carbon composites is as follows. 

As the applied load is ·increased single fibre breaks and then single 

and multiple fibre breaks occur throughout the stressed composite. Initially 

the broad fibre strength distribution (~ = 7.02) renders unlikely the 

catastrophic propagation of fibre failure. As the applied load is further 

increased, but before the upper stress limit as defined by Rosen is reached, 

i.e. before random fibre failures leave any particular cross-section too 

weak to support the applied load, a multiple (or single) fibre break eventually 

becomes unstable. The static or dynamic stress concentrations on fibres 

adjacent to a fracture causes the fracture to propagate. The sudden failure 

of more fibres further weakens the cross-section producing dynamic stress 

concentrations which radiate over a wide region causing further fibres in 

weakened areas away from the immediate vicinity to fracture and existing 

multiple fibre fracture groups to enlarge and propagate. The different 

unstable multiple fracture groups are not all planar and their propagations· 

result in a weak non-planar cross-section which forms the final fracture surface 

of the composite as some of the failed fibre bundles join together by shear 

failure. This failure process would result in a fracture surface similar to 

those of the tested specimens described in section 4.7.1.1. The experimental 

work of Fuwa, Bunsell and Harris(14) also supports this failure process. Their 

monitored acoustic emission from Type I carbon fibre/epoxy composites during 

tensile testing indicated that fibre failures started at the same stress level 

as in an unimpregnated Type I carbon fibre tow, at less than 50% of the 

ultimate composite stress. 

fibre/epoxy specimens were 

The tensile fracture surfaces of the T,ype I carbon 

similar to those 

carbon/vinyl ester resin tensile specimens. 

described for the 6000 

Fuwa et al(14) etched 

filament 

away the 

surface resin on their failed composite specimens and observed the exposed 

outer layer of carbon fibres. In all of the specimens groups of broken fibres 

existed away from the final fracture site with the density of the groups 

increasing near to the final fracture site and with the failure stress of the 

specimen. The failures in the fractured fibre groups frequently ran at varying 

angles to the fibre direction, as observed wi th the 6000 fi lament carbon/vinyl 
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ester composites. Unfortunately quantitative comparisons between the 

experimental results presented by Fuwa et al and the statistical theories 

are not possible due to the absence of the necessary data in reference 14. 

The experimental results of slabs 1 to 7 and their comparison 

with existing theories for composite failure are now summarized. 

4.7.1.4 Summary of the Tensile Properties of the Carbon Fibre Co~osites 

. of Slabs 1 to 7 

The following points summarize the analyses of the tensile results 

of the carbon fibre/vinyl ester slabs 1 to 7. 

i) The tensile stress v strain plots are linear up to composite failure. 

ii) The linear relationship between Vcf 
assuming that Ecf is 242.1KN/mm2 

and Ee follows the rule of mixtures, 

Ee = 3.4 + 238.7 Vcf KN/mm
2 

• • 

iii) There is no significant variation in the average composite failure 

strain with V f wi thin the tested range of 0.16~ V f{.O.49, the expected . c c 
composite failure strain being 0.47 : 0.01~ • 

iv) 
...... 

The relationship between c:re and Vcf is linear and is described by 

the equation 
~ 2 
c:re = 16.0 + 1125.0 Vcf N/mm • • • 

. v) The three different surface treatments of the carb?n fibres produced 

(80) 

(82) 

no significant difference in the mean tensile properties of their composites.~ 
.- ...... 

Vi) c:re is not estimated satisfactorily by the rule of mixtures when rrc.f 

is based on the average tensile strength of carbon fibres of the same length 

as the gauge length of the composite. 

vii) The average stress in the carbon fibres at composite failure is 1141.0N/mm2. 

This is equivalent to the average tensile strength of carbon fibre 3.37mm in 

length. 

viii) The statistical failure mechanisms described by Rosen(l), zweben(3) and 

Barry(4) provide an explanation for the above apparent increase in the tensile 

strength of the carbon fibres when composited in a vinyl ester matrix. 

ix) The extreme conservative nature of the theoretical lower composite 

failure stress level, (}L ,as defined by Zweben(3), when compared with the 

experimental results of the carbon composites indicates that a considerable 

number of multiple fibre failures occur within the composites prior to ' 

catastrophic failure. 

x) Following the statistical theories the high theoretical upper stress 

levels, a·s defined by Rosen, obtained for the composites and the success of 

Barry's model both Indic.EI, te .that. stre ss concentration ·effects pla.y a. signffican"L 
1 
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role in the failure of the carbon composites. 

xi) The jagged appearances of the composite fracture surfaces are explained 

by the statistical theories. 

xii) Points vii) and xi) and the general agreement between the experimental 

results and those predicted by the statistical theories strongly suggest that 

the failure process of the carbon composites is governed by the statistical 

nature of the carbon fibre tensile strength. 

Points ii), iii) and iv) are of prime importance in establishing 

the existence or otherwise of any 'hybrid effects' in the carbon fibre/E-glass 

fibre/vinyl ester resin composites. It is conoluded from points ix) and xii) 

that the failure mechanism of the carbon composites is statistical with'ran'dom 

single and multiple (due to stress concentrations) fibre failure occurring 

throughout the composite prior to the final catastrophic propagation of fibre 

failure. This forms a base from which to study the failure of the hybrid 

compo si te s. 

The tensile properties and behaviour of the 600 tex E-glass fibre/ 

vinyl ester composites are now studied. 

4.7.2 Tensile Properties of the 600 tex E-Qlass Fibre Composites of Slabs 

8 to 16 

The tensile results for slabs 8 to 16 are given in tables 16 and 

2AB. Figures 50 and 51 show the variation with Vg& of composite elastic 

modulus and tensile strength respectively. Figure 52 is a typical stress v 

strain curve for, a specimen from slab 11. During the testing of the specimens 

no acoustic emissions from the specimens were heard or damage observed prior 

to catastrophic composite failure. 

4.7.2.1 The Fracture Surfaces of the 600 tex E-Class Fibre Composite Tensile 

Specimens 

Figure 53 shows the jagged and spiky appearance of a failed specimen 

from slab 11 and is typical of all the specimens from slabs 8 to 13. Fibre 

pull-out is far more extensive in these specimens than in the carbon specimens. 

The fibre pull-out lengths lie predominantly between 1 and 10 fibre diameters 

with the full range being 0 to approximately 16 fibre diameters. The fibres 

have failed in small groups, or bundles, which, as in the carbon specimens, 

are joined together by shear failure predominantly at the fibre/reSin interface. 

As noted above there was no visible sign of specimen damage immediately prior 

to the catastrophic failure of the composite. Areas of debonded fibres within 
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the composites, providing they consist of sufficient fibres, are visible 

from the surface of the specimens as whitened areas. After composite failure 

white lines were frequently observed running up to 20mm along a specimen away 

from the fracture surface. The width of the lines were commonly 0.5 to 1.0 

fibre tow width with just a few extremely narrow lines. Very occasionally a 

short length of debonded fibre tow was visible in the specimen away from the 

fracture surface. The extent of debonding into the composite from the fracture 

surfaces varied between specimens from the same slabs. This suggests that the 

original dressing had not been applied uniformally to the fibre tows. It is 

postulated that at catastrophic failure large shock waves travel through the 

composite causing extensive debcnding at the weaker fibre/resin interfac·es. 

It seems likely that the small lengths of debonded fibres not connected to the 

fracture surface also appeared at the moment of, or immediately after, specimen 

failure since they were not observed prior to failure. These rare debonded 

areas may be the sites of multiple fibre fractures which extend at composite 

catastrophic failure but which are too far away from the major site of crack 

propagation to be incorporated into the final fracture surface. The visible 

debonding would be caused by shock waves stemming from the catastrophic comp

osi te failure. 

The general appearance of the fracture surfaces of slabs 14 and 15 

was similar to that of slabs 8 to 13. The fibre pull-out ranges were again 

approximately 0 to 16 fibre diameters but the dominant pull-out lengths 

seemed slightly less than for slabs 8 to 13, though these were difficult to 

estimate. The composite specimens were very faintly whitened away from the 

fracture surfaces up to a distance of approximately lOmm and 6rnrn for slab 14 

and slab 15 respectively. The extent of debonding seemed fairly uniform across 

the width of each specimen. The average i.l.s.s. of slabs 14 and 15 were 

61N/mm2 and 103N/rnrn2 respectively. At these high values very little fibre 

debonding was expected, especially in slab 15, and therefore the presence of 

the faintly whitened areas suggest that the fibre/resin bond strength was not 

uniform. In this case the above observations on the intensity and uniform spread 

across the specimens of the whitened areas implies that variation in the 

effeotiveness of the surface treatment tended to be between fibres rather than 

along the length of the fibre tows, as appeared to be the case for the as rec. 

E-glass composites. No debonded area not connected to the fracture surfaces 

was visible in any of the tested specimens from slabs 14 and. 15 •. The fracture 

surfaces of the tensile specimens tested from slab 16, containing no c.-a. 

600 tex E-glass fibres, were considerably less jagged than those of slabs 

8 to 15. The fibre pull-out lengths were predominantly between 0 and 4 fibre 

I n di~,t'" with ~ly • _ll,_ro",U,o " fibro, ",,,';0, ", ,,,,., ",ll~t 
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lengths of 5 to 14 fibre diameters. The spread of the whitened area into the 

composite body from the fracture surfaces was minimal. This limited amount of 

de bonding was unexpected in the light of the previous results since the 

average i.l.s.s. of slab 16 was only 46N/mm2. The implication is that the 

fibre/resin bond strength at the weak interfacial areas in slabs 11, 14 and 15 

is less than the bond strength between the resin and the no c.-a. E-glass 

fibres in slab 16. This is possible. The surface of the 600 tex E-glass is 

extremely smooth and therefore the main contribution to fibre/resin bond 

strength must be from chemical rather than mechanical bonding. The method 

chosen for the removal of the dressing from the as rec. fibres (see section 

3.4.3) should leave the E-glass fibre clean with the surface hydroxyl groups 

available for chemical bonding with the secondary hydroxyl groups of the vinyl 

ester resin (see section 2.5.2). The silane coupling-agents on the surface 

treated fibres also bond to the E-glass via the surface hydroxyl groups of the 

fibres. In the cases of the A187 and AllOO treatments it is possible that 

there was insufficient of the hydrolized coupling-agent, in the solution from 

which it was applied, to form a complete coating over all the surface area 

of the fibres. The free hydroxyl groups would have been susceptible to 

attack by impurities in the solution. 

attracted to and reached parts of the 

In addition impurities may have been 

glass surface before the hydrolized 

coupling-agent, particularly if the concentration of the coupling-agent in the 

solution was non-uniform. Therefore it is suggested that a very low proportion 

of the fibre surface area in slabs 14 and 15 was devoid of coupling-agent 

and had few free hydroxyl groups with which the resin could bond. The resultant 

fibre/reSin bond strength at these points would be below that of the no c.-a. 

fibre/resin. Therefore in specimens from slabs 14 and 15 any fibres with a 

chance accumulation of weak fibre/reSin bonding about the fracture surface 

would debond to a greater extent than expected of fibres with the average 

interfacial bond strength. Such debonding of only a small percentage of 

the fibres could result in the faintly whitened areas observed spreading from 

the fracture surfaces of the specimens. In the case of slab 11 the coupling

agent and sizing is believed to have been applied to the fibre tows as an 

integral blend. A less than uniform dispersion of the small proportion of the 

A172 coupling-agent in the Sizing would result in varying coupling-agent 

content along the tow length. Thus the heavily whitened areas in the specimens 

from slab 11 could be the result of the debonding of groups of fibres in which 

the fibre surfaces are sized but contain a minimal amount of coupling-agent. 
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An alternative possibility for the unexpected degrees of fibre 

debonding in sl·abs 11, 14, 15 and 16 is that they are in some way connected 

with the statistical characteristics of the fibre tensile strengths. This 

is unlikely since the characteristics of the no c.-a. fibres appear similar 

to those of the A187 and A1100 fibres (see section 4.2.3). 

4.7.2.2 The Tensile stress v Strain Curves of the 600 tex E-Glass Fibre 

Composite Specimens 

All the tensile specimens tested from slabs 8 to 16 had linear 

stress v strain plots up to the catastrophic failure of the composites. 

Figure 52 is the average stress v strain curve obtained from the specimens 

of slab 11. 

Consider the elastic modulus, E, of the 600 tex E-glass fibre 

composites as given in table 16. Figure 50 is a plot of the average elastic 

modulus of specimens from each of the slabs 8 to 13 against V glo. The line 

Ea is the expected elastic modulus of the 600 tex E-glass composites calculated 

from the experimental results. As with Ea for the carbon fibre composites the 

equation was calculated assuming a 

using the metho.d of least squares. 

linear relationship between E and V g6 and 

The value of 3.4KN/mm2 at zero V glo is the 

elastic modulus of the vinyl ester resin, Em, up to the average failure strain 

of the 600 tex E-g1ass composites (1.96%E, determined later in this section). 

The calculated equation for Ee is 

Ea = 3.4 + 72.2 Vg" KN/mm
2 

• 

which is equivalent to 

Ea = 3.4Vm + 75.6 Vg" KN/rmn
2 

• • (95) 

There is little scatter in the results about this line, as was 

found with the results of the carbon composites. Extrapolation of the line 

Ee to Vg", = 1.00 predicts an elastic modulus of 75.6KN/mm2 for the as rec. 

600 tex E-g1ass fibre. Therefore Eg"is 75.6KN/mm2 with the linear relationship 

between composite Ea and Vg", 'being accurately represented by the rule of 

mixtures. 

The average elastic modulus of the specimens tested from slabs 11, 

14, 15 and 16, containing as rec., A187, A1100 and no c.-a.. surface treated 

fibres respectively, were 31.9KN/mm2, 31.9KN/mm2, 31.4KN/mm2 and 31.4KN/mm2 

respectively. An analysis of the variance amongst these means show the 

differences to be insignificant. Therefore the different surface treatments 

of the 600 tex E-glass fibres, and the resultant changes in composite i.l.s.s., 

~ -- - -- - - - - - - - -
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have no significant effect upon the elastic modulus of their composites. 

Consider the failure strains (e'" = E. I = E) of specimens 

from slabs 8 to 13. Table 16 shows that the average failure strains of 

the sets of specimens tested from these slabs vary between 1.84% and 2.08%. 

An analysis of the variance amongst the mean strains show the differences 

to be insignificant. Therefore, within the range 22.34% ~ Vg ,,%" 51030%, 

it appears that Vg" has no effect on the expected composite failure strain 

It follows that the overall average failure strain is equal to the grand 

mean of all the specimens from slabs 8 to 13. The appropriate calculation gives 

ee equal to 1.96± 0.03%. 

Now consider the maximum stresses of the specimens.Figure 51 shows 

the variation in the average composite tensile strength with Vg". The value 

of 63N/mm2 plotted at zero V " is the matrix stress (estimated from figure 39) 
g ~ 

at a strain of 1.96%. Assuming a linear relationship between ere and V b 
~ g 

the following equation for 0"02 was calculated to best fit the experimental 

data by the regression method of least squares. 

~ / 2 o-e = 63.0 + 1430.0 Vg" N mm • • 

This is equivalent to 
...... 2 
o-e = 63.0Vm + 1493.0Vg~/mm • 

Substituting 1.00 for Vg" it follows that the average 600 tex E

glass fibre stress at composite failure in slabs 8 to 13 was 1493N/mm2• The 

'" validi ty of the proposed equations for Ea and 0-6 is checked by dividing 
r-

by Ee and comparing the resultant value wi th E: e • 

At Vg" = 1.00 

...... 
CJe= 1493.0 = 1.97%C: 
Ea 75. 6 x 10$ 

...... 
1.97% is within the calculated value of 1.96 .:t 0.03% for Ee. 

(97) 

The scatter band for each set of specimens is indicated in figure 51. 
...... r-

As with the carbon composites, the degree of scatter in cr and e: are sim-

ilar and both are considerably greater than the scatter in E. 

The evaluation of the effects of the different surface treatments 

on the 600 tex E-glass composite tensile properties is complicated by the fact 

that the surface treatment processes damaged the fibres and altered the 

statistical characteristics of the tensile strength of the fibres. The 

differences between the average tensile strengths of the as rec., no c.-a., 

Al87 and AIIOO surface treated fibres are highly Significant. Thus direct 

comparison of the stress and strain results of slabs 11, 14, 15 and 16 is 



116 

inappropriate. The results are compared indirectly by considering the failure 

strains of the composites in ,relation to the failure strains of their 

constituent fibres at a 50mm gauge length. There is no significant difference 

amongst the elastic moduli of specimens from slabs 11, 14, 15 and 16 and it 

is assumed that the surface treatments did not alter the average elastic 
2 

modulus of the fibres from that of the as rec. fibres of 75.6KN/mm. Therefore 

using data given in table 10 the average failure strains of the 600 tex E-glass 

fi bres with different surface treatments at 50mm gauge lengths were 

(as rec.) fOb = 1451.6 x lOO){, = 1.92% ; 
., 75.6 x 103 

(A187) " 8~2·~ x lOO){, 1.11% Eg~ = = 
75.6 x 103 

(AllOO) Eo:'> = 826.3 x lOO){, = 1.19% • 

75.6 x 103 

(no c.-a.) '"' 813. 0 x lOO){, 1.1% £g~ = = 
75.6 x 103 

The failure strains of specimens from slabs 11, 14, 15 and 16 are now 

normalized by dividing by the average failure strain of the constituent fibre 

as given above: 
"-

Slab 11 ...§L 
(as rec.) tgr" 

= 1.87 = 0.97 
1.92 

Slab 14 £'e 
(Ala?) ~ 

EBb 
= l:.QA = 0.94 

loll 

Slab 15 
"... 

Ee = 1.61 = 1.35 
(AllOO) t'gb 1.19 

Slab 16 'fe = 0.88 = 0.77 
Ino c.-a.) 'f'"gb 1.15 

Due to the large degree of scatter in the failure strains of the 

composites the above ratios must not be regarded as absolute. This is 

emphasized .by considering the ratio for slab 11. The average failure 

strain for slab 11 was used as the numerator in the strain ratio. Since 

the numerator represents the average failure strain of a composite containing 

the fibre under consideration a more accurate value for the numerator is 1.96%, 

the grand mean of all specimens from slabs 8 to 13. This gives a new ratio 

of 1.02 compared with the original 0.97. The only reliable conclusions to be 

drawn are that the strain ratios for slabs 11 and 14 fall between those for 

slabs 15 and 16, with the ratio for slab 15 being the greatest. Thus in 



117 

terms of tensile failure stress and strain the composite containing AllOO 

surface treated 600 tex E-glass fibres is the most efficient whilst that 

containing no c.-a. 600 tex E-glass fibres is the least efficient. 

Examination of table 15 shows that the i.l.s.s. of slab 15 (103.5N/mm2) 

was greater than that for slabs 11, 14 and 16, the i.l.s.s. of slab 16 being 

the lowest at 45.7N/mm2. This suggests that in the composite system of 

600 tex E-glass fibres/vinyl ester resin an increase in composite i.l.s.s. 

increases the tensile failure stress and strain of that composite. Alter

natively the varying efficiency of the surface treated fibres could be due 

to the changes in their tensile strength characteristics (considered further 

in section 4.7.2.3) and/or to the different degrees of protection which the 

surface treatments afford the fibres during fabrication of the composites. 

Logically the most vulnerable fibre is the no c.-a. fibre and its composite, 

slab 16, has both the lowest i.l.s.s. and the lowest apparent fibre efficiency 

of the 600 tex E-glass composites. 

The relationships between failure stress and fibre content for the 

different surface treated fibre composites are calculated directly from the 

resul ts for slabs 14, 15 and 16, assuming the relationships to be linear. 

(A187) '" 35·2 752.6 Vg6 N/mm 
2 

(98) ITe = + • • 

~A1100) De = 54.0 + 1158.9 V 6 N/mm 
2 

(99) • • g 

(no c.-a.) '" N/mm 
2 

D"e = 30.0 + 637.0 V 6 • (100) g 

The experimental tensile properties of slabs 8 to 16 are now comp

ared with those predicted by existing theories. 

4.7.2.3 Comparison of the Experimental and Theoretical Tensile Properties 

of the 600 tex E-Glass Fibre Composites 

more 

This· section compares the commonl) utilized mixture rule and the 

complicated failure theories of Rosen(l , zweben(3) and Barry(4) with the 

experimental results of slabs 8 to 16. The methods of application and sample 

calculations for the above theories have been given previously in section 4.7.1.3. 
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i) The Rule of Mixtures Section 4.7.2.2 demonstrates that the 

elastic modulus of the 600 tex E-glass composites follows the rule of 

mixtures, assuming the elastic modulus of the fibres to be 75.6KN/mm2. 

Ea = 3.4Vm + 75.6 Vg" KN/mm
2 

• • 

~ 

Section 4.7.2.2 also shows ITe for the composites from slabs 

8 to 13 to be 

Be = 63.0Vm + 1493.0 Vg" N/mm
2 

• • • 

The corresponding rule of mixtures equation, using the properties 

of 50mm gauge length 600 tex E-glass fibres is 

• • (101) 

predict 

For specimens from slab 11 (V 6% = 39.09%)equations 97 and 101 

composite failure stresses of 62~.ON/mm2 and 604.0N/mm2 respectively. 
~ 

The difference between the two values is less than 3% of ITe • Therefore 

the rule of mixtures provides a close approximation for the failure stresses 

of the as rec. 600 tex E-glass/vinyl ester composites. The alternative 

surface treatments have been shown to affect the composite failure stress 

and strain. The strain ratios described and calculated are also ratios of 

the experimental failure stresses tc those predicted by the rule of mixtures. 

Thus the rule of mixtures underestimates the average failure stress of slab 15 

by approximately 3~ and overestimates those of slabs 14 and 16 by approximately 

ff% and 23% respectively and therefore can not be used with confidence for these 

600 tex E-glass fibre composites. The average failure stresses of the as rec. 

A187, AIIOO and no c.-a. 600 tex E-glass fibres when in their composites 

correspond to the average failure stresses of those fibres at gauge lengths 

of 31.8mm, 70.8mm, 8.4mm and 220.6mm respectively. 

The theories o·f Rosen and Zweben consider the strength characteristics 

of the fibre s. 

ii) The Statistical Theories of Rosen(l) and Zweben(3) The upper 

(cru )' lower (o-L) and weakest (o-w) stress levels for as rec. 600 tex 

E-glass fibre composites with Vgo values of 0.2, 0.4, 0.6 and 0.8 were 

calculated using equations 7, 86 and 14 and presented in table 17. Where 

fibre stress at composite failure was equivalent to a strain of less than 

1.58% (elastic limit of the matrix) the conversion to composite failure stress 

was made using the method described in section 4.7.1.3. Where the fibre 

failure stress was equivalent to a strain of 1.58% or more the conversion was 
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made using equation 1 and figure 39. The theoretical stress levels are 
~ '" " plotted in figure 51 with the experimental results. cru ' cr~ and crw were 

also calculated for slabs 11, 14, 15 and 16 and are listed in table 18. 
~ 

Consider figure 51. The crw level is well below the composite 

failure strengths therefore the composites do not fail by the weakest link 

mode. This was expected for the samereasons as noted in section 4.7.1.3 

for the failure of the carbon composites. The average failure stresses 

of the specimens from slabs 8 to 13 all fall approximately midway between the 
...... " stress levels cru and cr~. The only experimental scatter band to extend 

~ 

beyond this theoretical band is that for slab 12. The appropriate cr~ value 

is approximately 570.0N/mm2. Examination of table 2A8 shows that specimen 
2 12.1 failed at a stress of 552.4N/mm. This is an isolated result and it 

is likely that this specimen was damaged prior to testing. The stress band 
~ '" between cru and crI.. is considerably narrower than that for the carbon 

composites, reflecting the lower CV in fibre tensile strength for the as 

rec. 600 tex E-glass fibres, and taken as a prediction of the expected failure 

stress range is remarkably accurate. Consider table 18. The experimental 
...... 

failure stresses for slabs 14, 15 and 16 again fall within the predicted cru -... 
and crI.. values. However, the theoretical stress bands are extremely broad 

due to the reduced ~ parameter of the constituent fibres. The results from 
~ 

slabs 14 and 16 tend towards the crI.. values. Therefore, according to the 

statistical theory, only a limited number of multiple fibre breaks occured 

in these composites prior to catastrophic failure, whilst more are expected 

in the as rec. fibre composites. This is contrary to expectations when 

considering the fibre strength distributions. The as rec. fibres have a 

narrower distribution than the other surface treated fibres and this is 

supposed to encourage the catastrophic propagation of fibre failure. However, 

the damage incurred by the retreated fibres during the retreating process 
" 

is likely to have resulted in groups of weakened fibres rather than in an even 

distribution of flawed fibres. These groups must increase the probability 

of the propagation of fibre breaks and of a non-Weibull distribution of 

fibre tensile strength. 

The general observation from the comparison of the experimental 

failure stresses of slabs 

Rosen(l) and Zweben(3) is 
...... 

8 to 16 with the theoretical stresses following 

that the experimental results fall within the 

theoretical cru 
The experimental 

and crI.. limits, supporting the statistical theories. 

results are now applied to the model proposed by Barry(4) • 
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iii) The Statistical Model Proposed by Barry - The main steps in 

calculating the predicted range of composite failure stresses for slabs 

8 to 16 from Barry's model are given in table 2A9. The IT * values in 

this table for slabs 8 to 13 were obtained by a double extrapolation of 

the plots in figures 6, 7 and 8. The theoretical composite failure stress 

levels derived are given in table 19. The upper stress levels assuming 
~ 

zero debonding, ITul ' are less than the upper stress levels assuming 

maximum debonding, fr U2.' Figure 6 shows this to be a joint consequence 

of the low CV « 1Of,) of the fibre strength and the large Lp /LR ratios, 

determined from the maximum debond lengths. The extreme stress levels 
~ .,.... 
ITU2 and CYL2 and the experimental results for the as rec. E-glass composites 

of slabs 8 to 13 are plotted in figure 51 against Vg6' The scatter limits 
~ ~ 

of the experimental results extend beyond the ITU2 and ITL2. values but the 

average experimental values are all within the theoretical stress band, 
~ 

Hi th a slight bias t01,ards the ITL2 values. Of the 32 specimens. tested 
~ 

from slabs 8 to 13, 9 had failure stresses bel OH DLa ;rhilst 4. had failure 
~ 

stresses above CY ua' This contrasts I'd th the results from the carbon 

composites Hhere the theoretical stress values are slightly conservative, 

11 of the 28 specimens tested from slabs 1 to 5 had fallure stresses greater 
~ 

than CYUI ' 

Criticism of the theory due to the greater than predicted scatter 

in the tensile strengths of slabs 8 to 13 is not strictly justified, The 

model was built to fit composites with a range of Lp/LR ratios of 1 to 6 

and for constituent fibres with a CV of tensile strength between 10% and 25%. 

To apply the model to the as rec. 600 tex E-glass composites the data provided 

had to be extrapolated to Lp/~ ratios greater than 6.8 and fibre strength 

CV of 8.25%. In the case of slabs 14, 15 and 16 the fibre strength CV is 

around 20% but the Lp/LR ratios are still outside the original range. All 
~ 

the results from slabs 14 and 16 are well below the IT L2. levels ;rhilst ..... 
those of slab 15 are close to CYL 2.' The theoreti cal model is based on a 

random distribution of flaws throughout the fibres. Earlier in this section 

it was postulated that the removal of the original fibre surface treatment 

produced large groups of weakened fibres, thus encouraging the catastrophic 

propagation of fibre failure when in a composite. This would produce the low 

failure stresses observed in slabs 14 and 16 though the failure stress for 

slab 15 appears a little high. 

The tensile characteristics of the 600 tex E-glass composites 

calculated and discussed are summarized in the follOl·dng section. 
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4.7.2.4 Summary of the Tensile Properties of the 600 tex E-Glass 

Fibre Composites of Slabs 8 to 16 

The following points summarize the analyses of the tensile results 

of the composite specimens from slabs 8 to 16. 

i) The tensile stress v strain plots are linear up to composite failure •. 

H) The linear relationship between V gb and Ee folloHs the rule of 

mixtures assuming that the average 600 tex E-glass elastic modulus 

is 75.6KN/mm2. 

Ee = 3.4 + 72.2 V g~ KN/mm
2 

• 

Hi) There is no significant variation in the average composite failure 

strain with Vg6 for slabs 8 to 13. The expected failure strain is 

~ = 1.96 :: 0.03%. 

iv) 

v) 

----The relationship between c:re and Vg6 (as rec.) is linear and 

described by the equation 

fre = 63.0 + 1430.0 V gb N/mm
2 

The average stress in the as rec. 600 tex E-glass 

failure of their composites is 1493.0 N/mm2• 

fibres at the 
• 

vi) The removal of the original fibre dressing from the 600 tex E-glass 

fibres damaged the fibres, affecting the failure stress and strain, 
~ 

but not the elastic· modulus of their composites. c:re 
such composites are given by the following equations • 

.-.. 
(A187) De = 

...... 
ce = 

35.2 + 752.6 Vgb 

1.04% 
~ 

(Anoo) De = 54.0 + 1158.9 Vg6 N/mm2 

= 1.61% 

(no c.-a.)~= 30.0 + 637.0 Vg6 N/mm2 

ce. = 0.88% 

~ 

and €e 

vii) The efficiency of the composites containing the different surface 

for 

• 

(96) 

(98) 

(99) 

(100) 

treated 600 tex E-glass fibres varied, increasing with increasing 

composite i.l.s.s., although this may be coincidental (see sec. 4.7.2.2). 

vDi) The composite tensile strength is roughly approximated by the rule 

of mixtures (based on the average tensile strength of the 50mm long 

constituent fibres) in the cases of the as rec. and A187 fibre composites. 

The rule of mixtures predictions are conservative and non-conservative 

for the AIIOO and no c.-a. fibre composites respectively. 
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The experimental tensile results of slabs 8 to 13 agree more closely 

with those predicted by the statistical theories of Rosen(l) and 

Zweben(3) than with those predicted by the statistical model of 

Barry(4) which had to be extended to cover the low fibre tensile 

strength CV and the large Lp/LR ratios of the 600 tex &-glass/vinyl 

ester system. 

x) The existence of concentrated areas of damaged fibres in the newly 

surface treated E-glass fibre tapes and the resultant deviation of 

the fibre tensile strength distributions from the Weibull (and normal) .. 
distribution explains the non-conservative nature of the failure 

stresses predicted by the statistical theories for specimens from 

slabs 14, 15 and 16, rendering unsuitable the application of the 

statistical theories to composites containing A187, AIIOO or no c.-a. 

surface treated 600 tex E-glass fibres. 

xi) The jagged appearance of the fracture surfaces of the composite 

specimens is explained by a statistical failure mode. 

xii) The above point xi) and the close agreement between the experimental 

failure strengths of slabs 8 to 13 and the statistical theories of 

Rosen(l) and Zweben(3) strongly suggest that the failure process in 

the 600 tex &-glass composites is governed by the statistical nature 

of the &-glass fibre tensile strength. 

The tensile results of the 500 tex &-glass composites are now 

studied. 

4.7.3 Tensile Properties of the 500 tex E-Glass Fibre Composites of 

Slabs 17 to 23 

The tensile results for slabs 17 to 23 are given in tables 16 

and 2A8. Figures 55 and 56 show the variation with Vg~ of composite elastic 

modulus and tensile strength respectively. Figure 57 is a" typical tensile 

stress v strain curve for a specimen from slab 19. During the tensile 

testing of the specimens no acoustic emissions from the specimens were noted 

or damage observed prior to the catastrophic composite failure. 
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4.7.3.1 The Fracture Surfaces of the 590 tex E-Glass Fibre Composite 

Tensile Specimens 

There was no noticeable difference between the fracture surfaces 

of the 500 tex E-glass composite specimens and those of the 600 tex E-glass 

composi te specimens as described in section 4.7.2.1. lfote that the extent 

of fibre/resin debonded areas in the specimens from slabs 17 to 23 was similar 

to that in the corresponding 600 tex E-glass composite slabs. This supports 

the suggested explanation in section 4.7.2.1 for the surprising relative 

degrees of debonding in the E-glass composites with different fibre surface 

treatments. 

4.7.3.2 The Tensile Stress v Strain Curves of the 500 tex E-Glass Fibre 

Composite Specimens 

All the specimens tested had linear stress v strain curves up to 

the catastrophic failure of the composite. Figure 57, as mentioned previously, 

is the average tensile stress v strain plot obtained from the specimens of 

slab 19. 

Consider the elastic modulus of the 500 tex E-glass fibre composites 

as given in table 16. Figure 55 is a plot of the average elastic modulus of 

each set of specimens from slabs 8 to 13 against Vg5. The line Ee is the 

expected elastic modulus of a 500 tex E-glass fibre/vinyl ester resin composite, 

calculated from the experimental data by the method of least squares, having 

first assumed a linear relationship betl1een Ea and V gS 

for Ea is 

The equation derived 

Ee = 3.4 + 80.3 V g5 KN/mm
2 

This is equivalent to 

Ee = 3.4Vm + 83.7 V gS KN/mm
2 

• 

• 

There is little scatter of the experimental results about this 

line. The equation predicts an elastic modulus of 83.7KN/mm2 for the as 

rec. 500 tex E-glass fibres. This is approximately 10% greater than the 

(102) 

(103) 

value of 75.6KN/mm2 predicted for the 600 tex E-glass fibres. This difference 

is presumably due to differences in the chemical composition and/or the manuf

acturing process of the two types of E-glass fibres. 

The average elastic moduli of the specimens tested from slabs 19, 

21, 22 and 23, containing fibres with as rec.,A187, AIlOO and no c.-a. surface 

treatments respectively are 34.6KN/mm2, 34.0KN/mm2, 34.9KN/mm2 and 35.1KN/mm2 

respectively. An analysis of the variance of these means shows the differences 
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amongst them to be insignificant. Therefore it is concluded that the 

various surface treatments of the 500 tex E-glass fibres and the 

resultant changes in their composite i.l.s.s., had no significant effect 

_ upon the elastic modulus of the composites. The above agrees ,·n th the 

findings for both the 600 tex E-glass fibre and carbon fibre composites. 

Consider the failure strains of specimens from slabs 17 to 23 

(see table 16). The average failure strains of specimens from slabs 17 to 20 

range from 1.97% to 2.1~. An analysis of the variance amongst the mean 

strains shows the differences to be significant at the 9~ level. Further 

analysis shows this to be attributable to the high average failure strain' 

for slab 19. No general trend in composite failure strain with Vg5 was 

noted and since neither the carbon nor the 600 tex E-glass composite failure 

strains had been found to vary with fibre content (within the tested ranges) 

it is assumed that the failure strain of the 500 tex E-glass composites is 

also independent of fibre content. The significant, but not highly significant, 

difference observed in the failure strains is attributed to a chance accum-
~ 

ulation of high failure strain specimens in slab 19. €e of a 500 tex E-glass 

composite is therefore taken as the grand mean of all the tensile specimen 

strain results. This is 2.02 ~ 0.02%. 

Figure 56 shows the variation in the 500 tex E-glass composite 
2 failure stress with Vg5. The value of 64.5N/mm 

the expected matrix stress at a strain of 2.02%. 

plotted at zero Vg5 is 

Assuming a ,linear relation-

ship between the composite failure stress and Vg5 the following equation 

104 was calculated to best fit the data by the regression method of least 

squares. 

fre = 64.5 + 1631.9 Vg5 N/mm
2 

This is equivalent to 

fre = 64.5Vm + 1696.4 Vg 5 N/mm
2 

• 

• • (105) 

Substi tuting 1.00 for V g5 shows the average stress 'of the 500 tex 

E-glass fibres in the composite specimens from slabs l~ to 20 to be 1696.4N/mm2. 

The expected elastic modulus of the 500 tex E-glass fibres is 83.7KN/mm2. 

From these values the corresponding failure strain of the 500 tex E-glass 

fibres in the composites is 

1696.4 x 100% = 2.0)10 

83.7 x 103 
'Ims is wi thin the previously calculated 
range for E e of 2.02 ± 0.02)1: 
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The stress ranges for the specimens from the slabs 17 to 20 are 

indicated in figure 56. The degrees of scatter in the failure stresses and 

strains are similar, both being greater than the scatter in the elastic moduli 

of the composites. This agrees with the results from both the carbon fibre 

and 600 tex E-glass fibre composites. 

Tb evaluate the effects of the different fibre surface treatments 

on the composite tensile properties a direct comparison of the stress and strain 

results of slabs 19 (as rec.), 21 (A187), 22 (AIIOO) and 23 (no c.-a.) is 

inappropriate due to the damage incurred by the fibres during the surface 

treatment process. The same applied to the 600 tex E-glass composites with 

varying fibre surface treatments. As described in section 4.7.2.2 the tensile 

results can be compared by considering the relative failure strains of the 

composites and the constituent fibres at a 50mm gauge length. There is no 

significant difference amongst the elastic moduli of specimens from slabs 

19, 21, 22 and 23 and therefore it is assumed that the surface treatment 

processes did not change the average elastic modulus of the 500 tex E-glass 

fibres from 83.7KN/mm2. From data given in table 10 it follows that the 

average failure strains of the 500 tex E-glass fibres, with different surface 

treatments, at 50mm gauge lengths are: 

~ 

113:2. 6 x 100 2.07% Eg 5 = = , 
83.7 x 103 

(as rec.) 

-. 1227. 1 x 100 1.55% . c: g5 = = , 
83.7 x 103 

(A187) 

~ 

1306.8 x 100 1.56% E.g5 = = . 
83.7 x 103 

, G\llOO ) 

(no c.-a.) " 1223. 1 x 100 1.54% E.g5 = = 
83.7 x 103 

The average failure strains of the specimens from each of the slabs 
~ 

19, 21, 22 and 23 are normalized by dividing by the appropriate value of Cg5 

above. The 'grand mean of the failure strains from slabs 17, 18, 19 and 20 is 

used instead of the mean for slab 19: 

(as rec) 
.... 
ce = 2.02 = 0.98; 

,....-- 2.07 Eg5 

slab 21 £e = 1.26 = 0.81; 
(A187) ::::-- 1·55 E.£5 

slab 22 €e = 1.63 = 1.04; 
(AllOO) 'tg5 1:56 
slab 23 Ee = 1.06 = 0.69. 
(no c.-a.) £«5 1.54 



126 

Due to the scatter in the failure strains of the composites the 

ratios can not be regarded as absolute. However, the sequence of order agrees 

with that found for the 600 tex E-glass ratios calculated in section 4.7.2.2. 

The discussion in that section on the different surface treated composites 

is applicable here. 

The relationships, assuming linearity, between the expected failure 

stress and fibre content of the composites containing the different surface 

treated fibres are calculated from the results of slabs 21, 22 and 23 with 

reference to figure 39. 

(A187 ) 
..... 

N/mm 
2 

ITe = 42·5 + 1018.7Vg5 • • 

~AllOO) 
..... 

N/mm 2 
ITe = 55·0 + 1310·5 Vg5 • • • 

(no c.-a.) De 36.0 856.0 VgS N/mm 
2 

= + • • 

The experimental tensile properties of the 500 tex E-glass comp-

osites are now compared with those predicted by existing failure theories. 

4.7.3.3 Comparison of the Experimental and Theoretical Tensile Properties of 

the 500 tex E-Glass Fibre Composites 

(106) 

(107) 

(108) 

This section compares i~ the commonly utilized mixture rule,and 

the failure theories of ii) Rosen(l and zweben(3) and iii) Barry(4),with the 

experimental results of the 500 tex E-glass fibre/vinyl ester composites. The 

methods of application of and the sample calculations for the above theories 

have been given in section 4.7.1.3 

i) The Rule of Mixtures 

Section 4.7.3.1 demonstrates that Ee of the 500 tex E-glass fibre 

composites follows the rule of mixtures, assuming the average elastic modulus 

of the fibres to be 83.7KN/mm2. Ee is given by equation 103 

• 
..... 

Section 4.7.3.2 shows ITe for an as rec. 500 tex E-glass fibre 

composite to follow the equation 

..... 2 
ITe = 64.SVm + 1696.4 Vgs N/mm • (105) 

This compares with a rule of mixture equation, calculated using the 

average failure stress of as rec. 500 tex E-glass fibres with a 50mm gauge 

length (1735.6N/mm2) and the expected stress in the vinyl ester resin matrix 

(65.3N/mm
2

) at the average failure strain of the fibres (2.07%), of 
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• • • 

Consider slab 19 with Vg5 = 0.3909. 

fre is 702.4N/mm2 and frRI1 is 71B.2N/mm
2

• The 

From equations 105 and 109 

difference between the two ,... 
is less than Jf.. of CTe and therefore the rule of mixtures can be used to 

approximate the experimental failure stresses of the as rec. 50D tex E-glass 

composites. The same conclusion was reached in section 4.7.2.3 concerning 

the failure stresses of the as rec. 600 tex E-glass composites. There is also 

a similarity. between the results from the different surface treated 500 tex 

and 600 tex E-glass composites. The strain ratios calculated in section 4.7.3.2 

show the rule of mixtures to underestimate the average failure stress of slab 

22 ( AllOO) by approximately 4% and to overestimate the average failure .stresses 

of slabs 21 (AIB7) and 23 (no c.-a.) by approximately 19% and 31% respectively. 

Therefore the rule of mixtures,based on the average strength of the constituent 

fibres of the same gauge length as that of the composite specimens is unreliable 

as an approximation to the failure stress of 500 tex E-glass fibre/vinyl ester 

composites. The average failure stresses of the as rec.,AIB7, AllOO and no c.-a. 

500 tex E-glass fibres when composited with vinyl-ester resin correspond to 

the average failure stresses of those fibres with gauge lengths of 64.7mm, 
192.6mm, 37.4mm and 606.3mm respectively. 

The theories of Rosen(l) and Zweben(3) are now considered. 

ii) The Statistical Theories of Rosen and Zweben 

The theoretical upper (Ou), lower (frL ) and weakest (o-w) stress 

levels were calculated using equations 7, BB and 14 for as rec. 500 tex ~glass 

composi te s wi th V gs'!o of 20)1:, 40%, 6cJfo and 80%. The stress level s are given in 

table 17 and plotted in figure 56 with the experimental results. The upper, 

lower and weakest stress levels were also calculated for the slabs 19, 21, 22 

and 23 and these are tabulated in table lB •. : 

Consider figure 56. None of the results fall within the stress band 
~ .-

between CTL and 0"'"" therefore the weakest link mode of fai lure does not 

apply to the,composites. 

band between fru and frL 

The experimental scatter bands fall well within the ,... ~ 

wi th the line of CT e tending slightly towards ITL ,... ,... 
The theoretical stress band between CTu and O"'L is broader than,that for 

the 600 tex E-glass/vinyl ester composites due to the greater'tensile strength 

CV of the 500 tex E-glass fibres. This is not reflected in the scatter in the 

experimental tensile results of the two composite types. The experimental scatter 

bands of the 500 tex composites are narrower than those of the 600 tex composites. 

Consider table lB. The experimental tensile strengths of slabs 19, 
..... ..... 

21 and 22 all lie between their respective CTu and O"L values wi th. those of 
..... 

slabs 21 and 22 tending strongly towards their O"'L value. Therefore according 
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to the statistical theories the density of single and multiple fibre failures 

in the composites containing as rec. 500 tex E-glass fibres is expected to be 

greater than those in the composites containing AIIOO, A187 or no c._. 

surface treated 500 tex E-glass fibres. In addition four out of the six 

specimens tested from slab 23 (no c.-a.) failed below their lower stress level 

indicating that catastrophic failure is likely to nucleate from the site of 

a single fibre fracture prior to the occurence of multiple fibre fractures. 

This supports the hypothesis concerning fibre damage given in section 4.7.2.3 

to explain the similar trend in the results from slabs 11, 14, 15 and 16. 

The tensile strengths of slabs 17 to 23 are now compared with those 

predicted by Barry's model(4). 

iii) The Statistical Model Proposed by Barry 

The main steps in calculating the predicted range of composite 

failure stresses for slabs 17 to .23 from Barry's model are given in table 2A9 

and the six stress levels obtained for each slab are given in table 19. The 

extreme theoretical stress levels( C3-uz and CJ-~z.) and the experimental strength 

results are plotted for slabs 17 to 20 against Vgs in figure 58. Note that for 

slabs 17 to 20, as with the corresponding 600 tex E-glass composites (see section 
..... ..... 

4.7.2.3), crU1:<' O"uz,. This is again due to both the low CV (:: 10%) of fibre 

tensile strength and the hign !.p/LH ratios, determined by the maximum debond 

lengths. 

Consider figure 58. The composites are substantially weaker ~han 

the theory predicts, approximately 70% of the specimens tested from slabs 17 
..... 

to 20 failed below cr~2.' This compares with approximately 30% of the 600 tex 
'" E-glass composite specimens from slabs 8 to 13 failing below their CTL2.values. 

The LpiLR ratios of the E-glass composites exceed the Lp/LH range of 1 to 6 

oonsidered in Barry's model and; as noted in section 4.7.2.3, this may contribute 

to the discrepencies between the theoretical and experimental results. 

The results from slabs 21, 22 and 23, containing the specially 

surface treated fibres, all fall below their predicted stress levels (see table 

19). The findings are similar to those for the corresponding 600 tex E-glass 

composite slabs with the discrepencies between the theoreticai and· experimental 

results reducing from slab 23 (no c._.) to slab 21 (A187) to slab 22 (AllOO). 

The i.l.s.s. of the slabs fncrease in that order. The high theoretical stress 

levels of slabs 21 to·23 again support the suggestion that the removal of the 

original surface treatment from the E-glass fibres tends to produce groups of 

weakened fibre, i.e. fibre damage is not random, which increases the probability 

of the catastrophic propagation of fibre failure in a composite. 
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The tensile characteristics of the 500 tex E-glass fibre/vinyl 

ester composites calculated and discussed in this and the previous section 

are summarized in the following section. 

4.7.3.4 Summary of the Tensile Properties of the 590 tex E-Glass Fibre 

Composites of Slabs 17 to 23 

The following points summarize the analyses of the tensile results 

of the 500 tex E-glass/vinyl ester composites of slabs 17 to 23. 

i) The tensile stress v strain plots are linear up to composite failure. 

ii) The linear relationship between Vgs and Be follows 

assuming the average 500 tex E-glass fibre modulus 

and is 

the rule of mixtures, 
2 

to be 83.7KN/mm , 

(102) 

iii) The variation in mean failure strains of specimens from slabs 17 to 20 

is not highly significant and €:e , calculated as the grand mean of the 

results from slabs 17 to 20, for as rec. 500 tex E-glass composites is 

2.022: 0.02)0 for the range 27 .38% ~ Vgs% '" 44.68%. 

--The relationship between the as rec. 500 tex E-glass composite CJie iV) 

Vgsis linear and is described by the equation 

CJ.e = 64.5 + 1631.9Vgs N/mm
2 

v) The average apparent failure strength of the as rec. 500 tex E-glass 

fibres in slabs 17 to 20 is 1696.4 N/mm2• 

vi) The removal of the original fibre dressing from the 500 tex E-glass 

fibres damaged the fibres, affecting the failure stress and strain 
~ ~ 

and 

but not the elastic modulus of their composites. The CTe and £ e values 

for the composites with the newly surface treated fibres are represented 

by the following equations. 

(A187) '" 1018.7 V g5 N/mm 
2 

CJie = 42·5 + --ce = 1.26 :!: 0.03% 

(AllOO) -- 55.0 + i310.5 Vgs N/mm 
2 

CTe = 
E"e = 1.63 :!: 0.02)0 

(no c.-a.) Be 36.0 + 856.0 Vg5 N/mm 
2 = 

Ee = 1.06 2: 0.04% 

vii) The efficiency of the 500 tex E-glass/vinyl ester composites varies 

with the fibre surface treatment, increasing with composite i.l.s.s. 

though this may be coincidental (see section 4.7.2.2). 

(106) 

(107) 

(108) 
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viii) The composite tensile strength is roughly approximated by the rule 

ix) 

of mixtures for the as rec. and AIlOO fibre surface treated composites 

but is overestimated by the rule of mixtures for the A187 and no c.-a. 

500 tex E-glass composites. 

The experimental tensile results of slabs 17 to 20 fall between the 

upper and lower stress levels calculated from the theories of Rosen(l) 

and Zweben(3) but 30% of the results lie below the lower scatter limit 

on the failure stress as derived from Barry's model which had to be 

extended to cover the large Lp/La ratios of the 500 tex E-glass/vinyl 

ester system. 

x) Concentrated areas of damaged fibres in the newly surface treated E-glass 

fibre tapes and the resultant deviation of the fibre tensile strength 

distributions from the Weibull distribution (and normal distribution) 

explains the non-conservative nature of the failure stresses predicted 

from the statistical theories of Rosen(l) and zweben(3) and particularly 

Barry(4) for specimens from slabs 21, 22 and 23, rendering unsuitable 

the application of these theories to A187, AllOO and no c.-a. surface 

treated 500 tex E-glass fibre/vinyl ester composites. 

xi) The jagged appearances of the fracture surfaces of the composite 

specimens are explained by a statistical failure mode. 

xii) The above point xi) and the approximate agreement between the experimental 

failure strengths of slabs 17 to 20 and the values predicted by the 

theories of Rosen and Zweben strongly suggest that the composite failure 

process is governed by the statistical nature of the 500 tex E-glass 

fibre tensile strength. 

The majority of the above twelve points are in agreement with their 

parallels listed in section 4.7.2.4 for the 600 tex E-glass composites. 

The tensile properties and behaviour of the parent composites have 

been determined and discussed since they are presumably the keys to the tensile 

properties and behaviour of their hybrid composites. 

The points of prime importance in relation to the carbon/E-glass 

fibre/vinyl ester resin hybrid composites are points ii), iii), iv) and vi). 

As with the carbon fibre composites the evidence from the E-glass fibre composites 

points to a statistical composite failure mechanism. 

The tensile results of the hybrid composites are now examined. 
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4.8 Tensile Results of the aybrid Composites 

The tensile results of slabs 24 to 61 (calculated from the experi~ 

mental data as described at the beginning of section 4.7) are presented, 

discussed and compared with various strength and failure theories in this 

section. It is convenient initially to divide the slabs into·4 groups: 

i) slabs 24 to 29, fabricated from 3:1 hybrid tapes; 

ii) slabs 30 to 36 , fabricated from 1:1 hybrid tapes; 

iii) slabs 37 to 47, fabricated from mixtures of the various types of tape and 

iv) slabs 46 to 61, fabricated from E-g1ass fibre and carbon fibre tapes 

with varying fibre surface treatments. 

As the results are presented they are compared with the predicted 

rule of mixture values derived from the equations describing the properties 

of their parent composites. As an example of the derivation of one of the 

rule of mixtures equations for the hybrid composites consider the elastic 

-modulus of a carbon fibre/600 tex E-glass fibre/vinyl ester resin hybrid comp

osite. The equations for Ee of the parent composites, calculated in sections 

4.7.1.2 and 4.7.2.2 are 

Carbon/vinyl ester: 

600 tex E-glass/viny1 ester: 

Ee = 3.4Vm + 242.1VCfKN/mm2 

Ee = 3.4Vm + 75. 6Vgr,KN/mm2 
• 

• • 

~ ? ; The rule of mixtures equation for the elastic modulus, 

ERM, of a carbon/600 tex E-g1ass/vinyl ester hybrid composite is 

EIDI = 3.411",+ 242.lV cf + 75. 6v gb KN/mm
2 *" • • 

E ~ 

The relevant equations for EiflM, D"RM and DRMfor the hybrid 

composites tested are listed in table 20. The theoretical rule of mixtures 

stress v strain curve for each hybrid composite slab is plotted from these 

equations, following the form given by Hayashi in reference 5. 

(81) 

(95) 

(no) 

The initial treatment of the tensile results is designed to determine 

the extent of any hybrid effects in the tensile properties of the tested hybrid 

. composites. These effects are then considered in relation to the total fibre 

content, the fibre geometrical arrangement, the ratio of Vg to Vcf and the 

hybrid system (i.e. fibre surface treatment and E-glass type) used. Finally 

failure processes to explain the hybrid effects are developed and related to 

statistical theories. Firstly consider the tensile results of the hybrid 

composites of slabs 24 to 29. 
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4.8.1 Tensile Properties of the 3:1 Tape· Hybrid Composites of Slabs 24 to 29 

The tensile results for slabs 24 to 29 are given in tables 16 and 

2A8. Figures 63 and 59 show the variation with VT of composite E and composite 

o-E" and 6- respectively. The tensile behaviour of all of the specimens 

tested was similar. Figure 60 shows a stress v strain curve for a typical 

specimen from slab 27 compared with the theoretical rule of mixture curve. 

During testing occasional faint pings were heard from some specimens after 

strains of approximately 0.50% were reached. Beyond c: E acoustic emissions 

were frequently noted and often coincided with sudden load drops. After the 

first few load drops whitened areas (indicative of E-glass/resin debonding) 

appeared in the specimen. Their subsequent growth occurred predominantly 

with the later load drops and the line of final specimen fracture tended to 

cross the largest whitened area. 

4.8.1.1 The Fracture Surfaces of the 3:1 Tape Hybrid Composite Tensile Specimens 

Figure 61 shows one of the fractured halves of specimen 27.4 and 

is typical of the other 3:1 hybrid specimens. The fractures are non-planar, 

commonly involving up to a 15mm band of specimen length. The axial spread in 

the fracture surface of each carbon tow is normally less than 2mm and the 

appearance of the carbon tow fracture surfaces is similar to that of the 

carbon tows in the carbon composite specimens except that the average carbon 

fibre pull-out length appears to be slightly greater in the hybrids. Figure 

62 is a photograph of a fractured carbon tow in a portion of the fracture 

surface of specimen 25.1. 

The high degree of axial spread in the fracture surfaces of the 

specimens is achieved predominantly by shear failure/debonding at the E-glass 

fibre/resin interface, shear failure/debonding at the carbon fibre/resin 

interface being less extensive. The failed E-glass fibres in the 3:1 hybrid 

specimens give the fracture surfaces their spikey appearance with a few small 

groups of the E-glass fibres extending up to a maximum of 8mm beyond the 

general failure plane of their parent tows. Such a group of fibres in the 

fracture surface of specimen 25.1 is visible on the L.H.S. of figure 62. The 

extent of E-glass fibre pull-out in the tows in the hybrids appears to be 

slightly less than that in the 600 tex E-glass composites except for the 

extensive fibre/reSin debonding in the small groups of protruding fibres. 
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4.8.1.2 The Tensile 'Stress v Strain Curves of the 3:1 Tape Hybrid Composite 

Specimens 

Figure 60 shows the average stress v strain curve for the specimens 

from slab 27, the form being typical, of the specimens from the other slabs 24 

to 29. Each specimen was elastic up to the first stress drop in its stress v 

strain curve (i.e. IT" = IT' ), after which the curve continued with frequent 
"'-

drops in the stress up to the maximum stress, IT • The size and number of the 

stress drops and the failure strains varied between specimens. Note the con

siderable difference between the experimental and the theoretical curves beyond 
E:. E • 

Firstly, consider the elastic modulus of the 3:1 tape hybrid.comp

osite specimens. Figure 63 shows the variation in the average elastic modulus 

of the slabs with the total fibre content, VT • The relationship is linear 

and the following equation was calculated for Ee to fit the experimental data 

by the method of least squares, using Ee 

Ee = 3.4 + 113.2VT KN/mm
2 

2 
= 3.4KN/mm at V T = 0.00. 

The equivalent equation in the rule of mixtures form is 
2 

Ee = 3.4Vm + 242.1Vcf + 75.6Vg6 KN/mm 

• • 

• • 

(112) 

(113) 

This corresponds exactly to the predicted ERM of equation 110 

given in table 20. Therefore the elastic modulus of the 3:1 tape hybrid comp

osites follows the rule of mixtures when based on the elastic moduli of the 

hlO parent composites. The CV of E of specimens from the 3:1 hybrid slabs 

tended to be slightly greater than for the parent composite slabs. An unavoidable 

source of variation in the 3:1 tape hybrid composite specimens is slightly 

differing Vg&: Vcf ratios. This variation is not applicable to the parent 

composites. 

The elastic limits and the first failure stresses and strains 

of the 3:1 tape hybrid composite specimens coincided, with IT E = Cl' and 

co C = E' C . d . t f 1 6 ~ • ons~ er the f~rs ai ure strains. Table 1 shows that the 

average values of CC for slabs 24 to 29 vary between 0.73% and 0.82%. An 

analysis of the variance amongst the means show the differences to be insignif

icant. However, the calculated F statistic of 2.47 is close to the 9~ limit 

given by F = 2.53. 

not vary wi th V T • 

as 0.78: 0.01%, the 

Therefore, it is only tentatively concluded that EE does 

The expected first failure strain, E! (= c:~), is taken 

grand mean of all the specimen E. C values. 

highly significant increase in the c:i.H value of 0.47::0.01%. 

This is a 

Consider 0- E • 
E 

Figure 59 shows the experimental variation in IT wi th VT and the variation 

in DF.~ with VT • The value of 26.2N/mm2 for 0-1: at VT = 0.00 is the 

expected stress in the vinyl ester resin at a strain of 0.78%. Assuming a 
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linear equation 

for r:::Je
E ,to 

E between r:::J and V T 

best fit the data. 

the following equation ,las calculated 

This is equivalent to 

E I 6 2V 9 N/mm2 
~ = r:::Je = 2. m + 91 .3VT • 

E 
CTRM calculated from the tensile results of the parent composites, 

. E.E aSSUlTIJ.ng to be 0.47%,is 

El/ 2 r:::J"RM = DRM = 16.0Vm + 548. 5V T N mm • (116) 

The discrepency between equations 115 and 116 is marked. E" 
r:::J" and 

E 
E.e for a 3:1 tape hybrid composite are approximately 6'5'/0 greater 

. e 
than r:::JRM 

E and E~M predicted from the properties of the parent composites. Therefore 

the 3:1 ratio of 600 tex E-glass to carbon in the hybrid composites of slabs 

24 to 29 has produced a posi ti ve hybrid effect in their CTe.e and c:.; values. 
~ ~ ~ 

Consider r:::J • The variation in r:::J and IT"RM with V.,.. is 

plotted in figure 59. The equation.representing the expected ultimate stress, 

ITe ,was calculated to best fit the experimental data assuming a linear 
.,... 

relationship between r:::J and V T • 
-.. 

27.5 + 1406 .8vT N/mm 
2 

(117) O"e = - • 

This is equivalent to 
.,... 
O"e = - 27.5Vm + 1379.3VT N/mm 

2 
(118) 

The corresponding rule of mixtures equation is 
....... 

N/mm 
2 

(119) CT1U1 = 63.0Vm + 1126.0VT • • 

" The equations 117 and 118, derived for ITe cannot be correct since 

at V.,.. <. 0.02 a negative ultimate stress is predicted. Three possible explan~ 

tions for this are considered: 

i) 
....... 

the relationship between O"e and VT is not linear in the range 0.25 < V
T 

< 0.51 and therefore the fitting of the straight line to the data is 

not appropriate; .,... 
ii) the relationship between ITe and V T is linear but the experimental average 

~ 

r:::J values for slabs 24 to 29 are misleading with chance deviations between 
.,... " 

the experimental average IT values and the true ITe values resulting in an 

inaccurate equation for De and 

iii) 
....... 

the relationship between De and VT is linear in the range 0.25< VT 

<. 0.51 but becomes non-linear at a lower VT 
"-

After close examination of the results, equation 118 for ITe was 

accepted between the range 0.25< VT <. 0.51 since the scatter in the average 
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experimental 6- values around the calculated line for ITe is small (the 

coefficient of correlation is 0.996). This reduces the probability of points 

i) and ii) applying. The results of the 3:1 tape hybrid composites in relation 

to the results of other hybrid composites are discussed in sections 4.8.6, 

4.8.7 and 4.8.8. 

4.8.2 Tensile Properties of the 1:1 Tape Hybrid Composites of Slabs 30 to 36 

The tensile results of slabs 30 to 36 are presented in, tables 16 

and 2A8. Figures 64 and 65 show the variation with VT of composite E and 
E ~ 

composi te IT and IT respectively. The experimental results are compared 

in the figures with the theoretical results predicted by the rule of mixtures. 

The general tensile behaviour of all the specimens tested was similar. Figure 

66 is a stress v strain curve for a typical specimen from the 7 layer 1:1 

hybrid tape composite of slab 34. The detection of acoustic emission during the 

tensile testing of the specimens was approximately the same as for the 3:1 

tape hybrid composite specimens. Rare emissions were noted after strains of 

approximately 0.50%, the frequency increased after e E wi th the emissions tending 

to coincide with the drops in stress. The appearance and extension of whitened 

areas on the specimens, indicating E-glass fibre/resin debonding, coincided 

with the later stress drops. These areas tended to originate from the region 

of the final fracture. The debonding was considerably extended after specimen 

fracture and in some E-glass tows ran almost the whole length of the specimen 

gauge length. 

4.8.2.1 The Fracture Surfaces of the 1:1 Tape Hybrid Composi te Tensile Specimens 

Figure 67 shows one of the fractured halves of specimen 34.1 and 

is typical of the other 1:1 hybrid tape composites. The fracture surfaces 

differ from those of the 3:1 tape specimens in three ways. 

i) The non-planar fracture surfaces of the 1:1 composites tend to involve 

axial bands slightly less than those in the 3:1 specimens. 

ii) The carbon fibre pUll-out lengths of the 1:1 specimens appear to lie 

approximately between those of carbon composite and 3:1 hybrid composite 

specimens whilst the E-glass fibre pull-out lengths appear to be shorter 

than in either the E-glass composite or the 3:1 hybrid composite specimens. 

iii) The fractured sections of the 1:1 specimens appear less 'spikey' than 

those of the 3:1 specimens. This is due firstly to the lower E-glass 

fibre volume content and the fewer groups of E-glass fibres extending 
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beyond the general failure plane of their parent tows (as explained in 

section 4.8.1.1) and secondly, to the shorter extension (of approximately 

4mm) of these groups beyond the general failure plane. 

4.8.2.2 The Tensile Stress v Strain Curves of the 1:1 Tape Hybrid Composite 

Specimens 

Figure 66 shows a typical stress v strain curve for the specimens 

from slab 34. The form of the curve is typical of the specimens from the other 

slabs 30 to 36. Each specimen was elastic up to the first discontinuity in the 

stress v strain curve ( cr e = cr I, E. 10 = c:.' ), after which the curve 

continued with further stress drops to the ultimate stress ( fr ). The size . 
and number of stress drops and the final failure strains varied between specimens. 

Occasionally after the initial stress drop the stress did not rise again above 

cr E • Generally the initial drop in stress of the 1:1 tape specimens was less 

than that in the 3:1 tape specimens. As with the 3:1 tape specimens the form 

of the experimental stress v strain curves beyond cr E
, with the series of 

stress drops, contrasts with the rule of mixtures theoretical curve in which 

a secondary modulus continues up'to the failure strain of the E-glass fibres. 

Consider the elastic modulus, E, of the 1:1 tape hybrid composites. 

Figure 64 gives the variation in the average modulus of the slabs and the predic-

ted Em! 
fit the 

with VT • The following linear equation for Ea was calculated to best 

experimental data, with Ee = 3.4KN/mm2 at V T = 0.00. 
2 

Ea = 3.4 + 154.7VT RN/mm 

The equivalent equation in the rule of mixtures form is 

Ea = 3.4Vm + 158.1VT RN/mm
2 

The rule of mixtures equation derived from equation 113 is 

ERM = 3.4Vm + 158.OVT RN/mm
2 

• (120) 

• (121) 

• (122) 

Agreement between the actual(121)and theoretical (122)equations was 

expected since thi~ had been found for the 3:1 hybrid composites in section 

4.8.1.2. The surprising aspect is that despite the experimental errors and 

variation in the data from which the equations were derived the values of ERM 
and Ea differ by less than 1%. 

Now consider the first failure strains of the specimens given in 

table 16. The average E. e values vary between 0.56% and 0.64%. An analysis 

of the variance amongst the means shows the differences to be insignificant. 

The grand mean of the strains is calculated to gi ve E.~ = 0.60 :!: 0.01%, 

compared with E:
H

= 0.47%. The above independence between c"'and VT 'in the 
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tested range for the 1:1 tape hybrid composites supports the tentative 

conclusion made in section 4.8.1.2 that E.I! does not vary with V
T 

(in the 

tested range) in the case of 3:1 tape hybrid composites. 

V
T 

for 

cy E • 

Figure 65 shows the experimental variations in CY E and CY with 

slabs 30 to 36 and those predicted by 

" I 2 The value of CY = 20.41' mm at VT 

the rule of mixtures. Consider 

= 0.00 is the expected stress 

in the vinyl ester resin matrix at E. = 0.60%. Assuming a linear relationship 

between 0'""" and VT the following equation for the cye
E of the 1:1 tape 

hybrid composites best fits the experimental data. 

= 0:
1 

e 
2 

= 20.4 + 935.9VT N/mm 

This is equivalent to 

The equivalent rule of mixtures equation is 

E Therefore there is a positive hybrid effect in the O'"e 

• 

• • • 

• 

and EE 

of the 1:1 tape hybrid composites, the values being approximately 28% greater 

than the equivalent values predicted by the rule of mixtures. 
~ ~ 

Now consider De and ~M depicted in figure 65. The calculated 

"" 

(123) 

(125) 

experimental and theoretical equations for 0'" are given by equations 126 and 127 

respecti vely. 

CJre. = -3.8 + 1065.1VT = -3.8Vm + 1061.3VT N/mm
2 

D-RM = 63.0Vm +754.3VT N/mm
2 

Note that assuming a linear relationship between 
" 

• 

• • • 

(126) 

(127) 

experimental data predicts a negative ~ at V
T 

< 0.0036. In the case of the -3:1 tape hybrid composites a negative O'"e was predicted from the .data at V
T 

<. 

0.02. Three possibilities to explain this were considered in section 4.8.1.2. 

The same possibilities are. considered here to explain the results for the 1:1 

tape hybrid composites. Possibilities i), that the relationship between (]re 

and VT for 0.16 <. V <.0.50 is non-linear, and ii), that there is a chance 

bias to the results of slabs 30 to 36, are the least likely to apply since the 
....... "" correlation coefficient for the actual 0'" values and O'"e is 0.994. Therefore 

" it is assumed that in the true relationship between De and V T in the range 

0.16<VT < 0.50 any deviation from linearity is insignificant and therefore 

the linear equation 126 derived from the experimental results is accepted for 

the above VT range but rejected for 1:1 tape hybrid composites with lower VT 

values. The validity of the assumption is supported by the parallel result 

for the 3:1 tape hybrid oomposites. 



The results of the 1:1 tape hybrid composites are discussed and 

compared with the tensile results of the other hybrid composites in 

sections 4.8.6., 4.8.7., and 4.8.8. 

4.8.3 Tensile Properties of the ~ybrid Composites of Slabs 37 to 47 

Slabs 37 to 47 are hybrid composites with varying total fibre 

contents, fibre geometrical arrangement and E-glasB to carbon fib~e ratios. 

The surface treatments of the constituent fibres in all cases are as rec. 

The tensile results for slabs 37 to 47 are presented in tables 16 and 2A8. 

The forms of the tensile stress v strain curves typical to each slab are 

given in figures 68 to 78. 

During tensile testing acoustic emissions from the specimens were 

generally heard beyond a strain of 0.50% as described in sections 4.8.1 and 

4.8.2 for the 3:1 and 1:1 tape hybrid composites. The extent of E-glass 

fibre debonding in the tensile specimens (not possible to observe in slabs 

37 and 38 since the outer layers of tape were carbon) both prior to and post 

composite fracture varied considerably amongst specimens from the same slabs. 

The only conclusion reached from the comparison of specimens from different 

slabs is that the incidence of debonded areas of E-glass fibres apparently 

unconnected with the final site of specimen fracture increased with decreasing 

carbon fibre content. 

4.8.3.1 The Fracture Surfaces of the Hybrid Composite Tensile Specimens 

from Slabs 37 to 41 

The majority of the fractured specimens from slabs 37 to 47 have a 

spikey appearance (see figure 79) due to fractions of E-glass tows, still 

resin impregnated, protruding beyond the major fracture surface. The lengths 

of these spikes varied between specimens from the same slabs more than between 

slabs. In general terms the 'spikiness' of the specimens was proportional to 

the E-glass fibre content. Occasionally the fracture appearance of a specimen 

was uncharacteristic of its composite type. For example figure 80 shows the 

two halves of the fractured specimen 

that of specimen 46.6 in figure 79. 

46.5. Their appearance contrasts with , 
There is no significant correlation between 

specimens with uncharacteristic fracture surfaces and extreme tensile properties. 

The S.E.M. study of the fracture surfaces of tensile specimens in 

which the two fibre types are well mixed generally showed a gradual increase in 
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the average carbon fibre pull-out length in composites with increasing glass 

fibre to carbon fibre content ratio. Conversely increasing the percentage of 

carbon fibre reduced the average E-glass fibre pull-out lengths although the 

maximum pull-out lengths were frequently greater than the 19 fibre diameters 

expected in their parent E-glass composites. The above trends were not 

observed in hybrids with a low degree of mixing of the E-glass and carbon 

fibre tows where the pull-out lengths of the carbon fibres tended towards 

those expected of the fibres in their parent composites. Slab 37 was such a 

hybrid with the two outer layers being plain carbon tape. Figure 81 shows a 

typical portion of the fracture surface of specimen 37.2. Note the range of 

carbon fibre pull-out lengths in this small area. The variety of both E-glass 

and carbon fibre pUll-out lengths within each hybrid specimen meant that large 

areas of each fracture surface had to be scanned before the "trends in fibre 

pUll-out lengths noted above could confidently be reported. Areas similar 

to that shown in figure 81 could be found in the fracture surfaces of any of 

the hybrid composite specimens. 

4.8.3.2 The Tensile Stress v Strain Curves of the Hybrid Composite 

Specimens from Slabs 37 to 47 

Table 21 and figures 68 to 78 compare the experimental and theoretical 

rule of mixtures tensile stress and strain values and stress v strain curves .. for slabs 37 to 47. Beyond IT the forms of the stress v strain curves are 

varied. In all cases agreement between the experimental and theoretical 

composite elastic modulus is excellent. Therefore it is concluded that for 

both the carbon fibre/600 tex E-glass fibre/vinyl ester resin and the carbon 

fibre/SOO tex E-glass fibre/vinyl ester resin systems the elastic modulus is 

not subject to any 'hybrid effect'. 

The variations in the tensile stress v strain curves are considerable 
I 

beyond IT • However, the number and magni tude of any stress drops and the 

approximate failure strains (recall that strains were only measured accurately 

up toe') in most cases also differed between specimens from the same slabs. 

Specimens from slab 42 (containing the lowest Vg: Vcf ratio of slabs 37 to 47) 

failed catastrophically with cy E = cy' = fr (see figure 73) but the combination 

of 1:1 and plain carbon tapes in this slab did produce a positive hybrid effect 

on cy Er and e. E wi th the experimental and rule of mixture values for e.r: being 

0.54% and 0.47% respectively. Positive hybrid effects of varying magnitudes 

were also observed in slabs 39 to 41 and 43 to 47. Slabs 37 and 38 did not 

exhibi t any hybrid effect in CY C and E. E. The major failure of the con

stituent carbon fibres occurred at approximately the expected strain of 0.47%. 
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In both of these slabs the outer layers of tape were plain carbon fibre. 

Hybrid effects are discussed in relation to the Vg: Vcf ratios and the 

constituent tapes and their lay-up sequences in sections 4.8.7 and 4.8.8. 

For many specimens o-E I- 0-', implying that considerable random fibre 

failure occurs prior to the first major propagation of fibre failure in 

these specimens. Table 21 is slightly misleading in respect to o-Eand 0-' 

(and er) since the quoted average experimental results suggest that all the 

tensi le specimens from one slab behaved in a simi lar manner wi th ei ther 0- E 

= 0-' or o-~,; 0-'. Reference to table 2A8 (the results of the individual 

specimens) shows that the behaviour of the specimens was mixed within many 

of the slabs. For example table 21 lists 0- E and 0-' for slab 41 as 

350.2N/mm2 and 386.0N/mm2 respectively but reference to 2A8 shows that for 2 of 

the 6 specimens tested o-E = 0-' Such variations amongst like specimens 

are noted in figures 68 to 78 along with parallel variations in 0- ' and 6- . 
E . , 

Consider the form of the stress v strain curves beyond 0- and 0- • 

The initial stress drop is always less than predicted by the rule of mixtures 

theory wi th the carbon fibre continuing to bear some of the stress beyond 0-' • 

There is no obvious secondary modulus. Commonly the stress increases non

linearly (occasionally decreases) with strain between successive drops in stress 

until complete composite failure occurs. The final failure strain varies with 

composite type but is in all cases below the failure strain of the high 

elongation E-glass fibre. For 9 of the 11 slabs under consideration the· 

average a- value is wi thin! 1210 of frRH • The exceptions are the carbon 
~ ~ 

rich slabs 42 and 43 for which 0- is considerably underestimated by o-RI1. 
It is concluded from this section that the positive hybrid effects 

observed in o-E and E. E vary with composite type and that the tensile behaviour 

beyond 0- E and 0-' deviates substantially from that predicted by the rule of 

mixtures with a negative hybrid effect in the failure strain of the oomposites. 

This latter point is explained by strain concentrations around areas of carbon 

fi bre failure. 

The following seotion concerns the tensile results of the GCGCGCG 

lay-up composites with varying fibre surface treatments. 

4.8.4 Tensile Properties of the Hybrid Composites of Slabs 46 to 61 

The lay-up sequence in these slabs was GCGCGCG but the fibre surface 

treatment in the different slabs was varied. Their tensile results are given 

in tables 16 and 2A8. T,vpical stress v strain curves for each slab are given 

and compared with the rule of mixtures curves in figures 77, 78 and 82 to 95. 
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As with previous hybrid composite specimens during the tensile testing 

acoustic emissions were generally noted beyond a strain of approximately 0.50%. 

The extent of visible E-glass fibre debonding prior to and post specimen 

failure varied considerably between specimens from the same slabs and no 

difference was detected between the hybrids containing 600 tex E-glass fibre 

and those containing 500 tex E-glass fibre. Figures 96, 97 and 98 are 

photographs of seventh specimens from slabs 50, 54 and 57 respectively taken 

during their tensile testing. They are typical of the tensile failures of 

specimens from any of the 4G3C slabs except slabs 48, 49, 58 and 59. The final 

photographs in figures 96 and 98 are close to the maximum and minimum extents 

respectively of expected E-glass fibre debonding. No debonding in specimens 

from slabs 48, 49, 58 and. 59 was noted prior to specimen failure and very little 

afterwards. Figures 99 and 100 show specimens from slabs 49 and 58 respectively, 

before and after the tensile test and figure 101 is a stereozoom photograph of 

the two halves of the tensile specimen 58.1. This contrasts with figure 102 

which shows the spikey appearance of a fractured half of specimen 54.2 

4.8.4.1 The Fracture Surfaces of the Hybrid Composite Tensile Specimens 

from Slabs 46 to 61 

The fracture surfaces of all the specimens, except those from slabs 

48, 49, 58 and 59 were similar with a spikey appearance due to the E-glass 

fibre as described in sections 4.8.1.1 and 4.8.2.1. The axial distances of 

these fracture surfaces were frequently as much as 16mm, compared with a 

maximum of 8mm in specimens from slabs 48, 49, 58 and 59. Figures 101 and 102 

are photographs illustrating the two types of fracture surface. Figure 102 

shows a fractured half of specimen 54.2 with spikes of E-glass extending beyond 

the general fracture surface. Figure 101 shows the two comparatively clean 

fractured halves of specimen 58.1. 

The pull-out lengths of the carbon fibres and E-glass fibres were 

similar to those of the 1:1 tape hybrid composite specimens except in specimens 

from slabs 48, 49, 58 and 59. In these the maximum E-glass fibre pull-out 

lengths were considerably shorter than in the other specimens. This was 

expected since the longer pull-out lengths were found in the extended spikes 

of E-glass fibres (illustrated in figure 62) which are not features of the 

fracture surfaces of slabs 48, 49, 58 and 59. The amount of resin remaining 

adhered to the surfaces of the pulled-out carbon fibres and E-glass fibres 

did not vary from the amount expected on such fibres when in their parent 

composites. 
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4.8.4.2 The Tensile Stress v Strain Curves of the Hybrid Composite 

Specimens from Slabs 46 to 61 

A typical tensile stress v strain curve for each of the· composite 

types in slabs 46 to 61 is given in figures 77, 78 and 82 to 95, accompanied 

by the theoretical stress v strain curve according to the rule of mixtures. 

The experimental and theoretical (rule of mixtures) results are tabulated 

in table 21. The experimental tensile stress v strain curves show that for the 

hybrids of slabs 48 to 59 failure was catastrophic at eT' but for the hybrids 

of slabs 46, 47, 60 and 61 the first drop in stress was not absolute, l.n. th 

subsequent stress drops occuring as the strain increased until composite 

failure was complete. 

Consider the elastic modulus of the hybrid composites of slabs 46 

to 61. The above mentioned figures and table 21 show that the agreement 

betHeen the experimental and the rule of mixture values is excellent in all 

cases. This is consistent .dth the findings for the hybrid composites 

considered in the previous section (4.8.3), i.e. that there is no significant 

hybrid effect in the elastic modulus of the composites. HO.lever, again in 

agreement with the results of slabs 37 to 45, positive hybrid effects were 

observed in most eT e' and e:. E values. The linear portions of the curves 

of all the specimens bar one (specimen 58.2) continue beyond the expected 

failure strain, 0.47%, of a plain carbon composite. The extent of this 

hybrid effect (illustrated in figures 77, 78 and 82 to 95) varies .d th the 

hybri d system. The four slabs wi th the lowest E E values are 59 (0.50%), 

51) (0.51%), 48 (0.53%) and 49 (0.53%). A common factor in these slabs .las the 

no c.-a. surface treatment of the constituent E-glass fj.bres. The greatest 

average €E values .lere obtained from slabs 57 (0.70%) and. 56 (0.67%). These 

both contained etched carbon fibres and AIIOO treated E-glass fibres (500 tex 

in slab 57 and 600 tex in slab 56). 

Consider the hybrid. composites l-Ihich failed catastrophically at 0-' 

(slabs 48 to 59). The tensile stress v strain curves of all the specimens 

from slabs 48, 49, 56, 58 and .59 and one specimen from both slabs 51 and 57 

are linear up to composite failure ( 0- e = 0-' ) whilst the other specimens 

have distinct 0- e and. eT' values. In all these slabs the average IT' value 

(=<3) is greater than the predicted frRM value due to the positive hybrid 

effect in 0-'. In slabs 46, 47, 60 and 61,in which failure was not catastrophic 
I I ".... of! 

at CT, the average experimental 0- and eT values are within Jro of the 
~ 

predicted ORI1 values. The approximate failure strains of the specimens were 

generally less than 50% of the predicted failure strains. 
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The results of all the hybrid composites tested have now been 

presented and compared with values predicted by the rule of mixtures. The 

following section briefly summarizes the major points which have arisen. 

4.8.5 General Points Concerning the Tensile Properties and the Stress v 

Strain Curves of the ~ybrid Composites of Slabs 37 to 61 

There are a variety of stress v strain curves obtained from the 

hybrid composites tested. In all cases E is accurately estimated from the 

rule of mixtures equation derived from the properties of the parent composites. 

• • • (110) 

or 

• (111) 

The validity of the rule of mixtures in predicting E is in agreement 

with the findings of Hayashi(5), Bunsell and Harris(24) and Aveston and Sillwood(6) 

but differs from those of Kalnin(22). Kalnin tested glass/graphite hybrids and 

found the tensile modulus of glass rich laminates to be substantially higher 

than predicted by the rule of mixtures. Since this result stands on its own 

it would appear to be a testing artefact. 

The result of the most potential practical importance is the extended 

linear portion of the stress v strain curves found for the majority of the hybrid 

composites. The magnitude of this positive hybrid effect varied amongst the 

different composites. Beyond o-E/E:. lE the experimental stress v strain curves 

differ substantially from the predicted rule of mixture curves with no secondary 

modulus. In cases where [TE I 0-' the slope of the curve gradually decreases 

until 0-' is reached. At 0- I , if catastrophic failure does not occur, 

a series of partial composite failures cause sudden drops in stress, between 

which the stress mayor may not rise to above cr' ,until the failure becomes 

absolute. There is a substantial negative hybrid effect in the final failure 

strains of the hybrid composites, the extent of which varies with hybrid type 

but this is expected due to strain concentrations around groups of failed 

carbon fibres. 

Section 4.7.3.4. concludes that the failure of the single fibre type 

composites is governed by the statistical failure of their constituent fibres. 

Therefore statistical failure mechanisms seem likely for the hybrid composites. 

Such mechanisms are investigated in detail both qualitatively and quantitatively 

in section 4.8.10 but plausible statistical explanations for the two. major 

features in the stress v strain curves of the hybrid composites are outlined 

overleaf .• 
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i) A drop in stress at any strain indicates a significant 

propagation of carbon fibre failure originating from either a single or 

multiple fibre failure. The greater the extent of propagation of fibre 

failure the greater the stress drop. Up to complete composite failure 

only the weaker E-glass fibres are expected to fail. 

ii) A decrease in the slope of the stress v strain curve prior 

to E I is caused by sufficient random fibre failure accumulating to noticeab1y 

>leaken the composite prior to any substantial propagation of failure amongst 

the carbon fibres. 

The above two points are expanded in section 4.8.10 and referred to 

when failure mechanisms are discussed in the following sections which study 

the dependence of the hybrid effects on VT , fibre geometrical arrangement, 

vglvcf and the hybrid system used. 

4.8.6 VT and the Rybrid Effect. 

The tensile results of the 3:1 and 1:1 tape hybrid composite slabs 

24 to 29 and 30 to 36 are used in this study since within both sets of slabs 

the ratio of Vg&/Vcr, fibre geometrical arrangement and fibre surface treatments 

are kept constant whilst VT is varied. The results have previously been 

partially discussed in relation to VT in sections 4.8.1.2 and 4.8.2.2. , 

Consider the positive hybrid effects in E: E and IT E" (equal to [.' and IT' ) 

in both the composite types. €'R;' is 0.47%. The 'average [. E, values for 

specimens from each of the 3:1 slabs range from 0.73% to 0.82%. From the 

statistical analysis of the significance of the variance amongst the means, 

as described in section 4.8.1.2, it was tentatively concluded that there was 

no variation in E: E wi th VT • This conclusion is supported by the results of the 

1:1 hybrid slabs in which the variations in E" (average £c ranged from 0.57% 

to 0.63%) are found to 'be insignificant (see section 4.8.2.2). Due to the linear 

relationship between E and VT (see' figures 63 and 64) the conclusion that the 

first failure strains of the two sets of 3:1 and 1:1 hybrid composite slabs 

(c:E=c.') remains constant with changingVT (within the tested range) establishes 

the linear relationship between o-E and V T for both the hybrid composite types. 
E '" The linear plots of IT v VT (and (Y v VT ) for the 3:1 and 1:1 tape hybrid 

slabs are given in figures 59 and'65 respectively. 

The general forms of the tensile stress v strain curves of slabs 24 

to 29 and 30 to 36 beyond (YE do not change noticeably wi th VT • The validity 
r. 

of the linear equations derived for (Jr which predict negative values at very 

low VT is discussed in sections 4.8.1.2 and 4.8.2.2. It is concluded that any 
"" deviation from linearity in (Jr in the tested VT range of 0.17 to 0.50 is 
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" insignificant. Note that above a V T of approximately 0.20 De is greater 

" than 0;,..,. 
The final- failure strains of the specimens were not measured 

accurately but are considerably less than the expected failure strain 

of the 600 tex E-glass fibre (1.96%). There was no obvious variation 

wi th VT 

The major point of importance arising from this section is that 

the extent of the posi ti ve hybrid effect exhi bi ted in El< = f. 'is constant 

wi thin each of the 3:1 and 1:1 hybrid tape systems for the range of V-r 

tested. 

The importance of the geometrical arrangement of the two fibre types 

wi thin the hybrid composi tes is investigated in the following section. 

4.8.7 Fibre Geometrical Arrangement and the Hybrid Effect 

The tensile results of the slabs 37 to 39, 45 and 46 in conjunction 

with those of the 3:1 tape and 1:1 tape hybrid composite slabs are used 

to investigate the influence of the fibre geometrical arrangement on 

the tensile hybrid effects in the composites. The properties of slabs 

containing the same ratios of VglYcf are c~mpared. It is assumed that 

the conclusion in the previous section that e~ of the 1:1 tape and 3:1 tape 

hybrid composites is constant with varying V T can be extended to composites 

with different geometrical arrangements. This enables the comparison of 

the tensile results of slabs containing different V T 

Consider slabs 37 (CG"G"C), 38 (C,¥;CG{,G"CG",C) and the 1:1 tape slabs. 

In these slabs V cfC:V g" but the geometrical arrangements of the fibres 

vary. The degree of mixing of the carbon fibre tows and E-glass fibre 

tows is greatest in the 1:1 tape hybrid composites, where tows alternate 

within the layers of tape, and is least in slab 37, where all the carbon 

tows are in the outer layers of the hybrid composite. Consider the tensile 

stress v strain curves for these slabs in figures 66, 68 and 69. The forms 

of the three curves are different so it is immediately concluded that the 

geometrical arrangement of the fibres does affect the tensile characteristics 

of these hybrid composites. For the three composites considered £~= 0.47%. 

There is no significant hybrid effect in the E." of ei ther slab 37 (0.4%) or 

slab 38 (0.47%) but the f.~ = C;~ of the 1:1 tape hybrid composite is 0.60%, an 

increase over e:.!. of approximately 28%. Assuming statistical failure of the 

fibres in the hybrid composites (see section 4.8.5) the following suggestions 

are postulated. 



In the 1:1 tape composites carbon fibres fail randomly but the 

presence of the evenly distributed E-glass tows suppresses considerable 

propagation of the carbon fibre failures until c: '" 0.60%. At ee ; £.' 

substantial propagations of carbon fibre failures occur, curtailed by E-glass 

fibre tows. This produces the recorded drop in stress bourne by the composite 

at the applied strain. As the stress increases more multiple failures occur 
" until at 0"" failure is absolute and propagates through the whole composite. 

In slab 38 (CG"CG .. G"CG"C) the carbon to\;s and E-glass tows are not as intimately 

mixed, therefore the E-glass fibres are less effective in suppressing the 

propagation of the carbon fibre failures. At and beyond £E sufficient random 

single fibre failures and multiple fibre failures accumulate to noticeably 

weaken the hybrid composite and the slope of the stress v strain curve decreases 

beyond c: E A sudden drop in stress does not occur at E" since insufficient 

fibres are involved in any of the multiple failures. E' is the limit at and 

beyond which the substantial propagation of failure within the carbon fibres 

can not be suppressed and the hybrid composite failure continues in a similar 

manner to that described above for the 1:1 tape hybrid composites beyond e E 
• 

In slab 37 all of the carbon tOI;S are in the two outer layers of the composite 

and the influence of the inner E-glass fibres is minimal. At e E (== E:l".) 
multiple carbon failure occurs of sufficient magnitude to produce a small stress 

drop in the stress v strain curve. The propagation is arrested by the E-glass 

fibres. The stress and strain increases until another substantial failure occurs 

producing another drop in stress. This continues until failure is catastrophic •. 

The above also explains the relative maximum stresses of slabs 37, 38 
~ 

and the 1:1 tape hybrid composites. The experimental CJ values differ from 

the predicted ~M values in slabs 37, 38 and the 1:1 tap~ hybrids by -4%, &,10 
~ 

and 27% respectively. A greater degree of carbon fibre failure prior to IT 

must reduce the proportion of intact fibres in the cross-section through which --complete failure OCCurs at 0"" The order of the relative maximum stresses 

listed above are as expected since the hypothesis is that the more intimate 

the mixing of the two fibre types (at least to the limit of alternating tows) 

the greater the suppression of the propagation of carbon fibre failure. The 

stress v strain curves in figures 66, 68 and 69 show that substantial failure 

(e') occurs at the lowest strain in slab 37 and at the highest in the 1:1 tape 

hybrid composites. This is attributed to the more extensive propagations of 

carbon fibre failure possible without the need for the failure of E-glass fibres. 

The results of slabs 45 (1:11:1 3:1 1:1 3:1 1:1 1:1) and 46 (G",CGI.CG" 

are now considered. In these slabs the amount of Vcf in VT 

The variances between the two sets of mean 0""'" , c:.'" , E.'. 

is approximately 
,.. 

and 0"" (see 
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table 16) were analysed and no significant differences were found. 

of the stress v strain curves in figures 76 and 77 show that beyond 

Examination 
I e the 

behaviours are slightly varied. Possible explanations for the form of the 

curves are as follows. In slab 45 the accumulation of single and multiple 

carbon fibre failures start to noticeably weaken the hybrid composite at 

c:: E= 0.62% (approximately equal to c: e = c: ' for the 1:1 tape hybrids). 

The density of the failures is expected to be greatest in the outer 1:1 layers 

since these are the most susceptible to damage during the fabrication of the 

slabs and specimens (also see section 2.1 and reference 3). Substantial 

propagation of the carbon fibre failures is slightly suppressed by the higher 

concentration of the E-glass fibre in the 3:1 tapes and c: ' occurs at 0.67%, 

a decrease in gradient being observed between 0.62%'" £ " 0.67%. 

failure occurs in the same manner as described for the 1:1 tape 

f Beyond c: 
hybrid composites. 

There are two major features to the lay-up of slab 46 which are contrary to that 

of slab 45. Firstly the carbon and E-glass tows are segregated into separate 

layers. Secondly there are no carbon tows in the outside layers. The consequence 

of the first is a lesser degree of mixing in slab 46 and therefore a tendency 

to a lower €. e value. However, the second point works towards a higher c: E 

in slab 46. The result is that the accumulation of failed carbon fibres becomes 

significant at €.E = 0.59%, approximately equal to that for slab 45. The layers 

of E-glass fibres surrounding the three carbon layers suppress substantial 

carbon fibre failure propagation up to c: I = 0.68%. Beyond this point only a 

few further drops in stress occur before final failure. The estimated final , 
failure strain of slab 46, in which more extensive carbon failures are probable, 

is less than that of slab 45. 
Finally consider slab 39 and the 3:1 tape hybrid composites in which 

the proportion of Vcf in VT is approximately 2'5'/0. Their stress v strain curves 

are given in figures 70 and 60. The following explanations are suggested for 

the forms of and the differences between the curves. In the 3: 1 tape hybrid 

composites the carbon fibre tows· are evenly distributed with both fibre types 

in all layers. Random single fibre failure occurs up to El' = E' when substan

tial carbon fibre failure occurs. Catastrophic propagation is prevented by 

the surrounding E-glass fibres but is sufficiently extensive to cause a small 

drop in stress. The numerous subsequent small drops in stress are due to 

further multiple carbon fibre failures occurring throughout the composite. 
~ 

Propagation is limited due to the isolation of the carbon tows. At er 
(approximately 12% greater than the predicted CTRM) the applied strain is 

sufficient for failure to propagate from the carbon fibres and spread through 

the E-glass fibres, resulting in absolute composite failure. In slab 39 the 
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two layers of carbon tape both have two layers of E-g1ass tapes on either. 

side of them. As the composite is strained random carbon fibre failures 

occur. At E: e the continuing accumulation of failures produces a gradual 

decrease in the gradient of the stress v strain curve. Substantial failure 

occurs at E' = 0.91%. The high proportion and concentration of E-g1ass 

fibre limits the failure so the curve continues with a few more drops in 

stress. Catastrophic failure occurs at a stress approximately 6% lower than 

the predicted rule of mixtures value and at a slightly lower estimated strain 

than that for the 3:1 tape hybrid composites. The latter point is attributable 

to the two all carbon layers in slab 39 increasing the probable extent of multiple 

carbon failures. 

The failure mechanisms postulated to explain the different forms of 

stress v strain curves rely on the statistical nature of fibre strength and 

assume that the E-g1ass fibres impede the propagation of carbon fibre failures. 

The suggested mechanisms are specifically for the typical stress v strain 

curves of the appropriate slabs. Since the mechanisms are based on the 

statistical nature of fibre strength, variations in the failure processes can 

be expected in identical composite types. As previously noted the stress v 

strain curves of specimens from the same slabs did vary. 

The failure mechanisms for the hybrid composites are discussed in 

greater detail in section 4.8.10. They have been considered here to aid the 

investigation into the effect of fibre distribution on the tensile chara'cter

istics of the hybrid composites. 

The comparison of the results from slabs 37, 38 and the 1:1 tape 

hybrid composites, slabs 45 and 46,and slab 39 and the 3:1 tape hybrid composites 

show that the tensile characteristics of, the hybrid composites are affected by 

the geometrical arrangement of the constituent fibres. The following three 

points are noted: 

i) an intimate, evenly distributed mixture of carbon fibre and 

&-glass fibre tows encourages high e E (equal toE'),high fr and 

a large number of small stress drops prior to a high final failure 

strain; 

ii) carbon tows in the outer layers of a composite tend to reduce eE 

and E:' and 

iii) uneven mixes of tows promote the possibility of distinct £ E' 

and E' values except in cases where one layer of carbon tape bears 

a high proportion of the applied load (likely to occur in composites 

I'd th low VT ). 
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The magnitudes of the above effects are not quantified since they 

are interacting and are presumably dependent upon the ratio of vglVcf' However 

within the VglVCf range investigated for maximum use of the constituent 

reinforcement fibres the first point is of prime importance. 

Previous work on hybrid composites neither supports nor contradicts 

these results. Kalnin(22), Hayashi(5) and Bunsell and Harris(24) all tested 

hybrid composites in which the two fibre types were in separate layers and 

observed positive hybrid effects in the failure stress and strain of the 

L.E. fibre. Marshall(23) and PhilliPs(26) tested hybrid composites fabricated 

from hybrid tapes and also observed positive hybrid effects. The effect of the 

different fibre geometrical arrangements on the magnitude of the hybrid effects 

can not be assessed since in the different works different composite systems 

and fibre ratios were used. 

The effects of the ratio of vglVcf on the tensile properties of a 

hybrid composite are now investigated. 

4.8.8 Ratio of Vg/Vcf and the Hybrid Effect 

The effect of the ratio of VglVcf on the tensile properties of a 

hybrid composite is assessed from the tensile results of slabs 24 to 46. 

Direct comparison amongst all these slabs is inappropriate since the arrangement 

of the fibres in the slabs varied considerably. In both the 3:1 tape and 1:1 

tape hybrid composites the tows of the carbon fibres and the 600 texE~glass 

fibres were intimately and evenly mixed. The average experimental properties 

obtained for these two hybrid composite types are more reliable than those 

obtained for the hybrid composites of slabs 37 to 46 since they have been 

derived from the tensile results of specimens from 6 slabs for the 3:1 tape 

hybrids and from 7 slabs for the 1:1 tape hybrids. In view of this the study 

of the effect of the VglVcf ratio on the tensile proper~es of a hybrid composite 

is based mainly on the results of the 3:1 and 1:1 tape hybrid composites. 
E £' Figure 103 is a plot of E and ,for the considered composites, 

against vCf/VT (Vcf/VT is inversely proportional to VglVcf)' The curve is 

sketched to pass through the dominant points for the 3:1 tape hybrid, 1:1 tape 

hybrid and the parent carbon composites. Note that the relationship is not 

linear but that the rate of increase in EE increases with decreasing Vcf/VT 

Consider the results of slabs 37 to 39 and 41 to 46 in which the 

two tow types were not both intimately and evenly distributed. Their strain 

values, in relation to those expected from a hybrid composite with the same 

VCf/VT ratio but with an even and intimate distribution of the two tow types, 
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are approximately as expected when taking into account their particular fibre 

geometrical arrangements, as discussed in the previous section 4.8.7. For 

example, the low EE value obtained for slab 37 (0.45% compared with 0.6r:J'/o 

for the equivalent 1:1 tape hybrid composite) may be attributed to the non

intimate arrangement of the tow types and to the t>lO plain carbon tapes· 

being in the outer layers of the composite. In contrast the high c: E and E' 

values of slab 44 may be attributed to the intimate mixing of the tow types and 

to the 10>1 concentration of carbon tO>lS in the outer layers of the hybrid 

composite. 

The major conc1~sion is that the ratio VglVcf does affect the first 

failure strain of the hybrid composites. The following equation approximates 

to the sketched curve in figure 103 and was determined by plotting log c:. E v 

log VcfJVT for the 3:1 tape hybrid, 1:1 tape hybrid and carbon tape composi te s. 

( ) 

- 0.36 )°.36 
£E = £1= 0.47 V~: = 0.47 (1 + ;:f Z • 

~ 

Consider the effect of V cf/VT on cr 

normalized to correspond to a VT of 0.40, and the 

The experimental values, 

theoretical values (D-RM ) 

(128) 

are compared in figure 104. The experimental curve is sketched to fit the data 

for the 3:1 tape and 1:1 tape hybrid composites. In the carbon rich composites 

a- is assumed to equal crEand the latter section of the curve is sketched 

accordingly. The positive hybrid effect, in 6- , above V cfJVT :::: 0.60 is a 

direct consequence of the positive hybrid effect in the £.E and o-E of the 
~ 

hybrid composites. The experimental cr of the glass rich hybrid composites 

are compared with the equation for D-mgiven in table 20 ( erR-M = 63.0Vm + 

1493.0V g6)>IhiCh assumes that beyond cr I the carbon fibres cease to be stress 

bearing. The positive hybrid effect in this low Vcf/VT range illustrates 

the error in this assumption. Some carbon fibres must still be contributing 
r-

to the strength of the hybrid composites up to cr and therefore in no crosS-

section can all the carbon fibres have failed. A consequence of this is the 

increased V cfJV T 

that the sketched 

~ 

ratio at which the minimum cr is expected to occur. Note 

curve is only for the hybrid composites with intimate and -even mixes of the two tow types. The differences in the er results of the 

tested composites in >Ihich the above is not the case are again accounted to 
....... 

the differing fibre geometrical arrangements. The cr for the majori ty of these 

slabs lie bet>leen the experimental and theoretical curves. The two equations 

calculated to fit the experimental curve are 129 and 130. 
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6;; = 63.0 + VT (1430.0 - 1162.5 V~:) N/mm
2 

For 0.60 ~ Vcf ;;; 1.00 
VT 

~ = E."[ 3.4 + VT(72.2 + 166.5 VV:f~ x 10
3 

N/mro
2 

The corresponding theoretical curves, transformed into' terms of 

Vcf and VT are given by equations 131 and 132. 

For 0.00.;; Vcf "" 0.53 
VT 

~ 

~11= 63'.0 + VT 

For 0.54 .. Vcf ... 1.00 
VT 

( 1430.0 - 1493.0 V Cf) 
VT 

D-1tH = 16.0 + VT (342.0 + 783.0 V~:) 2 
N/mm 

This section has shown that the magnitudes of the hybrid effects in 
E , e I - Iv composi te E , E. ,0-, 0- and 0- do vary wi th the ratio of Vg" cf. The result 

of the greatest practical importance is the increasing £.",(', o-"and &' of 

(130) 

(131 ) 

(132) 

a hybrid composite with decreasing Vcf/VT ratio. These results can be compared 

with those from two previous pieces of work. Marshall(23) fabricated 60% VT 
hybrid composites from 4:1, 3:1 and 2:1 600 tex E-glass fibre/5000 filament 

carbon fibre tapes with either Derakane 411-45 vinyl ester or an epoxy resin 

as the matrix. When tensile testing the hybrid composites there was deviation 

from linearity in the stress v strain curves prior to the first failure stress. 

Marshall ascribed this to partial debonding of the aluminium end tabs from the 

composite test pieces. Assuming this to be the case and the corrected stress 

v strain curves to be linear up to. their first failure stress then the 
E I 

following E:. = £ values were obtained for the hybrids containing 4:1, 3:1 and 

2:1 hybrid tapes respectively. With an epoxy resin matrix: 1.26%; 1.24% and 1.20% 

and with a vinyl ester resin matrix: l.l~; 1.12% and 1.10%. 

The failure strain of a 5000 filament carbon/epoxy composite was 0.89% 

and that of E-glass/epoxy 2.18%. The trend in both systems is for £E to increase 

with decreasing VCf/VT but this trend is not as marked as in the compositestested 

here by the author. Further tensile results of 60% VT glass/carbon hybrid tape/ 

vinyl ester composites are presented in a paper by Phi11iPs(26). The €." = £. I 
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values obtained for all-glass, 4:1, 3:1, 2:1, 1:1 and all-carbon composites 

were 1.95%, 1.18{., 1.14;lb, 1.10%, 1.00% and 0.98% respectively. Again Er: 

increases with decreasing VcfJVT but to a lesser extent than in the composites 

tested here by the author. An explanation for this may be the different 

tensile characteristics of the constituent fibres and the relative failure 

strains of the L.E. and H.E. fibres. 

The following section investigates the effect of the hybrid system 

used on the tensile properties of the composites. 

4.8.9 The Hybrid Composite §ystem and the Hybrid Effect 

The 'hybrid systems' have been varied in terms of the surface treat

ment of the carbon fibres, the surface treatment of the E-glass fibres, the 

E-glass fibre type and, as a result of the latter two, the tensile characteristics 

of the E-glass fibres. 

Firstly consider the effect on the tensile properties of the hybrid 

composites of varying the surface treatment of the carbon fibres. The relevant 

slabs are 46 to 61 and all had the tape lay-up sequence GCGCGCG. Thus by 

pairing the slabs appropriately the tensile results of hybrid composites differing 

only in respect to the type of carbon fibre surface treatment can be compared. 

Table 22 presents the average tensile results of these slabs for comparison 

and briefly indicates the significance or otherwise in any differences in their 

properties. The elastic moduli of the slabs are omitted from the table since 

this property has previously been shown to obey the rule of mixtures for all of 

the slabs tested (see sections 4.8.1.2, 4.8.2.2, 4.8.3.2 and 4.8.4.2) and is 

therefore not affected by the carbon fibre surface treatment. 

There is no significant difference in the properties of slabs 46 and 

60 or 51 and 61 or 48 and 58, indicating that any real effect due to changing 

the carbon fibre surface treatment from as rec. to no c.-a. in a hybrid comp

osite with as rec. 600 tex or 500 tex E-glass fibre or no c.-a. 600 tex E-glass 

fibre as the second fibre type is negligible. Comparison between the tensile 
If ' ~ 

resul ts of slabs 49 and 59 is :incomlusi ve. Here differences in IT ,IT (= 0-) 

and E.' are found to be insignificant but the analysis of the E"values shows £" 

of slab 49 to be significantly greater than Elf of slab 59. In practice a true 

change in E" with a change in carbon fibre surface treatment means a corresponding 

change inITEsince E is independent of fibre surface treatment. Therefore the 

resul t of the statistical analysis on either EE or o-E is misleading. The 

conclusion that the effect of the change in carbon fibre surface treatment, from 

as rec. to no c.-a. in carbon/500 tex (no c.-a.) E-glass/vinyl ester·composites, 

on the tensile properties is negligible (Le. the results for E.r: are misleading) 

appears to be justified by the following points. 
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i) The variations in the individual e6 of specimens from bo~h slabs 

49 and 59 are unusually low (see table 2A8). It is likely that the true standard 

deviations of e B in the two composite types are higher than those estimated from 

the experimental data. This increases the apparent value 'of the t statistic 

for the two sets of data. The t value need only drop by l~ for the analysis to 

show the variations in €oS; as insignificant. 

ii) The statistical analysis shows no significant difference between 

the two sets of data (at the 9~ confidence level) if the resultant t statistic 
6 

is within the range -2.228<t<2.228. The t statistic for the 0- data is 1.907, 

comfortably within this range. The t statistic for ECE is 2.246, less than l~ 
greater than the limit. 

However, as stated above, the results are inconclusive. Note that 

the E-glass type in slabs 49 and 59 was 500 tex. Slabs 48 and 58, in which no 

significant difference in tenSile properties was found, contained 600 tex 

E-glass fibre. The results are reversed in the next group of slabs in table 22. 
E & Highly significant differences in the 0- and e are found for slabs 50 and 56 

which contained 600 tex E-glass fibre (AllOO), but no significant difference is 

found in the tensile properties of slabs 51 and 57 whioh contained 500 tex 

E-glass fibre. Slab 50 contained as rec. carbon fibres and its specimens 

exhibited distinct er! and e' values., Slab 56 contained etched carbon fibres 

and the average E. E is increased to equal c.' • 'In slabs 49 and 50 the apparent 

effect of changing the carbon fibre surface treatment from as rec. to no c.-a. 

was to reduce the value of e E • Ignoring the other results these suggest that 

the €. E of the hybrid composites can be increased by changing the surface treat

ment of the carbon fibre from no c.-a. to as rec. to etched. This order does 

not correspond to the' order of the i.l.s.s. of the carbon composites. The 

i.l.s.s. of as rec., no c.-a. and etched carbon fibres/vinyl ester resin were 
2 2· 2 ' 

43.7N/mm, 5O.0N/mm and 97.8N/mm respectively. Thus the, apparent changes in 

e E can not be directly attributed to changes in the carbon/resin interfacial 

shear strength. Slabs 52 and 54, and 53 and 55 were similar to slabs 50 and 56, 

and 51 and 57 but contained A187 treated E-glass fibre. There is no significant 

difference between the tensile properties of these slabs 52 and 54, and 53 and 

55· 
, I ,... 

In respect to cr ,E. and 0- of the hybrid composi tes the, results 

of the comparisons amongst slabs 46 to 61 are all in agreement. These properties 

were not affeoted by the surface treatment of the carbon fibres. To reach a 

defini te conclusion concerning the o-E and e. E of the hybrid composi tes more 

resul ts are needed; Eight pairs of reBul ts were examined and the o-E and E. E 

values were found to differ significantly in one and two of these paire 

respecti vely. No link can be found in these variations in o-~ and -c:.E with 
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the effectiveness of the carbon fibre surface treatments (i.e. the i.l.s.s. of 

their parent carbon composites) or with the type or surface treatment of the 

E-glass fibre in the hybrid composites. Therefore it is tentatively concluded 

that any variation in CJ£' and c:. E of the hybrid composites due to the surface 

treatment of the carbon fibres can be ignored being largely masked by scatter 

in the indi vi dual results. 

The other variations in the hybrid systems were the tensile charact

eristics of the E-glass fibres and their surface treatments. These are linked 

since for both the 500 tex and 600 tex E-glass fibres the processes of changing 

their surface treatments damaged the fibres, thereby changing their tensile 

statistical characteristics. For each type of surface treatment the tensile 

properties of the 500 tex E-glass fibres were greater than those of the 600 tex 

E-glass fibres. 

Consider the pairs of hybrid composites identical except for the type 

of constituent E-glass fibre. These are slabs 39 and 40, 46 and 47, 48 and 49, 

50 and 51, 52 and 53, 54 and 55, 56 and 57, 58 and 59,and 60 and 61. Their 

tensile results are given in table 16. The average EE and E' values within 

each pair of slabs reflect the comparative magnitudes of the hybrid effect in 

the apparent failure strain of the consti tuent carbon fibres (EE for the parent 

carbon composites being 0.47%). Note that in the majority of cases the slab 

containing 500 tex E-glass fibres has the greater values of EE and €.' There 

are two notable exceptions. The values of EE and E' for slabs 48 and 49 are 

equal and for slabs 58 and 59 both the values of Et< and E' differ by only 0.01% 

strain. In both of these pairs of slabs the surface treatment of the E-glass 

fibres was no c;-a. The trend in the majority of cases for the slab containing 

500 tex E-glass fibre to have the greater EE and E' values indicates that these 

properties of the hybrid composites are dependent upon some tensile character

istic(s) of the H.E. fibre. For the dominant characteristic to be the elastic 

modulus of the fibre one would expect the relative £E and E' values to be similar 

since the fibre elastic modulus varies only with E-glass type and not with 

surface treatment. The results of the two pairs of slabs containing no c.-a. 

treated E-glass fibres indicate that the elastic modulus is not the dominant 

characteristic. The more probable characteristic is the failure strain of the 

parent H.E. fibre composite. This varies considerably for both E-glass types 

with the fibre surface treatment, being a maximum for the plain composites 

containing as rec. fibres and a minimum for those containing no c.-a. fibres. 

However the degree of scatter in all the strain values and the limited number 

of results for comparison prevents the drawing of positive conclusions. 
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Consider the effects of varying the surface treatment and consequently 

the tensile failure stress and strain of the E-glass fibres. Examination of 

table 22 shows that in the range of hybrid composites from slabs 46 to 61 

containing 600 tex E-glass fibre the general trend of C: C and E' i s to increase 

as the E-glass fibre surface treatment changes from no c.-a. to A187 to either 

AIIOO or as rec. The same trend is observed in the hybrid composites containing 

500 tex E-glass fibres. This corresponds more closely to the order of the failure 

strain rather than to the order of the i.l.s.s. of the parent E-glass fibre 

composites. The i.l.s.s. of the parent composites increases as the E-glass 

fibre surface treatments change from no c.-a. to as rec. to A187 to AllOO, the 

i.l.s.s. of such composites being approximately 46.5N/mm2, 51.5N/mm2, 58.5N/mm2 

and 105.0N/mm2 respectively. This lack of correlation between hybrid composite 
E I 

£ and £ values and the i.l.s.s. of their parent E-glass fibre composites is 

inconclusive. It may 

the hybrid composites 

be that the surface treatment of the E-glass fibres in 
" ,. does not affect the expected E and £ of that composite. 

Alternatively any influence may be masked by i) variations in the effectiveness 

of the E-glass coupling-agent surface treatments (see section 4.7.2.1), ii) the 

scatter in the limited number of results considered and iii) any effect due to 

the varying tensile characteristics of the parent E-glass fibres. Consider the 

£ E and E. ' values of slabs 46 to 61 in relation to the E.E of their parent E

glass fibre composites. These value s are plotted in figure 105. .This graphical 

representation indicates that in the hybrid systems considered an increase in 

the e:E of the parent E-glass composite increases the ElF and e:' values of its 

hybrid composite. However there is considerable scatter in both the E6 and E' 

values of the hybrid composite and the E.E values of the parent E-glass composite. 

The tentative conclusion drawn from this section is that the variations 

in the average e: er and IE.' values· observed for the hybrid composites of slabs 

46 to 61 are predominantly due to changes in the tensile strengths of the 

constituent E-glass fibres rather than the different moduli of the 600 tex and 

500 tex E-glass fibres or the different characteristics of the E-glass/resin 

interface resulting from the four types of surface treatment. The lower failure 

strain E-glass fibres, represented in terms of the failure strain of the fibres 

when in their own composites, produced lower e:c and £' values in their hybrid 

composites. 

Before considering existing theories for hybrid composite tensile 

properties the failure process for the carbon/E-glass/vinyl ester hybrid comp

osites is discussed in greater detail than hitherto. 



4.8.10 Theoretical Carbon/E-Glass/yinyl Ester Hybrid Composite Failure' 

Process 

At the end of section 4.8.5 an explanation is briefly forwarded, in 

terms of internal fibre failures, for the two major features of the stress v 

strain curves of the hybrid composite specimens, i.e. for the gradual decrease 

in the gradient between the points (E" ,0-") and (E' ,0-') when these 

points are distinct and for the drop in stress at (e.' ,cr'). The explan

ation is expanded and its feasability investigated in this section. The 

suggested failure process is based on the statistical nature of fibre tensile 

strength. 

When fibres in a composite cross-section fail the stress bearing 

abili ty of that cross-section is reduced. The effect on the tensile stress 

v strain curve depends on the extent of the fibre failure and the axial length 

over which the fibres are ineffective. If random single fibre failures and 

limited multiple fibre failures accumulate in the composite as the strain 

increases the elastic modulus of the composite is gradually reduced. This 

effect of random fibre failures has been shown in section 4.7.1.3 to be so 

small in the parent fibre composites that catastrophic propagation of fibre 

failure occurs in these composites before the change in the stress v strain 

gradient can be detected. In the hybrid composites the E-glass fibres act 

as a barrier to the propagation of carbon fibre failures. Thus the accumulation 

of random single and multiple carbon fibre failures prior to a 'substantial' 

failure of the hybrid composite is much greater than in the parent carbon 

composites. As the strain in the hybrid composites increases above the normal 

failure strain of the carbon composites the possibility of a substantial carbon 

fibre failure, resulting in a stress drop, increases. In a hybrid where 0-= = 

cr'this substantial failure occurs prior to a significant. reduction in E due 

to the accumulated fibre failures. So far the extent of carbon fibre failure 

necessary to cause a drop in stress has vaguely been described as 'substantial'. 

By considering the effect of fibre failures on the load bearing ability of the 

hybrid composites a clearer understanding of the necessary extent of failure 

is obtained. In the tensile testing of the specimens the total extension of 

the specimen is controlled. Consider the moment of fibre failure. When a group 

of fibres fail the extensional stiffness over that cross-section decreases, 

resulting in a strain concentration over that region. This causes a correspond

ing strain relaxation in the rest of the composite since the total extension 

of the specimen must remain the same. Therefore the applied load is reduced. 

For a hybrid composite specimen of cross-sectional area A, gauge length L 

and elastic modulus E,when a load P is supported the applied extension D. L 

is given by the equation 
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6L= PL 
AE 

• • (133) 

Suppose at 6 L a quanti ty of the L.E. fibres fail and can bear no 

load over an axial di stance L. The effective A and E values for the cross

section over this axial distance l change to At. and Et respectively and the 

supported load changes to ~ • 

6L = PI (L-l.) 
AE 

6L 

l. 

is now represented by the equation 

By equating 133 with 134 the ratio of Pl/p is shown to be 

.EL = 
P • 

• 

• (135) 

This load ratio is equivalent to the stress ratio. It is now related 

to the carbon/E-glass/resin composites. The controlling factors are the length 

l and the number of fibres which fail which dictate the change in A and E to AI 

and El' Firstly the variation in PI with changing ~ is considered for two 
F 

composites with L = 5Omm, VT = 0.4 and i) Vgb = 0.2, Vcf = 0.2, i.e. a 1:1 

hybrid composite and ii) Vg& = 0.3, Vcf = 0.1, i.e. a 3:1 hybrid composite. 

The model supposes that at 6L all the carbon fibres in one cross-section fail 

whilst the E-glass fibres remain intact. The resultant relationships between 

Pt 
and ( are plotted in figure 106. The relationship for the 1:1 hybrid is 

p 

calculated as follows. E is calculated from equation 110. 

E = (0.6 x 3.4) +(242.1 :x 0.2) + (75.6 x 0.2) = 65.6KN/mm2 

When all the carbon fibres in one cross-section fail A is reduced in 

that region by 20% and the value of Et is given by equation 95. 

•• At = 0.80 A 

and El = (3.4 x 0.6) + (75.6 x 0.2) = 17. 2KN/mm
2 

Equation 135 becomes 

50 x O.80A x 17.2 
= 
~----------~~~----~ 
[0.80A x 17.2 (50-CTI + ~5.6 A~ 

= 688.0 
.... 68,.,8""'.'='0;:..;+:.....,,5=-1."""8'"'( • (136 ) 



P Following the same method the relationship bet,.een 1 and l for the 
P 

3:1 hybrid composite with VT = 0.4 is derived as 

P, 
= 

1111.5 

P 1111.5 + 26.7L (137) 

Now consider the variation in ~ with the fraction of Vcf failing 
P 

(Fcf) , with l = 0.5mm, in one cross-section in a i) 1:1 and ii) 3:1 hybrid 

composite tensile specimen with VT = 0.4 and L = 50mm. The relationships 

are presented graphically in figure 107. The relationship for the 1:1 hybrid 

composite is calculated as follows. E is calculated from equation 110. 

E = (3.4 x 0.6) + (242.1 x 0.2)+ (75.6 x 0.2) = 65.6KN/mm2 

The failure of FcfVcf in one cross-section reduces the A in that 

region by O. 2F cfA and E by 242.1 F cfV cf" Therefore 

A, = (1 - 0.2Fcf)A mm
2 

(138) 

(139) 

Substituting for A, and E, equation 135 becomes 

= 
P 

P, = 

P 
(140) 

Following the same method the relationship between ~ and Fcf in a 

3:1 hybrid composite wi th VT = 0.4 when C = 0·5mm 
P 

is: 

PI = 5O.0(48.9-29.1Fcf + 2·4Fcf 
2 ) 

P 
49.5(48.9-29.1Fcf + 2·4Fcf

2
) + 24·5 (141) 

Note that the above ignores the effect of carbon fibres in the cross-

section under consideration which fracture before ~L is reached. 

In the recorded plots of load v strain obtained for the -hybrid 

specimens drops in load of 1% or more could confidently be distinguished, i.e. 

the recorded e' values correspond to the first strain at which a drop in load 

occurs for which:: ~ ~9900. Figures 106 and 107 show the dependence of PI 
P P 

on G and Fcf for 3:1 and 1:1 hybrid composites. For both the 3:1 and 1:1 hybrid 

composites when all carbon fibres in one cross-section fail C must be considerably 

greater than the estimated ineffective length, G , of the carbon fibres (approx-
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imately 0.05mm),as given by equation 3,for the drop in load to be significant. 
P 

The values of land Fcf which produce a ~ value of 0.9900 are now considered. 

The following equation"for.l is obtained from equation 135. 

l = Al El L (f - 1) 

• (142) 

For the 1:1 hybrid composite E = 65.6, V T = 0.4, At = (1 - O.2Fcf) A 

and El = 65.6 - 48.4Fcf. 

. . 

= 0.9900 

Therefore when PI = 0.9900 

P 
~ = (l-O·2Fcf)A(65.6-48·4Fcf)50(1.0101-1) 

(A65.6)-(l-o·2Fcf)A(65.6-48.4Fcf) 

L = 0.505(65.6-61.5Fcf + 9.7Fcf2) 

2 
61.5Fcf - 9.7Fcf • 

Similarly for the 3:1 hybrid composite with VT = 0.4 when PI 

P 

mm 

• 

• • • 

These equations (143 and 144) are plotted in figure 108. This graph 

illustrates what the term 'substantial carbon fibre failure' means for the 1:1 

and 3:1 hybrid composites with VT =0.4. In the tensile testing of a specimen 

any propagation· of·carbon fibre failure whose combination of Fcf and £ values 

lie above the relevant curve in figure 108 results in a significant drop in 

stress at that point on the stress v strain curve. The necessary values of 

L, even when Fcf = 1.00, are an order of magnitude greater than the calculated 

ineffective lengths, b , of the carbon fibres when in their parent composites. 

These high effective G values may be caused by any of or a combination of the 

following: 

i) debonding occuring at the carbon/resin interface; 

ii) the propagation of carbon fibre failure in one oross-section sending 

shock waves through the composite which trigger further carbon fibre 

failures in another neighbouring cross-section, the effect of .these 

distinct groups of carbon fibre failures being cumulative and 

iii) debonding at the E-glass/resin interfaces where the propagation of 

fibre failure terminates. 

(143) 

(144) 
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The latter is supported by the appearance of whitened areas 

(indicating E-glass/resin debonding) in the specimens coinciding with the 

recording of load drops. The axial lengths of these areas were often in the 

region of mm. 

A point not yet considered is that E-glass fibres may also fail up 

to and at e / . It is suggested that failure of as rec. E-glass fibres up to 

E' is minimal, being confined to the exceptionally weak fibres. Where 

composite failure at £/ is catastrophic the propagation of carbon fibre failure 

spreads into and through the E-glass fibres but if the initial load drop is 

only a few percent of P only a small number of E-glass fibres are expected to 

fail. Therefore the proposed failure mechanism for the carbon fibre/E-glass 

fibre hybrid composites is as follows. 

As a hybrid tensile specimen is strained, random single carbon fibre 

failures occur followed by limited multiple failures. When (Ef E' these 

failures accumulate to weaken the composite sufficiently 

the gradient of the stress v strain curve. 
, . 

At E. a maJor 

to noticeably reduce 

propagation(s) of 

carbon fibre failures occurs running through and joining together previously 

existing multiple failures, as happens at the failure of the parent carbon 

composites. Fcf and C are sufficient to result in a drop in load of 1% or 

more. If the carbon fibre failures extend into and through the E-glass fibres 

immediate catastrophic failure of the hybrid composite results. If the failure 

either terminates at the E-glass fibres or extends only to the weaker E-glass 

fibres then e'is marked by a limited drop in stress. Further carbon fibre 

(and possibly some E-glass fibre) failures occur as the strain increases and 

I1here 'substantial' produce further drops in the stress v strain curve until 

the failure extends to all the carbon and E-glass fibres, probably joining 

together areas of substantial failure, causing complete composite failure. 

Figure 109 is a flow chart giving possible tensile failure sequences for a 

carbon fibre/E-glass fibre/vinyl ester resin hybrid composite and relates 

three example stress v strain curves to the flow chart. 

The failure process described above explains the observed hybrid 

fracture surfaces. For example consider the fracture surface of a typical 3:1 

hybrid specimen as described in section 4.8.1.1. Numerous substantial failures 

occur prior to complete composite failure. It is suggested that these and 

multiple carbon failures do not spread significantly into the E-glass tows but 

cause some debonding at the E-glass/resin interface, especially in the cases 

of the later substantial failures when the energy of the propagation is greater. 

This explains the appearance of the whitened areas I-Ji th the load drops. Failure 

within the carbon tows occurs through the propagation of single and multiple 



161 

carbon fibre failures, as in their parent composites. Therefore the appearance 

of the carbon tow fracture surfaces in the 3:1 hybrids and the parent carbon 

composites are similar. Complete composite failure occurs when the composite 

is weakened by areas of substantial failure and the propagation of failure 

spreads into and through the E-glass fibres, the weakened areas being joined 

by debonding at the E-glass/resin interface, probably initiated when the 

carbon fibre failures first occurred. Thus the fractures have a considerable 

axial spread. The spikes of E-glass fibres extending beyond the general 

failure plane are due to debonding at the E-glass/resin interface, caused by 

carbon fibre failure, reaching a group of weak E-glass fibres. Thus when 

catastrophic failure occurs this extended group or 'spike' of F~glass fibres 

forms part of the fracture surface. The slight increase in carbon fibre pull

out length is explained in terms of their debond lengths. Substantial carbon 

failures oCCur above the failure strain of the parent carbon composites. 

therefore more energy is released and the likelihood and extent of debonding 

at the carbon fibre/resin interface as the broken fibre attempts to contract 

is increased, thus increasing carbon pull-out lengths when the final failure 

passes through these points. 

The statistical aspect of the failure theory is supported by the 

acoustic emission recordings of tensile tested bonded c.f.r.p./g.r.p. hybrid 

composite specimens as monitored by Bunsell and Harris(24). Acoustic emissions 

were initially recorded below the expected failure strain of the c.f.r.p. 

alone. The acoustic activity increased around the first load drop and subsequent 

drops were accompanied by large bursts of acoustic emission. The failure theory 

is consistent with these results providing that the majority of the acoustic 

emissions can be interpreted as fibre failures. Marshall(23) and Phillips(26) 

both briefly suggest that the presence of the E-glass fibres retards the 

catastrophic propagation of fibre failure and Marshall comments that if this 

is so he would "expect the configuration of the glass fibres and the carbon 

fi bres within the matrix to be important". The consequential theoretical effects, 

assuming the failure process described in this section 

and 

to be correct, of varying 

the hybrid composite V T , fi bre geome tri cal arrangement, ra ti 0 of V gIV cf 

system on the hybrid tensile stress v strain curve is now discussed and compared 

with the appropriate experimental results given in sections 4.8.6 to 4.8.9. 
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4.8.10.1 Theoretical Effect of VT 

The values of E£ and E' in a particular hybrid composite system 

;,hich exhi bi ts the hybrid effect are only expected to vary wi th VT at low 

VT values. TheoreticallyEEand E' decrease slightly at the bottom range of 

V T due to changes in the degree of mixing of the carbon fibres and E-glass 

fibres. The mixing of the two fibre types is limited to the mixing of the 

tows. Therefore with a very low VT one carbon fibre tow represents a 

considerable proportion of the carbon fibres present in the hybrid composite 

and so a low degree of mixing becomes unavoidable. As described later in 

section 4.8.10.2 a low degree of mixing is proposed to reduce the magnitude 

of any hybrid effect in the initial failure strain of the hybrid ·composites. 

Consider 3:1 and 1:1 hybrid tape composites. The two fibre types are regarded 

as intimately and evenly mixed but at some low value of V T the reduction in 

the degree of mixing becomes significant and acts to reduce e. rr • Theoretically 

the VT range over which E" reduces is greater for the 3:1 tape composites 

since at any V T one tow represents a larger proportion of the total carbon 

content than in the 1:1 tape composites. 

The values for E.s (= E! ) obtained experimentally for the 3: 1 and 1: 1 

tape composites neither support nor contradict the theory. Section 4.8.2.2 

concludes that there is no significant difference amongst the mean cE (= f./) 

values of the 1:1 tape slabs tested (VT range 0.17 to 0.50). The same 

conclusion is tentatively reached in section 4.8.1.2 for the 3:1 tape slabs 

tested (VT range 0.23 to 0.51). To test the validity of the described 

theoretical effect of VT on c:~ hybrid tape slabs wi th lower VT need to be 

fabricated and tested. 

4.8.10.2 Theoretical Effect of Fibre Geometrical Arrangement 

The effect of fibre geometrical arrangement on the £.E and E' values 

of the hybrid composites is studied by considering the ease or otherwise with 

which multiple and SUbstantial carbon fibre failures (as discussed in section 

4.8.10) may occur. Firstly the effect of positioning carbon fibres in the 

outer layers of hybrid composites is briefly considered. Increasing the 

proportion of carbon fibres in the outer layers of a composite tend to reduce 

E..E and £' values since the failure of any of the outer fibres produces higher 

stress concentrations on the fewer neighbouring fibres than on those around 

a failed inner fibre. Thus multiple failures and substantial failures are more 

likely to occur in the outer layers. In addition any damage incurred by a 



composite since fabrication is likely to be concentrated in its outer layers 

of tape which, as their carbon content increases, increases the number of 

potential initiation sites for multiple and substantial propagations of 

carbon fibre failure, thereby tending to reduce £.E" and E' values. 

Secondly. the degree of mixing of the carbon and E-glass fibres in 

their hybrid composite is considered. It is suggested that in a hybrid 

composite with a very low degree of mixing of the two fibre types substantial 

propagation of carbon fibre failure is encouraged. Carbon fibre failure is 

free to propagate through a large proportion of Vcf before reaching and being 

impeded by a large barrier of the H.E. E-glass fibre. Therefore theoretically 

E." = £ I and any hybrid effect in E' is minimal. 

e:. E equal toE' is also predicted for hybrids with a high degree 

of mixing. Here the extent of the possible propagation of carbon fibre failure 

before a barrier of E-glass fibres is reached is minimized, but so is the size 

of the barrier. The point E' is suppressed until waves of dynamic stress 

concentration caused by a multiple carbon fibre failure in one group of carbon 

fibres are not sufficiently aamped by the E-glass fibres to prevent spreading 

the failure to neighbouring groups of carbon fibres and beyond. Therefore 

£' is suppressed (producing a positive hybrid effect) but not to such an extent 

that the single and minimized multiple carbon failures accumulate sufficiently 

to produce a distinct €.E value prior to E' • 

It is proposed that an intermediate degree of mixing promotes distinct 

El! and £' values. The groups of carbon fibres are larger than in the above 

case, increasing the extent of a propagation of carbon fibre failure possible 

before reaching a barrier of E-glass fibres, which is correspondingly l~rger. 

Thus the point £1 is again suppressed until dynamic stress waves from a 

multiple failure in one group of carbon fibres cause the failure of a neigh

bouring group(s) of carbon fibres, despite the intervening barrier of E-glass 

fi bres. c' here is expected to be approximately equal to E. 6 = E' in the case 

above for a high degree of fibre mixing. However, for intermediate mixing the 

increased possible extent of a multiple failure confined to one group of carbon 

fi bres is sufficient for their accumulation prior to £.' to noticeably weaken 

the composite, producing a distinct El! value. 

Thus for hybrid composites varying only in fibre geometrical arrange-

ment with 

i) a low degree of mixing:- E.E =t::' and tends tOHards E!M 

ii) a high degree of mixing:- E. e =£' and exhibits a posi ti ve hybrid effect and 

iii) an intermediate degree of mixing:-E."and c' have distinct values, that of 

£E falling between the c:.evalues obtained in cases i) and ii) and that of 

c"' be'ng . t I <0. • approx1ma e y equal to E' in case ii). 



The majority of the experimental tensile results of slabs 37 to 39, 

45 and 46,and 3:1 and 1:1 slabs (as presented in table 16 and discussed in 

relation to the fibre geometrical arrangements in section 4.8.7) ,support the 

above theory. Slab 37 (CG~G~C) has the lowest degree of fibre mixing and all 

the carbon fibres are in the outer layers. The theory predicts El< = c: I ~ E:M • 

The experimental results are EE = E. I = 0.45%. The difference between this 

and ~ = 0.47% is not significant. The highest degree of mixing of the two 

tow types occurs in the two series of 3:1 and 1:1 hybrid tape slabs. In 

agreement lrith theory both sets have EE = c' , exhibiting a positive hybrid 

effect, E e being 0.6Cf/o and 0.7f'J% for the 1:1 and 3:1 hybrids respectively. 

Slab 46 (G~CG .. CG"CG,,) with an intermediate degree of mixing has distinct EEi 

and E I values of 0.59% and 0.68% respectively. The expected value of c: E 

= E' for an equivalent intimately mixed hybrid is approximately 0.64% (see 

figure 103). The slightly high value of E' = 0.6f'J% may be attributed to the 

lack of carbon fibres in the outer layers of slab 46. 

Result's of specia.l interest are those for slabs 44 (3:1 1:1 3:1 1:1 

3:1 1:1 3:1) and 45 (1:1 1:1 3:1 1:1 3:1 1:1 l:l} Specimens from both these 

slabs showed mixed behaviour, indicating that the degrees of mixing of the 

fibre types lie between intermediate and high. From slab 44 three of the 

six specimens tested have distinct EE and E. I values, the average values 

being E" = 0.77% and E. I = 0.82)1:. The results are rather higher than expected 

according to figure 103. The lower than average carbon content of the outer 

layers should act to increase E Er and E. I and an additional point of note is 

that the scatter in the E C (CV = 8.2)1:) and e: ' (CV = 11.2)1;) values for slab 44 

is greater than that for most other slabs. From slab 45 five of the six 

specimens tested have distinct E. E and E.' values. The average c:"value of 

0.62)1: is approximately equal to that of 0.60% for the 1:1 hybrid tape slabs, 

suggesting that multiple carbon fibre failures occur in the 1:1 layers of 

slab 45 in the same manner as in their parent 1:1 tape composites but that 

the 3:1 layers are successful in limiting the failures until E' = 0.67%. 

A few of the experimental Elt and E.' values are slightly different 

from those expected according to the degree of mixing but these can frequently 

be related to the proportion of the carbon tows in the outside layers of tape, 

e.g. EE for slab 39 is low at 0.47% but 5Cf/o of the carbon fibres are in the 

two outside layers. 

It is concluded that the tensile results of the hybrid slabs with 

different fibre geometrical arrangements support the proposed failure mechanisms. 
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4.8.10.3 The Effect of VglvCf 

Evaluation of the theoretical effect of the ratio of VglVcf on the 

considering the C E and c' values of a hybrid composite is approached 

changes in fibre geometrical arrangement and the changes 

by , 
necessary for E 

in the quantitative value of the 'substantial' carbon failure as the ratio 

of V/'cf is varied. The following discussion is based on a hybrid composite 

"'i th a degree of fibre mixing such as occurs "'hen using hybrid tapes and on 

a VT value of around 0.4. The ideas apply to alternative hybrids but must 

be considered in conjunction with the effects of the changes in the other 

parameters. 

First consider the changes in fibre geometrical arrangement ",ith 

V/'cf' In a carbon rich hybrid composite the hybrid may be regarded as 

isolated E-glass tows in a matrix of the carbon fibres/vinyl ester resin. 

Therefore the E-glass is ineffective in impeding the propagation of carbon 
01 iF' e Iv fi bre fal ure so €. = €. "" £ llM is expected. In addi tion as the Vg' 0 cf 

ratio is reduced failure at £.E is more likely to be catastrophic, the E-glass 

fibres being subjected to greater strain concentrations upon the failure of 

the carbon fibres. At very high V/'cf ratios there are massive barriers of 

E-glass fibres separating each carbon to", so the propagation of carbon fibre 

failure is severely limited. If there is sufficient carbon fibre the accumu

lation of single and multiple carbon fibre failures eventually produce a 

distinct C;E value. Catastrophic failure at £' occurs due to the propagation 

of E-glass fibre failures. £' is expected to be slightly less than the 

failure strain of the parent E-glass composites due to strain concentrations 

around previously failed carbon fibres. The situation for· intermediate V/' cf 

ratios is as discussed in section 4.8.10.2 for intimately mixed hybrids. The 

E-glass limits the extent of carbon fibre propagation until the strain is 

high enough for any dynamic stress waves from the failure of carbon fibres 

in one tow,damped by the intervening E-glass fibres.to cause further failure 

of carbon fibres in another to",. The stress at which this occurs must increase 
E ' € as the size of the E-glass barriers increases. Therefore E. = E. > Em and 

increases with increasing V/'cf' 

The above is now summarized. At low V/'cf ratios e~ =£' = E~ 
Positive hybrid effects are expected to occur when V/'cf is increased 

sufficiently for the E-glass tows to disturb the continuity of the carbon 

tm,s (Le. when the hybrid can no longer be regarded as E-glass to",s in a 

matrix of carbon fibre/vinyl ester). E. e still equals E. ' As V/' cf increases 

through the intermediate range the magnitude of the hybrid effect increases, 
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until in the high vglvcf range carbon ~ailures can not spread between tows. 

Distinct c E and' E I values occur, E: being slightly less than the failure 

strain of the parent E-glass composite. At very high Vglvcf ratios C £ and 

c' c... coinci de. 

Now consider the variation in the extent of carbon fibre failure 

equalling 'substantial' 

4.8.10 the ratio of the 

failure as vglvcf varies. 

applied load after to that 

At the beginning of section 

before (PI Ip) a propagation 

of carbon fibre failure in a carbon fibre/600 tex E-glass fibre/vinyl ester 

composite is shown to be given by equation 135. 

LA1E 
= A1 El (r.-L) + AEL 

Substantial failure is defined as occurring ,.,hen 3. ~ 0.99. As 
P 

the ratio of V gIv cf is increased the minimum fraction of V cf' F cf failing andl 

or the minimum ineffective length, 'as given by L, necessary t~ cause a sub-

stantial 

that PI 
p 

failure must also increase. The relationship between ~ and Vcf given 

= 0.99, Fcf = 1.00 and VT = 0.40 is derived from equation 135 by 

PI '2 substituting the following: L = 50mm; = 0.99; AI = (l-Vcf)A, mM ;E = 32.3 + 
P 

I 2 / 2 l66.5Vcf KN mm and El = 32.3-75.6Vcf KN mm. The result is 

2 
16.l5-53.95Vcf + 37.80Vcf mm 

Vcf (75.6Vcf + 274.4) 

The relationship between F f and V f given that PI = 0.99, ~ = 0.5mm 
c c -

and VT = 0.4 is derived from equation 135 by substitutingPthe following: 

(145) 

L = 50mm; Pt = 0.99; ~ = 0.5mm; E = 32.3 + l66.5Vcf KN/mm
2

; El = 32.3 + l66.5Vcf P 
242.1 FcfVcf KN/mm

2
• The result is 

Fcf = 1.65 + Vcf -J Vcf
2 

+ 0.40Vcf + 2.16 

2.l9Vcf (146) 

£ and Fcf are plotted against VCf/VT in figure 110. For their fixed 

conditions both the rate of increase in the minimum required values of £ and 

Fcf for a substantial,carbon fibre failure increases as Vcf/VT decreases, i.e. 

as vglvcf increases. This suggests that for a hybrid composite the trend in 

c. E and E' is to increase with the ratio of Vglvcf' Note that at low VCf/V T 

the possibility of a substantial failure rapidly decreases. 
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These results are in line with the behaviour of £E and E I predicted 

due to the changes in fibre geometrical arrangement accompanying variations 

in v;V cf as first considered. Thus in the hybrid composi tes as v;V cf inc-
c F I h reases ~ and E are expected to increase due to teE-glass acting more 

efficiently as a barrier to the propagation of carbon fibre failure and due 

to the failure of the same proportion of the carbon fibres (with similar 

ineffective lengths) having a smaller effect on the hybrid tensile stress v 

strain curve. The theoretical behaviour of EE and £' with V;Vcf is now 

compared with the results obtained experimentally. These are discussed in 

section 4.8.8 and figure 103 is a plot of c:.
C and £' versus Vcf/VT. Equation 

128 is found to approximate to the relationship between £E = E' and V cf/V T 

when using the results from the 3:1 and 1:1 hybrid tape slabs as the dominant 

points. 

• • (128) 

As predicted by the theory there is very little increase in c:. E above 
.: 

ERM. = 0.47% at high VCf/VT ratios. The rate of increase in c:€ increases 

with decreasing Vcf/VT and equation 128 predicts Ef!' = 1.96% (the failure 

strain of the parent 600 tex E-glass composites) at approximately Vcf/VT = 0.02. 

Quali tati vely the theoretical and experimental results agree. 

4.8.10.4 The Effect of the gybrid Composite System 

In this section the theoretical effects of the changes made to the 

hybrid composite systems in this research on the hybrid effect are considered. 

This aspect of the experimental work is discussed in section 4.8.9. 

Firstly consider changes in the carbon fibre surface treatment. The 

changes resulted in a range of carbon fibre/vinyl ester interfacial bond 

strengths. In theory increasing the interfacial bond strength encourages 

the propagation of fibre failure since when failures reach strong carbon fibres 

the propagation is less likely to terminate in debonding at the fibre resin 

interface. This effect is shown to be minimal in section 4.7.1.2 with no 

significant difference in the tensile results of the three 7C (as rec.), 7C 

(etched) and 7C (no c.-a.) slabs. Any effect in the hybrids must be to reduce 

EE and c:. ' • However if the fibre debond length is reduced the ineffective 

length { of a failed fibre must also be reduced and this acts to increase ~E 
and E' • Therefore the theoretical behaviour of ~ E and E' depends on the 

relative magnitudes of the two opposing effects. The experimental tensile 
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results for the range of 4G3C slabs tested are inconclusive but there is 

no obvious trend in the values of C:C and E' with changes in the carbon fibre 

surface treatments. 

Consider the effect of variations in the tensile characteristics 

of the E-glass fibres. Theoretically a greater elastic modulus fractionally 

increases the Fcf and L values necessary for a substantial carbon fibre failure 

and therefore must tend to' increase the hybrid c: E and c:.' values. The 
. '" expected failure strain of the E-glass flbres , c:. g I in the hybrid composi tes 

(i.e. the expected failure strain of the parent E-glass composite) is considered 

in relation to the expected values of c E 

greater than the estimated values of E E 

"" ~ 

, ~ 

and E When Eg is considerably 

and E.' then E" and E' are 

independent of Eg • As E.g decreases and approaches the expected values of 

£ C and £' the 'barriers' of E-glass fibres become more susceptible to the 

strain concentrations caused by failing carbon fibres (this should tend to 

increase the V~Cf ratio at which catastrophic failure occurs at £' ). 
"" Where the CV of £g is large weaker E-glass fibres may fai 1 but further 

propagation be resisted by the stronger E-glass fibres. Thus a large load drop 
, ~ 

at a reduced C value is encouraged. With a low CV of Eg once the propagation 

of fibre failure enters the E-glass fibres catastrophic composite failure is 

likely to re suI t. With very low values of eg the hybrid value of E' may be 

reduced and equal 

E.. E if distinct 

E. E • Random E-glass failures may contribute to the point , 
from E and, whether di stinct or not I carbon failure may 

propagate into and through the E-glass fibres causing catastrophic failure 
E 

before E:. would normally occur. 
.-.. 

Therefore in theory reducing E:g has a significant effect on hybrid 

E e and E' when the ability of the E-glass fibres to impede the propagation 

of fibre failure at or before the expected values of EO and E' is impaired. 
- cc I Once this occurs in general as Eg decreases '- and E decrease and in the 

cE' I -extreme case ~ = E = £ with a minimal hybrid effect. 

The theoretical effect of changes in the interfacial bond strength 

of the E-glass fibre/vinyl ester on the hybrid values of e.E and E' is 

considered in the same manner as for the carbon fibres. When a propagation 

of carbon fibre failures reaches E-glass fibres a low interfacial bond strength 

encourages the termination of the failure in E-glass/resin debonding, diffusing 

and absorbing energy of the propagation. Thus the E-glass acts as a more 

efficient barrier to fibre failure but the debonding tends 

effective' values of the failed carbon fibres. These two 

to inc'rease the 
E effects on e and 

are opposing. With a high E-glass/resin bond strength the energy of a prop

agation of fibre failure is less likely to be diffused by debonding at the 

E 
I 
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E-glass/resin intsrface. Therefore the two probabilities of the failure 

propagating into fUrther carbon fibres and into the E-glass fibres are 

increassd. However. the value of ~ is kept to a minimum with no supplement 

due to debonding of the E-glaes fibres. Therefore according to theory the 

two effects of yarying the E-glass/vinyl ester interfacial bond strength 

on the e" and e' values of a hybrid composi te are opposing and the overall 

behaviour of e E and £' must depend on the relative magnitudes of these effects. 

Comparison of the theoretical effects of changes in the properties 

of the constituent E-glass fibres on the tensile properties of the hybrid 

composites with the experimental results (as discussed in section 4.8.9) is 

only of value in respect to the effect of changes in fg on the hybrid E. t! 

and £' values. The extent of any influence of the constituent E-glass 

elastic modulus and the E-glass/resin bond strength on the hybrid £. E and 

£.' values is masked partly by scatter in the tensile results but mainly 

by the effect of changes in the failure strain of the parent E-glass composites 

which accompanies the changes in bond strength. At the end of section 4.8.9 

it is concluded that the general trend of the £6 and £' values of a hybrid 

composite is to decrease as the failure strain of the parent E-glass composite 

falls below approximately 1.30%. This is illustrated in figure 105. According 

to the theory the 1.30% strain level must be that at which the efficiency of 

the E-glass as a barrier to the propagation of fibre failure is impaired. 

The four hybrid composite slabs 48, 49, 58 and 59, containing no c.a. E-glass 

fibres [c:.!' of G6 (no c.-a.-) and G
5 

(no c.-a.) is 0.88% and 1.06% respectivelyJ, 

all have £E = . £' "" 0.52% whilst slab 47, 4G5 (as rec.) 30 (as rec.) 

[ e..E of G
5 

(as rec.) is 2.02%J, has distinct £E and £' values with £E = 

0.60% and £' = 0.76%. The trend of these results is in agreement with the 

theory. The effect of different €!> values of the E-glass failure strain 

di stri butions on £" and £.' can not be assessed since it was concluded in 

section 4.7.2.4 [summary point xDthat the failure strains of the Al87, AllOO 

and no c.-a. E-glass fibres do not follow a Weibull distribution due to 

damage during the treatment processes. A re suI t which looks out of place in 

figure 105 is that for slab 56 with Eo' = E.' = 0.67% [:€g for constituent 

G" (AllOO) is 1.61%J. However, E. E equal to £' may be explained by an 
unuB]lal distribution of the constituent 600 tex E-glass fibre (AllOO) failure 

strain in conjunction with the high carbon fibre/resin and E-glass fibre/ 

resin bond strengths. Thus in general the qualitative theoretical predictions 

and experimental results are compatable. 

This section has proposed a failure process for the carbon/E-glass 

hybrid composites and presented supportive experimental evidence. Previous 

quantitative theories to explain the hybrid effect are now considered and, 

where appropriate,developed further. 
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4.8.11 Quantitative Hybrid Composite Tensile Failure Theories 

This section considers the value of existing theories in predicting 

the hybrid effect in the initial tensile failure stress and strain in relation 

to the E-glass/carbon/vinyl ester hybrid composites tested here and adapts a 

statistical failure theory for single fibre type 

osites. The literature review mentions theories 

and covers the statistical theory of zweben(7). 

composites to hybrid comp-

based on fracture energies(6)(28) 

The original intention was 

to compare quantitatively the results of the hybrid composites tested here 

with the theory of Aveston and Sillwood(6) (energy based) and Zweben's statis

tical theory. However for a number of reasons, some arising from the 

conclusion that failure of the parent composites and the hybrid composites is 

a statistical process, the energy based theory is not considered suitable. 

The theoretical hybrid composite tensile stress v strain behaviour postulated 

by Aveston and Sillwood is limited, being based on a composite in which the 

failure of the L.E. fibre does not cause catastrophic failure of the whole 

composite. Their theory assumes that whenever a L.E. fibre failure occurs 

this is immediately followed by the failure of all the other L.E. fibres and 

that these failures are co planar and perpendicular to the fibres. This is not 

the case for the E-glass/carbon fibres tested here as is shown by their 

stress v strain curves and their fracture surfaces. In addition the theory 

applies to composites with an intimate mixture of fibres. Although the carbon 

and E-glass fibres are evenly distributed in the composites composed of 

hybrid tapes the fibres are not intimately mixed. The decision not to compare 

the experimental results with this theory is probably justified solely by the 

first assumption stated. However further reasons are the unfulfilled prediction 

of a secondary modulus (equal to E V + E V ) beyond the first failure strain g g m m 
and the fact that the surface work of fracture of the carbon fibre,~~, is 

not known but is a major term in the equations for the first failure strains. 

As in reference 6,2Sf would have to be estimated at the corresponding value for 

graphite of 150 Joules/m2 and so the theory could not be properly tested. 

For these reasons the experimental hybrid tensile results are not compared with 

those predicted by the theory of Aveston and Sill wood. 

Consider Zweben's work presented in reference 7. This statistical 

theory for the tensile strength of hybrid composites is modelled on a unidirect

ional hybrid composite consisting of two dimensional arrays of alternating 

H.E. and L.E. fibres. Zweben assumes that impregnated yarns can be treated as 

fibres, hybrid composites usually being a mixture of yarns rather than single 

fibres. The lower bound for the composite failure strain is taken as the 

strain at which the first overstressed H.E. fibre is expected to break and the 
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analysis is based on the assumption that before the failure strain is reached 

fi bre break propagation in the L.E. fibres is arrested when the crack reaches 

the H.E. fibres. However the tensile results of the carbon/E-glass/vinyl 

ester hybrid composites show that the first failure strain is usually caused 

by failure propagating amongst L.E. fibres and only when a low failure 

strain E-glass fibre is used in the hybrid is the first failure strain due 

to failure of overstressed H.E. fibres. Both of these failure processes are 

considered. The process described by Zweben is considered first. The theory 

is extended to cover the' 3-dimensional composites studied here. Consider a 

hybrid composite fabricated from layers of 1:1 tape. Treating the yarns as 

fibres the arrangement of the fibres approximates to an hexagonal array. On 

average each of the L.E. carbon fibres is surrounded by 2 L.E. and 4 H.E. 

fibres. In this model there are ~ H.E. and ~ . L.E. fibres. Following a parallel 

analysis to that given by Zweben(7) the tensile failure strain distributions 

for the L.E. and H.E. fibres are: 

F
L
!; (t:.) cl 

FHE (£) = 1 

exp (- pL E. '1 ) 

exp (-rLES
) 

(26) 

( 27) 

At the strain c.. the expected number of L.E. fibre breaks, X
LE 

' is 

X LE = ¥ JF
LE 

(Eo) (147) 

where J = L (b,:L) 
_) n 

bh 
The neighbouring L.E. and H.E. fibres are subjected to strain 

concentrations, k~E E. and kHEE, over the ineffecti ve length of the failed 

L.E. fibre in the hybrid, bh The probability (PHg ) that a H.E. fibre 

fai ls due to the increase in strain, (k".-I)E, given that it did hot fail 

at E. is 

PHE = F"'E (kkE€') - F HE (t:. ) 

1 - FilE (c: ) (148) 

The probability that at least one of the four H.E. fibres surrounding 

a failed L .E. fibre fail s is 

P2H E" = 1 - (1 - PHE" )4 (149) 

Therefore the expected number of sites where over stressed H.E. fibres 

have failed is 

X 2H .. = XLE P2H E" 

The strain at which the first overstressed H.E. fibre failure is 

expected to occur,E2H .. , is derived by equating equation 149 with unity 

and making certain simplifying assumptions. E: 2"'''' occurs when the magni tude 

of the cumulative distribution functions is very much less than one, therefore 
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the term FHE(c) is neglected in the denominator of equation 148 as are products 

and squares of the functions in equation 149. Thus equations148 and 149 become 

PHe = FHE (kH,E) - FH!; (e) 

1 

PI!HE = 1 - [l-FHIi(kHE €) + FHe(€.)]4 

"" 4F HE (k .. r.C) - 4F HE (e.) 

• (151) 

(152) 

Approximating equations 26 and 27 it follows that exp(-pLEq)~l pLE'i. 

and exp (_rLE S ) ~ 1 _ rLE s 

. . F (€) = pL€q 
LE 

and 
• (153) 

F H&(E) = rL£ S (154) 

Substituting for XLE and P,He in equation 150 and equating with 

unity it follows that 

1 = 2LNprbhE~ c .... (k!:'1i -1) 

.'. £2.~ = [2LNprSh (k!", -I)r.!q~.s' (155) 

This represents the lower bound on the initial hybrid composite 

failure strain, £' , given that £' is due to the failure of overstressed H.E. 

fibres. The expression for the lower bound failure strain of the L.E. parent 

composite is I 

£L =[6NLp2.& (I<'1. _l~-'i.q 
I .... 

Therefore the ratio of the failure strains C 2HE and CL is 

= [2LNpr bh (k!r -1 TI - !.q.s 

~NLP~6 (k·-l~-J.iq 
The equations used to calculate b , &" ,k and kHE for a two 

dimensional composite are those given by Zweben in reference 7. 

2 

~ (-m-'-(-2--m-;-:-)--~-:-'-:-(-2--m--:--)) 
k = 1.293 

• 

• 

• 

.. 

• 

(157) 

• 

• 

• 
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where f = 

• 

and 

For the three dimensional parent L.E. composite & is calculated from 

equation 3 but in the 1:1 hybrid composite the value of S for a broken carbon 

fibre is increased due to 4 H.E. fibres, with a lower elastic modulus, replacing 

4 of the 6 neighbouring L.E. fibres. In Zweben's model S changes to Sh due 

to the 2 neighbouring L.E. fibres being replaced by 2 H.E. fibres. Therefore 

in the three dimensional composite Sh is assumed to be approximated by & 

multiplied by ~x (the ratio of ""'/& as defined by zweben(7)). Similarly for 

k and kHE , the three dimensional parent L.E. composite k = 1.104 and kHE 

is approximated by 1 x (the ratio of kH~/k as defined by Zweben(7)). 
3 

In practice the experimental ratio of the lower bounds of E' 

approximate to the ratio of the average values of c' and EL Therefore the 

ratio of the average experimental strain values are used in comparisons between 

the theory and experiment. 
I 

E. 2HE is now calculated for the 1:1 E-glass/carbon/vinyl ester hybrid -=-EL 

composite under consideration,with VT = 0.4. 

~ = 

• 
• bh 

where 

and 

• 
• 

[..L. 242.1 (1 - 0'4
t )1!-

2 2.15 0.4~ 

= 9.32 x1x 2 

3 1·531 

f = 242'g 
75. 

= 3.20 

m, = 1.54 and m, = 

Sh = 9.25mm 

k = 1.104 

x 1 
"'"I 
f2 

0·52 

k H.= 1.104 x 2 x 1.693 = 
3 

x 

0.5423 = 9.32mm 

m2 
2 - m ~ , 

~, (2-m~ ) - m2 (2-m; ~ 

1.246 

N = c.s.a. specimen 
c.s.a. carbon tow ('" c.s.a. 600 tex E-g1ass tow) 

= 34.6 

L = 50mm 



174 

Zweben estimated the ~Iei bull parameters for the L .E. and H .E. I fi bres I, 

P, q, r and s, from the tensile characteristics of their parent composites. In 

the absence of impregnated tow data the same is done here. For the carbon 

composites the average failure strain is 0.47~ with a CV of 8.10% at L = 50mm. 

The 600 tex E-glass composites have an average failure strain of 1.9~ with a 

CV of 6.63%. The resultant Weibull parameters calculated from parallel equations 

to 16 and 48 are: 

p = 1287.1; q = 15.36; -8 r = 3.07 x 10 ; s = 19.10. 

Substi tuting these values into equation 157 gives the theoretical ratio 
I 

for the lower bounds of C::>-tIE 
....".,-

£L 
. I . 

, [ -8 I~"O J - J-(s:3" .. 19.IO 
[Z~=~.O x 50 x 34.6 x 1287.1 x 3.07 x 10 x 9.25 (1.246 -l~ 

-k r, 2 15'3E. 1 2<15.'3" 
~ X 34.6 x 50 x 1287.1 x 9.32 (1.104' -l)J 

= 2.14 

This is greater than the ratio 0.60/0.47 = 1.28 obtained experimentally 

for the average failure strains of the 1:1 hybrid and parent carbon composites. 

This is as expected since the first failure strain for the 1:1 tape hybrids is 
I I 

caused by the propagation of failure amongst the L.E. tows. Therefore £ =£ZLE, 

the strain at which the first over stressed L.E. tow is expected to fail. This 

alternative failure process is now considered for the 1:1 hybrids. The hybrid 

composite is regarded as carbon tows in a matrix of E-glass/viny1 ester resin. 
I ~ 

Therefore EZLE is represented by the same equation 156 as EL but with N, I) 

and k replaced by~, bLl; and k L•• This gives the ratio of the lower bounds to 

the failure strains C:~Ui and EL as 

• 

. / 2 bLE is calculated from equation 3 in which ~ is equal to 4.88KN mm , the 

shear modulus of the 600 tex E-glass/viny1 ester resin matrix, Vg~ = 0.25 

( see fjgure 37) • 
I/Z 

bu = ~. 2~2.1 (1 ~. ~',,~ '~ 0·5423 =3. 36mm 
2 3.90 

b = 9.32mm, k = 1.104 and q = 15.36 



175 

The unlalOwn value i s k.~. The strain concentration due to a fai led 

carbon tow acts primarily on the E-glass tows in the 'matrix' and therefore 

the strain concentration k.e

be considerably reduced below k 
acting on the neighbouring carbon tows must 

In order to gain an approximate idea of 

the validity of equation 158 k.Eis estimated. The value chosen for k." 

is[l ~k; l~ = 1.035. The reason for this is that on average each carbon 

tow is surrounded by six tows, two of which are carbon. It is recognized that 

this estimate of kLE is a likely source of error. The strain ratio as given 

by equation,158 is now calculated. 

:~LE = [3.36 (1.035'5.% 

EL L18.64 (1.104'5.3~ 

-%: -l)l 30.72 

l)J 
~~ = r2-34r Y30072 
EL ~6.56J 

= 1.12 

This is below the experimental ratio for the average strains of 1.28 

suggesting that k LE is overestimated by 
E' obtained for the strain ratios ~ and 
EL 

the value 1.035. However, the values 
I 

E~Ui are promising considering the 
~L 

simplifications adopted and the use of the parent composite tensile results 

in calculating the Heibull parameters for the carbon and 600 tex E-glass tows. 

The theory 

agation of 

correctly predicts that the first failure , strain occurs due to prop-

failure amongst the L.E. tows, since E2"~ 
EL 

e:~LE > -:;.;-- • 
E. 

So far only the specific case of a 1:1 tape hybrid 

considered. If the ratio of H.E.fL.E. fibres is increased 

increases due to the reduction in the number of L.E. fibres 

composite has been 
I 

C:2"'~ also 

decreasi ng the 

expected number of L.E. fibre breaks at a given strain. This effect is greater 

than the opposing effect of the increase (up to a ratio of 3:1) in the number 

of H.E. fibres surrounding each L.E. fibre. For example for a 3:1 hybrid tape 

composite one quarter of the fibres are L.E. but each of these is surrounded 

by 6 H.E. fibres. The strain ratio calculated in the same manner as for the 

1:1 composites becomes 

= 
r, s ~ -t-q ...... t· 5LNpr on (k~& -121 

~LNp2b (kq _ l~-V2<j (159 ) 



Assuming that the values of b., and k ~'" do not change significantly 

equation lS9 for a 600 tex E-glass!carbon!vinyl ester composite with VT = 0.4 

produces the value 2.16 compared with 2.14 from equation lS7 for 1:1 hybrid 

composites. 
I 

The ratio EZL6 also increases as the H.E.!L.E. fibre ratio increases. 
"-
EL 

For a 3:1 hybrid tape composite the ratio given in equation 1S8 (for 1:1 

composites) becomes 

• • • (160) 

However, both the values of b LE and k",change. b LE is calculated 

from equation 3 with (for a 3:1 600 tex E-glass!carbon!vinyl ester hybrid 

composite with VT = 0.4) Gm equal to that of a composite with Vg~ = VT = 0.33. 

. . 

kL •. is reduced due to the increase in the average separation of the carbon 

fibres. Again this value has to be estimated. It is arbitrarily given the 

value of 1.01S. Substituting into equation 160 it follows that 

= [ 3.97 (1.015.
5

•

36 

- 1) ] 

4 x 9.32 (1.104 tS.,,, - 1) 

The comparative increases in the 

1 
""2 q 

and 

1.17 

ratios 

suggest that as the ratio of H.E.fL.E. fibre increases the probability of £' 

occuring due to the failure of an over stressed H.E. fibre increases. This is 

logical since et of E-glass!carbon!vinyl ester hybrid composites is shown 

in section 4.8.8 to increase with E-glass (H.E.)!carbon (L.E.) fibre ratio, 

E t 
reducing the difference between and the expected failure strain of the 

parent E-glass composite. 

Rosen's theory(l) for the average fibre stress at the failure of 

a single fibre type composite, IT; ,is now adapted to hybrid composites. 

The theory ignores the effect of stress concentrations due to failed fibres 

and therefore the following equation is regarded as the upper bound on 

composite strength. 
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• 

Composite failure is assumed to occur due to a chance accumulation 
~ 

of fibre failures over one region. The above equation for er~ is equal to 

the mean strength of a bundle of the fibres of length b A basic 

assumption in the theory is that extensional stresses in the matrix are 

negligible in comparison to those in the fibres. Tb apply the theory to 

hybrid composites containing L.E. and H.E. fibres it is first assumed that 

it is the accumulation of L.E. fibre failures which weaken a region sufficiently 

to cause further substantial L.E. fibre failure and possibly H.E. fibre 

failure. It is assumed that up to this point, er' , that failure of H.E. 

fibres is negligible and the hybrid composite is regarded as L.E. fibres 

in" a matrix of H.E. fibres and resin. The basic assumption of Rosen's theory 

is no longer valid and the extensional stresses in the H.E. fibres must be 

considered. Tb achieve this the H.E. fibres in the hybrid are converted into 

equivalent L.E.fibres as is outlined below. Firstly the proportion of failed 

L.E. fibres in a bundle of L.E. fibres of length b expected to cause the 

failure of the whole bundle is estimated. This corresponds to the expected 

proportion of fibre failures in a L.E. fibre composite over a region of length 

o which causes the failure of the whole composite. 

In a bundle of fibres of length £, the expected proportion of fibre 

failures at bundle failure is the probability of fibre failure up to or at 

the failure stress level. The ~Ieibull distribution for fibre strength is 

given by equation 12 which approximates to equation 161. 

F (er) = 1 - exp (-o(Lo-~) '" 01 L 0-(1 .. (161) 

"'
Thus for a fibre of length b the probability of failure at D4:-

is given by equation (162) 

• 

and is equivalent to the proportion of fibre failures expected to cause 

composite failure. In a hybrid composite the failure of this same proportion 

of L.E. fibres in a region of length b LE can not be expected to cause the 

rest of the L.E. fibres to fail since the H.E. fibres bear a significant 

proportion of the redistributed stress from the failed L.E. fibres. The 

effective number of L.E. fibres, NEL , becomes 

I 
N IiL = N LE + N 

(162) 
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where NLE = the number of L.E. fibres 

N' = the number of L.E. fibres I'Ihich the H.E. fibres are 

equi valent to 

N' is calculated from the extensional properties of the tl10 

fibre types and the number of H.E. fibres, N HE • 

N' = E~E c.s.a. of H.E. fibres 
x NHE x 

E 
LE c.s.a. of L.E. fibres 

As previously stated failure of the H.E. fibres up to er is 

assumed to be negligible. Therefore the number of fibre failures expected 

(164) 

to cause the first substantial failure of the L.E. fibres (n) must come from 

the N~E L.E. fibres. n is calculated from the effective number of L.E. fibres • 

• • 

The stress, cr' , at which n fibres of length OLc are expected 

to have failed is calculated from the equation 

equals 

I 
IT 

• 

Equation 166 divided by equation 7 gives the ratio of 0- ' which 

c:. ' 

E' 

Now consider a 1:1 600 tex E-glass/carbon/vinyl ester resin hybrid 

composite with VT = 0.4. The tows are again treated as fibres and ~ in 

equation 167 is replaced by q = 15.36. NLE = 17.3, N H =.22.7, 6L,,=3.97mm 

and b = 9.32mm 

• E' 
= (17.3 

22.7 )

-k 
x 3.97 'S.ot.> 

x 9.32 
= 1.08 

(166) 

(167) 
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For a 3:1 600 tex E-glass/carbon/vinyl ester hybrid composite 'with 

VT = 0.4, NLE = 8.7, N"L = 16.8, bur = 3.97 and b = 9.32 :' 

= ( 8.7 X 3.97)-Jrs."?>G, 
16.8 X 9.32 

::;;:: 1.10 

, 
This extension of Rosen's theory predicts the correct trend in E 

-:=:
El' 

\-li th V g6/V cf but the errors in the actual values are greater than those in 
I 

the values of E.ZLE calculated from Zweben' s adapted theory. This is not 
~ 

CL 
I 

surpri sing since the fai lure process assumed \-Ihen deriving E 2L"- corresponds 
~ 

EL 

more closely than that assumed when 
, 

deriving e to the actual failure process 
0::::-
Cf. 

suggested for the hybrids in section 4.8.10. It seems that Zweben's adapted 

theory for the strain ratios has greater potential than Rosen's extended theory. , , 
Inaccuracies in the theoretical ratios E"HE and c2.LE stem largely 

EL. EL. 
from the original assumption that the two fibre types are intimately mixed which 

necessarily led to the treatment of the tows as single fibres. In addition 

fibre debonding is not considered. A more meaningful test of the ratios 

requires tensile data for the impregnated tows and accurate values for b L £ , 

bl, and k
HE

• 

When comparing the experimental tensile results of the parent comp

osites with the statistical theories,Barry's model(4) appeared more accurate 

than Rosen's and Zweben's. Unfortunately it is unsuitable for adaptation to 

the tensile failure of hybrid composi tes since it considers a uni t of approx

(due to imately 4000 fibres and assumes that when all of these fibres 

stress concentrations within the unit) complete failure of the 

follows. 4000 fibres are equivalent to 0.67 of a carbon tow. 

fail 

composi te 

In the E-glass/ 

carbon hybrid composites the failure of such a unit may spread through the 

rest of the tow but the hybrid failure theory predicts the suppression of 

propagation between carbon tows by the E-glass tows. Therefore the failure 

of a unit of 4000 fibres is not likely to result in £1. Treatment of the car

bon tows as single fibres is inappropriate since in a parent carbon composite 

with Vcf = 0.40 there are 34.6 carbon tows, considerably less than the 4000 

fibres in Barry's model. 
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This section is concluded by reviewing the major points arising from 

the adaptation of Zweben's thoery. 

The adaptation of Zweben's theory produced two equations for the ratios 

of the lower bound of the first failure strain of a hybrid composite to that 

of the parent L.E. fibre composite. For a 1:1 hybrid composite the equations 

are 157 and 158. 

= 

~Npr&,,(k:E -lD-l-q·.., 

~LNpz & (k'l -1 D -ls<j 

= I.'bu;(k~r _l~-!.zq 
L2!)(k~ -1) J 

• • (157 ) 

• • (158) 

Equation 157 applies when £' occurs due to the propagation of a L.E. 

fibre into a H.E. ·fibre in whioh case catastrophic failure of the hybrid is 
I . 

expected. Equation 158 applies whenE occurs due to the propagatlon of a 

L.E. fibre failure into another L.E. fibre in which case the failure is not 

likely (for the 1:1 ratio under consideration) to be catastrophic. Thus 
I I 

comparison between the ratios ~ and E,fu1:'-enables the prediction of the 
EL EL 

composite failure mode. The application of equations 157 and 158 to the 1:1 , 
hybrid tape composites tested here predicted the correct failure mode for £ 

of propagation amongst the L.E. fibres. Quantitatively when compared with the 

ratio of the average experimental strains for the 1:1 and the carbon composites 

the theory is conservative but promising considering the number of possible 

sources of error in the values used for the parameters. Accurate methods for 

calculating 0LE' bh and k~£are particularly important. 
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5. CONCLUSIONS 

The following conclusions concerning the range of carbon fibre/E-glass 

fibre/vinyl ester hybrid composites investigated are drawn from the results 

obtained in this study. The points refer to i) the existence of hybrid 

effects, ii) the dependence of hybrid effects on the hybrid parameters varied, 

iii) the tensile failure,mode, and, iV) tA9gp9tiaal failure theories for the 

prediction of the initial failure strain of hybrid composites. 

i) Hybrid composites can be fabricated to exhibit positive hybrid effects 
I I 

in initial tensile stress and strain (cr and E. ), posi ti ve or negative 

hybrid effects in maximum tensile stress (CJ-) and large negative hybrid, 

effects in maximum tensile strain (E). The elastic modulus (E) of the 

hybrid composites follows the rule of mixtures. The positive hybrid 

effect in initial tensile failure is of prime practical importance. 

ii) The magnitude of any positive hybrid effect in cr'and E' is dependent 

upon the ratio of VglVcf' the fibre geometrical arrangement and the 

tensile characteristics of the E-glass fibres.E' of the hybrids with 

an even, intralayer mixing of fibre tow types approximates to equation 

128. 

(
V) 0.36 

= 0.47 1 + v:; 'Z • 
E' (128) 

Changes in the fibre geometrical arrangement alter the values of £' and 

(]I'and distinct elastic limit and initial failure values can be obtained. 

,The E-glass tensile characteristics become important at low E-glass 
~ ~ 

failure strains (Eg) when reductions in Egtowards the normal failure 

strain of the carbon fibres decreases the extent of the hybrid effect 

in (]I/. Total fibre content has no effect on E' and any effect due to 

changing fibre/resin 

The magni tude of the 

parameters as is the 

interfaci.al shear strength appears negligible. 
~ 

hybrid effect in cr is dependent upon the same 

hybrid effect in cr' and C '. In hybrid composi tes 

with an intimate and even mixture of fibre tow types there is a positive 

a low VglVcf ratio, such that 

direct consequence of that 

..... 
hybrid effect in (]I In composites with 

hybrid effect is a 0- = cr', the posi ti ve 

in (]I', tending to zero as V cf -'> VT • lVhen V gIV cf is high the posi ti ve 

hybrid 

beyond 

degree 

effect is attributed to carbon fibres continuing to bear stress , 
CY, the effect tending to zero as V .... V • A decrease in the 

g T 

of mixing of fibre tow types acts to reduce the positive hybrid 
~ 

effect in CYand in extreme cases small negative hybrid effects occur. 

Tne effect of the tensile characteristics of the E-glass fibres on the 
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..... 
value of 0- is parallel to that on 

, I 
the values of 0- and c: • 

~ 

The magnitude of the hybrid effect in E is also dependent upon the 

ratio Vg/Vcf' fibre geometrical arrangement and the E-glass fibre tensile 

characteristics. The magnitude of the negative hybrid effect is reduced 

by both increases in the degree of fibre mixing and in the ratio V jv f' 
g c 

The tensile characteristics of the E-glass fibres affect the magnitude 
..... 

of the hybrid effect in E when the tensile properties of the E-glass 

are reduced sufficiently for catastrophic hybrid failure to occur at c:' 
~ 

i.e. for the value of c: to equal, and so be controlled in the same 
I 

manner as, €. • 

iii) The major characteristics of the hybrid composite tensile stress v strain 

curves are explained by a failure mode based upon the statistical natures 

of the fibre tensile strengths. The important point is that the H.E. 

E-glass fibres impede propagation of accumulating single and multiple 

carbon fibre failures (which in a parent carbon composite could lead 

to catastrophic failure), so suppressing initial failure. 

iv) The energy based hybrid composite tensile failure theory postulated by 

Aveston and Sillwood(6) is unsuitable for the carbonjE-glass hybrid 

composites. Adaptations of Rosen's(l) and Zweben's(7) statistical failure 

theories were considered.with Zweben's showing the greater potential. 

The modifications to and extension of Zweben's theory produced two 

equations for the ratio of the lower bound on hybrid composite initial 

tensile failure strain to that on the L.E. fibre parent composite 

tensile failure strain. They are applicable to unidirectional hybrid 

composite systems in which the H.E. and L.E. fibres are intimately and 

evenly mixed, have an hexagonal array and a ratio of 1:1. Equation 157 

applies .,hen initial failure strain is due to the failure of a U;:. fibre 

failure propagating through a H.E. fibre. Equation 158 applies when 

initial failure is due to the propagation of fibre failure amongst L.E. 

fi bres. 

I ~ s ~-.k-rs E:2 r<" = LNpr :!;h (k",; -1) q 

EL ~LNp2b (kq -lTI-t~~ • • 

I [ , r CZLE = ~Lc(kLC -1) 2.'1 

" Cl 2 & (kq -1) (158) 
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Comparison between the u;o ratios for a composite system enables the 

prediction of the composite failure mode, indicating whether or not 

initial failure is expected to be catastrophic. When compared with the 

experimental results for the 1:1 tape hybrid composites the correct 

tensile failure mode is predicted but the theoretical strain ratio 

is conservative, giving a value of 1.12 compared with the experimental 

value of 1.28. Despite this inaccuracy the theory is promising 

considering that the hybrid fibre ineffective lengths and strain 

concentration factors are estimated and that it was necessary to treat 

the fibre tows in the actual hybrid composites as individual fibres in 

the model composite. 
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6. RECOMMENDATIONS FOR FU'IURE WORK 

Further research directed towards the following is recommended. 

i) The effect of L.E. fibre bundle size on hybrid composite properties. 

ii) The effect of total composite volume on hybrid composite properties. 

iii) The effect of changing the L.E. fibre tensile characteristics (is the 

initial failure strain of the hybrid composites affected as predicted 

by the statistical failure theory?). 

iv) The development of models for ineffective lengths and stress concentra

tion values in 3-dimensional hybrid composites. 

v) The development of the simple hybrid model, upon which the statistical 

tensile failure theory is based, to fit practical hybrid composites in 

which fibre tows rather than individual fibres are mixed. 

vi) The extension of the quantitative statistical theory for hybrid initial 

tensile failure strain to include a factor dependent upon the ratio of 

H.E./L.E. fibres. 

vii) The hybrid effects in cross~ply hybrid composites compared with those 

in unidirectional hybrid composites. 

The monitoring of acoustic emission during future testing of hybrid 

composites is highly recommended. Careful interpretation of the data may 

provide a valuable picture of the internal failure process and a means of 

quantifying the extent of L.E. fibre failure occurring prior to the initial 

tensile failure strain of the hybrid composite. 
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APPENDIX I 

The Application of the Weibull Distribution to Fibre Strength 

Common reinforcing fibres such as carbon and glass contain 

numerous flaws along their lengths. These flaws result in a range of 

fibre strengths,the mean of which varies with fibre length. The distribution 

most frequently used to describe the statistical characteristics of fibre 

strengths is the Weibull distribution. The form of the Weibull probability 

density function applied to fibre strength is 

f (0-) = 0( L~ o-I?-I e (_olLCT~) 
• • • 

where f(O-) = the probability of fibre failure at stress level c:r 
L 

cl. and ~ 

= fi bre length 

= Weibull constants. 

The cumulative probabili ty function for fibre failure, F(o-), 
between the stress levels 0 to 0- is obtained by integrating equation (i) 

with respect to 0-

F (0-) 
"'-

(ii) 

The mean of the distribution of fibre strengths, c:rf ,is dependent 

upon 01. ,~and L and is defined by the following equation: 

00 

- J 0- F(O-) do-
o 

where 'T' indicates the Gamma function. 

For the case of unit length equation (iii) becomes: 

For practical fibres (? > I 

0.88 ~ 'T'(I+V~) ~ 1.00 

thus 

• (Hi) 

(iv) 

_ J I€!> 
The quantity 0( is often considered as a reference stress level 

although its units are not those of stress. 

The value of ~ pertinent to a particular fibre type is commonly 

obtained from the plot of log (mean fibre strength) v log (fibre length),or 

from the equation 

(v) 
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The value of cl.. can then be calculated directly from equation (iii) 

The standard deviation, 'Y , of the distribution function f(rr) 

is given by the equation: 

• 

The coefficient of variation, CV, is equal to the standard 

deviation divided by the mean. From equations (vi) and (iii) it follows 

that 

cv = 

cv = 

I 
o(-V"'L-'/t' ['1'(I+a/~)- rpa(I+I/e.U Y2 

eX _'/~ L-'/~ 'T'(I+I/~) 

The CV is solely reliant upon the value of ~. Thus ~ can be 

regarded as an inverse measure of scatter. Figure 3 in the main text is a 

plot of the variation of ~ with CV. As mentioned previously for practical 

(vi) 

(vii) 

fibres ~ > 1. Values between 2 and 4 correspond to brittle ceramics and a value 

of around 20 corresponds to a ductile metal. A CV of 12% is roughly equivalent 

to a e. value of 10. Typical CV of glass and carbon fibres lie between 10;1, 

and 30;1,. For 0.05" 0.5 CV equation (vii) is approximated to within 3% by 

Extending the application of the Weibull distribution from fibre 

strength to fibre bundle strength the equation for mean fibre bundle strength 

( frb ) has been derived and is given in reference 57 of the main text. 

• 

The correspondi ng CV of bundle strength (CV b) is 

where n = number of fibres in the bundle 

For fibres and bundles of the same length the ratio of mean bundle 

strength to mean fibre strength is derived from equations (iii) and (Lx) 

(viii) 

(ix) 

(x) 
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• 

'" 
The practical significance of the above is that Ob < I. 

'" 
Typically 

~ 
the mean fibre bundle strength is 70% to 80% of the mean fibre strength. 

The Weibull distribution, due to its close approximation to and 

consequential application to fibre strength distributions, is of great value 

(xi) 

in the development of composite tensile strength theories. Notable statistical 

analyses utilizing the Weibull distribution are those of Rosen and Zweben 

(references I and 3 respectively in the main text). 
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APPENDIX 2. 
Detailed Experimental Results 

Title 

Measured Fibre Diameters (df) and Cross-Sectioxal . 
Areas (c.s.a.) of GOOtex and 500 tex E-Glass :Fibres. 

Fibre and Resin Densities as Determined by the Density 
Bottle £echnique. 

Fibre Tow Tensile Strength. 

Resin and E-Glass Composite Shear Modulus (G) Results. 

Weight per Length of 6000 Filament Carbon, GOD tex E-Glass 
and 500 tex E-Glass Fibre Tows. 

Void Volume Percent Content of the Composite Slabs. 

Interlaminar Shear Strength (''til) Results. 

Tensile Results of_the Composite Slabs 1 to 61. 

The Main Step s in calculating the range of Composite 
Failure Stress Ij.!ld Strain for slabs 1 to 23 following 
Harry's Model(4J. 
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TABLE 2Al 

Measured Fibre Diameters (df ) and Cross-Sectional Areas (c.s.a.) 

of 600 tex and 500 tex E-Glass Fibres. 

d f , pm c.S.a. .• I-'m' 

600 tex 500 tex 600 tex 500 tex 

12.98 12~00 132.3 113~1 
12~93 11~26 131~3 99~6 
12~89 lL41 130~5 102.2 
12~70 11~06 126.7 96~1 
12~69 11~68 126~5 107.1 
12~82 11~89 129 .1 111.0 
12.80 11~51 128~7 104.0 
12.86 11~69 129 ~9 107 ~3 
12~80 11~86 128~7 110~5 
12~81 11~90 128.9 111.2 
12~87 11.90 130.1 111.2 
12~91 lL90 130.9 111.2 
12.81 12;13 128.9 115~6 
12~72 11~67 127.1 107 ~O 
12~79 11~68 128.5 107.1 
12~76 11~74 127.9 108~2 
12~87 11~26 130~1 99~6 
12~76 11~47 127.9 103.3 
12~75 11~34 127;7 101.0 
12~94 12~09 131.5 114.8 
12~82 11.27 129.1 99~8 
12~82 11.93 129.1 111.8 
12~78 11~83 128~3 109~9 
13~00 11~90 132~7 111.2 
12~84 11.79 129 ~5 109~2 
12~74 11~44 127~5 102~8 
12~81 11~58 128~9 105.3 
12~84 11.51 129~5 104~0 
12~85 11~79 129~7 109~2 
12~93 11~20 131~3 98~5 
12~68 12~08 126~3 114~6 
12~81 11~72 128.9 107 ~9 
12~80 11~46 128.7 103~1 
12~77 11;93 128~1 111~8 
12~70 11~94 126~7 112.0 
12~84 11~68 129~5 107.1 
12~84 11~74 129~5 108~2 

12~75 11;61 127.7 105;9 
12i76 11.62 127.9 106.0 
12.89 11.55 130.5 104.8 

12;82 11 .. 68 Average 
0.01 0.04 y~ 
'0.60 2.26 CV % 
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TABLE 2A2 

Fibre and Resin Densities as Determined by the Density Bottle Technique 

Specimen Density in gm/cm3 

6000 filament 600 tex 500 tex Derakane 
carbon fibre E-Glass E-glass 411-45 

Fibre Fibre Resin 

1 1.75 2.54 2.54 1.14 

2 1.76 2.54 2.54 1.12 

3 1.76 2.53 2.54 1.14 

4 1.77 2.54 2.54 1.13 

5 1.76 2.55 2.54 1.12 

6 1.77 2.54 2.53 1.11 

7 1.76 2.54 2.54 1.13 

8 1.76 2.54 2.54 1.14 

9 1.76 2.54 2.54 1.13 

10 1.76 2.54 2.55 1.13 
- -- - --

Average 1~76 2.54 2.54 1.13 

CV% 0.33 0.19 0.19 0.84 
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TABLE 2A3 

Fibre Tow Tensile Strength 

i) 6000 filament carbon tow,as rec. (c.s.a. = 0.231Omm2
) 

Specimen Gauge Length Max. Load Failure Stress 
L: mm 11, kg fr, N/lIID2 

1 253 9.4 399.2 
2 253 10.1 428.9 
3 253 ~O.5 445.9 
4 253 10.1 428.9 
5 253 11.1 471.4 
6 253 10.3 437.4 
7 253 10.3 437.4 
8 253 10.'2 433.2 
9 253 9.6 407.7 

10 253 10.9 462.9 
11 253 10.5 445.9 
12 253 10.1 428.9 
13 253 10.6 450.2 
14 253 9.4 399.2 
15 253 10.2 433.2 
16 253 9.7 411.9 
17 253 9.9 420.4 
18 253 10.0 424.7 
19 253 10.1 428.9 
20 253 10.2 433.2 

Average 431.5 

21 50 14.0 594.6 
22 50 12.5 530.8 
23 50 12.5 530.8 
24 50 12.0 509.6 
25 50 13.0 552.1 
26 50 12.6 535.1 
27 50 13.6 571.6 
28 50 13.2 560.6 
29 50 12.7 539.3 
30 50 12.4 526.6 
31 50 12.2 518.1 
32 50 13.8 586.1 
33 50 12.9 547.8 

, 
34 50 12.7 539.3 
35 50 13.0 552.1 
36 50 12.2 518.1 
37 50 12.7 539.3 
38 50 12.9 547.8 
39 50 13.2 560.6 
40 50 11.9 505.4 

Average 543.~ 
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TABLE 2A3 

2 ii) 6000 Filament carbon tow, no c.-a. (c.s.a. =0.231Omm ) 

~ -" Specimen L, mm P, kg 0- ,N/mm 

1 180 11.1 471.4 
2 180 10.7 454.4 
3 180 11.3 479.9 
4 180 10.5 445.9 
5 180 10.6 450.2 
6 180 9.9 420.4 
7 180 10.5 445.9 
8 180 10.9 462.9 
9 180 11.4 484.1 

10 180 11.3 479.9 
11 180 11.1 471.4 
12 180 10.8 458.6 
13 180 10.1 428.9 
14 180 10.7 454.4 
15 180 10.8 458.6 
16 180 10.8 458.6 
17 180 11.3 479.9 
18 180 10.7 454.4 
19 180 10.4 441.7 
20 180 9.9 420.4 

Average 456.1 
21 50 11.8 532.3 
22 50 11.5 518.8 
23 50 12.4 559.4 
24 50 12.6 568.4 
25 50 12.0 541.3 
26 50 12.4 559.4 
27 50 11.6 523.2 
28 50 11.7 527.8 
29 50 12.2 550.3 
30 50 12.4 559.4 
31 50 11.8 532.3 
32 50 11.9 536.8 
33 50 12.1 545.9 
34 50 12.5 563.8 
35 50 11.9 536.8 
36 50 11.8 532.3 
37 50 12.6 568.4 
38 50 12.0 541.3 
39 50 13.0 586.4 
40 50 11.4 514.2 

Average 544.9 

2 
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V,BLE 2A3 

2 iii) 6000 Filament carbon tow, etched (c.s.a. = 0.2292mm ) 

~ ...... 
Specimen L, mm p ,kg IT ,N/mm 

1 180 10.0 428~0 
2 180 10.2 436.6 
3 180 10.4 445~1 
4 '.80 11.0 470.8 
5 180 10~6 453.7 
6 180 10.8 462.3 
7 180 10.5 449.4 
8 180 10.7 458.0 
9 180 9.7 415.2 

10 180 9.9 423.7 
11 180 11.0 470.8 
12 180 11.1 475.1 
13 180 10.8 462.3 
14 180 10.7 458.0 
15 180 11.1 475.1 
16 180 10.3 440.9 
17 .180 10.2 436.6 
18 180 10.7 458.0 
19 180 10.6 453.7 
20 180 10.9 466.5 

Average 452.0 

21 50 12.1 517.9 
22 50 12.6 539.3 
23 50 12.2 522.2 
24 50 13.1 560.7 
25 50 13.0 556.4 
26 50 13.0 556~4 
27 50 12.3 526.5 
28 50 12.5 535.0 
29 50 13.1 560.7 
30 50 12.2 522.2 
31 50 12.8 547.9 
32 50 12.9 552.1 
33 50 11.9 509.3 
34 50 12.7 543.6 
35 50 12.9 552.1 
36 50 13.0 556.4 
37 50 13.5 577.8 
38 50 11.4 487.9 
39 50 12.8 547.9 
40 50 12.9 552.1 

Average 541.2 

2 



200 

TABLE 2A3 

2 iv) 600 tex E-glass tow, as rec. (c.s.a. = 0.2362mm ) 

~ "'- N/mm Specimen L, mm P, kg 0- , 

1 253 24.0 996.8 
2 253 27.2 1129.6 
3 253 24.1 1000~9 
4 253 26.6 1104.8 
5 253 26~7 1108.9 
6 253 25~7 1067 ~4 
7 253 23.9 992.6 
8 253 23~0 955.2 
9 253 25~9 1075.6 

10 253 24~5 1017.5 
11 253 27~1 1125~5 
12 253 26.7 1108 ~9 
13 253 26.4 1096.5 
14 253 25.4 1054.9 
15 253 25.8 1071.5 
16 253 24.7 1025~9 
17 253 24~9 1034.2 
18 253 26.0 1079.8 
19 253 23.3 967.7 ao 253 24.9 10)4 .2 

Average 1052.4 

21 50 27.0 1121.4 
22 50 26.9 1117.2 
23 50 27.5 1142.1 
24 50 27.3 1133.8 
25 50 27.5 1142.1 
26 50 28.4 1179.5 
27 50 29.5 1225.2 
2B 50 28.2 1171.2 
29 50 29.5 1225.2 
30 50 28.9 1200.3 
31 50 28.5 1183.7 
32 50 28.3 1175.4 
33 50 29.4 1221.1 
34 50 29.0 1204.4 
35 50 27.0 1121.4 
36 50 27.6 1146.3 
37 50 28.5 1183.7 
38 50 28.2 1171.2 
39 50 28.2 1171.2 
40 50 29.6 1229.4 

Average 1173.3 

2 
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TABLE 2A3 

v) 600 tex E-glass tow,no c.-a. (c.s.a. = 0.2362mm2 ) 

~ ~ 

N/mm2 Specimen L. IIDD P. kg cr, 
1 180 11~8 490~1 
2 180 11~2 465~2 
3 180 11~4 473.5 
4 180 11~0 456.9 
5 180 11.3 469;) 
6 180 10.4 431 ;9 
7 180 10.7 444~4 
8 180 11.2 465~2 
9 180 10.6 440.2 

10 180 10.2 423~6 
11 180 11.4 473.5 
12 180 10;6 440.2 
13 180 10.5 436.1 
14 180 10.7 444~4 
15 180 11.0 456~9 
16 180 11;0 456~9 
17 180 10.8 448;6 
18 180 11;2 465~2 
19 180 11;9 494~2 
20 180 11.3 469.3 

Average 457.3 

21 50 13.4 556~5 
22 50 13;7 569 ~O 
23 50 13.8 573.1 
24 50 13.5 560 .7 
25 50 13.0 539~9 
26 50 13.2 548.2 
27 50 14.0 581~5 
28 50 14.0 581~5 
29 50 13.8 573~1 
30 50 14.5 602.2 
31 50 13.5 560.7 
32 50 14.7 610;5 
33 , 50 14;6 606.4 
34 50 14.0 581.5 
35 50 13.7 569.0 
36 50 14.1 585.6 
37 50 14.8 614.7 
)8 50 14.5 602.2 
39 50 13.9 577;3 
40 50 13.6 564.8 

Average 577.9 
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TABLE 2A3 
2 vi) 600 tex E-glass tow, A187 (c.s.a. = 0.2362mm ) 

~ -" 2 Specimen L, mm p, kg D""?N/mm 

1_ 180 H.2 465.2 
2 180 10.6 440.2 
3 180 1O~7 444~4 
4 180 H~2 465.2 
5 180 H.l 461.0 
6 180 10.5 436.1 
7. 180 10~9 452.7 
8 180 H~O 456.9 
9 180 10~4 43L9 10 180 H~3 469.3 

H 180 10~8 448~6 12 180 H.2 465.2 
13 180 10~8 448~6 
14 180 10.3 427~8 
15 180 10~0 415~3 16 180 10.5 43(5.1 
17 180 H.2 465.2 
18 180 H~l 461~0 
19 180 1l~7. 485.9 
20 180 10.9 452.7 

Average , 451.5 

21 50 13~5 560~ 7 
22 50 13.8 573.1 
23 50 13~5 560~ 7 
24 50 12.7 527.5 
25 50 14~1 585.6 26 50 12.8 531.6 
27 50 12~6 523.3 
28 50 14~4 598.1 
29 50 13~9 577 .• 3 
30 50 12~8 531~6 
31 50 13.7 569~0 
32 50 13;8 573.1 
33 50 13.1 544;1 
34 50 14.3 593;9 
35 50 14.0 581.5 
36 14.1 - 585.6 50 
37 50 13.9 577~3 
38 50 13.4 556.5 
39 50 13.6 564~8 
40 50 13.2 548.2 

Average 563.2 
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TABLE 2A.3 

2 vii) 600 tex E-glass tow, AII00 (c.s.a. = 0.2.362mm ) 

~ 

'" Specimen L, mm P, kg CY ;N(mm 

1 180 l1~a - 490;1 
2 180 11;5 477;6 
3 180 11.2 465.2 
4 180 12.3 510.9 
5 180 12.0 498.4 
6 180 12.7 527.5 
7 180 12.1 502.5 
8 180 11.4 473.5 
9 180 12.0 498.4 

10 180 11 • .3 469 • .3 
11 180 12.5 519.2 
12 180 11.7 485.9 
1.3 180 12~1 502.5 
14 180 12.3 510.9 
15 180 11;9 494.2 
16 180 10.8 448.6 
17 180 11.7 485;9 
18 180 11.0 456.9 
19 180 11.5 477.6 
20 180 11.9 494.2 

Average 489.5 

21 50 15.0 623.0 
22 50 14.8 614.7 
23 50 14.6 606;4 
24 50 14.2 589.8 
25 50 14.5 602.2 
26 50 14.7 610.5 
27 50 15.1 627.1 
28 50 15.4 639.6 
29 50 14.6 606.4 
.30 50 15.2. 631.3 
31 50 1.3.8 573.1 
32 50 14.8 614.7 
.33 50 14.0 . 581.5 
.34 50 14.6 606.4 
35 50 14.8 614.7 
.36 50 14.0 581;5 
37 50 14.5 602.2 
.38 50 14.7 610;5 
39 50 14.7 610.5 
40 50 14.2 ~ Average 06.8 

2 
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TABLE 2A3 

viii) 500 tex E-glass tow as rec. (c.s.a. = 0.1969fum
2

) 

~ ~ 2 Specimen L, mm P, kg cr,N/mm 

1 252 23~0 1145~9 
2 252 24.7 1230.6 
3 252 23.1 1150~9 
4 252 22.2 1106~1 

5 252 23.8 1185.8 
6 252 22;0 1096~1 
7 252 21.4 1066.2 
8 252 23~8 1185.8 
9 252 24.2 1205.7 

10 252 23.3 1160.8 
11 252 22.2 1106.1 
12 252 23.1 1150;9 
13 252 23.4 1165.8 
14 252 25~3 1260.5 
15 252 22.5 1121.0 
16 252 22~4 1116.0 
17 252 21.8 1086.1 
18 252 24.9 1240.6 
19 252 24.1 1200.7 
20 252 23.6 1175.8 

Average 1157.9 

21 50 27.1 1350~2 
22 50 26.7 1330.3 
23 50 25.2 1255.5 
24 50 27.3 1360.1 
25 50 27.4 1365.1 
26 50 26.3 1310.3 
27 50 27.8 1385;1 
28 50 27;4 1365.1 
29 50 26.5 1320;3 
30 50 28.5 1419.9 
31 50 26;6 1325.3 
32 50 27.7 1380;1 
33 50 26.6 1325.3 
34 50 27.4 1365.1 
35 50 25.6 1275;4 
36 50 27.3 1360.1 
37 50 25.9 1290;4 
38 50 25.8 1285;4 
39 50 27.6 1375;1 
40 50 26.6 1325.3 

Average 1338.5 
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TABLE 2A3 

ix) 500 tex E-glass tow, no c.-a. (c.s.a. = 0.1969mm2) 

A. ...... 2 Speoimen L, mm P, kg IT, N/mm 

1 180 1~~5 722;4 
2 180 14;9 • 742;4 
3 180 14.6 727 ;4 
4 180 15;3 762.3 
5 180 15.2 757.3 
6 180 14;0 697.5 
7 180 15.7 782.2 
8 180 15;4 767.3 
9 ISO 15.1 752.3 

10 180 14;7 732;4 
11 180 14.6 727.4 
12 180 15.5 772.2 
13 180 15.1 752;3 
14 180 15;4 767.3 
15 180 14.9 742.4 
16 180 14.6 727;4 
17 180 14.7 732.4 
18 180 15.3 762.3 
19 180 14.8 737.4 
20 180 14.6 727.4 

Average 744.6 

21 50 18;6 926;7 
22 50 18;2 906;8 
23 50 17;6 876;9 
24 50 18;7 931.7 
25 50 17;8 886;8 
26 50 18;5 921.7 
27 50 18.1 901;8 
28 50 17;1 852;0 
29 50 17 ;8 886;8 
30 50 17;9 891;8 
31 50 18.5 92L7 
32 50 17.8 886.8 
33 50 18.7 931;7 
34 50 18.2 906.8 
35 50 18.0 896;8 
36 50 18.1 901;8 
37 50 17.9 891.8 
38 50 17;5 871.9 
39 50 18.3 911.7 
40 50 18.0 896.8 

Average 900.0 
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TABLE 2A3 

2 x) 500 tex E-glaes tow, A187 (c.s.a. = 0.1969mm ) 

Specimen L, mm 
~ 

.' P, kg 

1 180 14.4 
2 180 14;6 
3 180 15.0 
4 180 15.1 
5 180 15;5 
6 180 14.9 
7 180 15;5 
8 180 14.7 
9 180 14.7 

10 180 14.1 
11 180 15.3 
12 180 14;6 
13 180 15;7 
14 180 14.9 
15 180 14.8 
16 180 14.9 
17 180 15.3 
18 180 15.2 
19 180 14.9 
20 180 15.0 

Average 

21 50 18;7 
22 50 18.4 
23 50 17;8 
24 50 18;6 
25 50 18.4 
26 50 17.8 
27 50 17.5 
28 50 17.1 
29 50 18.0 
30 50 17.9 
31 50 18;1 
32 50 17 ;7 
33 50 17;9 
34 50 18;3 
35 50 18.0 
36 50 18;3 
37 50 18.9 
38 50 18;0 
39 50 18.3 
40 50 18.2 

Average 

A. 2 
CT,N/mm 

717;4 
727;4 
747.3 
752.3 
772;2 
742.2 
772.2 
732.4 
732.4 
702.5 
762.3 
727.4 
782.2 
742.4 
737.4 
742;4 
762.3 
757.3 
742.4 
747.3 

745.1 

931.7 
916.7 
886.8 
926.7 
916.7 
886.8 
871;9 
852;0 
896.8 
891.8 
901.8 
881.9 
891;8 
911;7 
896;8 
911;7 
941;6 
896.8 
911;7 
906.8 

901.5 
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TABLE 2A3 

2 xi) 500 tex, E-glass tow, All00 (cos.a. = 0.1969mm ) 

Specimen L, am 
~ p , kg 

1 182 14.7 
2 182 14~3 
3 182 15.6 
4 182 14.5 
5 182 14;9 
6 182 15.0 
7 182 15.1 
8. 182 15.1 
9 182 15~7 

10 182 14~9 
11 182 14.6 
12 182 15.4 
13 182 14~6 
14 182 15.5 
15 182 14;6 
16 182 14;8 
17 182 14.9 
18 182 15;1 
19 182 15.0 
20 182 14.9 

Average 

21 51 18.6 
22 51 18.2 
23 51 17~9 
24 51 18~7 
25 51 17.9 
26 51 17.8 
27 51 17~4 
28 51 17.7 
29 51 17.9 
30 51 18.5 
31 51 18.6 
32 51 18.0 
33 51 18.1 
34 51 18.2 
35 51 18.5 
36 51 17~8 
37 51 19.0 
38 51 18.1 
39 51 17.7 
40 51 18.4 

Average 

--0-, N/mm 
2 

732;4 
712;5 
777 ;2 
722.4 
742.4 
74703 
752.3 
75203 
782~2 

742.4 
727 ;4 
767.3 
727 .4 
772;2 
727 ;4 
737.4 
742.4 
752~3 
747.3 
742.4 

745.3 

926;7 
906;8 
891;8 
931.7 
891.8 
886~8 
866.9 
881~9 
891~8 
921;7 
926 07 
896.8 
901.8 
906;8 
92107 
886;8 
946.6 
90108 
881~9 

916·7 

904.3 



TABLE 2A4 

Resin and E-Glass Composite Shear Modulus (G) Results 

Thickness Width B Function Load Twist G - 2 Specimen t, mm B, mm t I-l- P, kg e ,rad KN/mm 

1 2~00 10.02 5~01 0~292 110 0.2444 2.19 Average 2 2.00 10~02 5.01 0.292 110 0~2501 2.14 
2~15 :t 0.01 

3 2.00 1O~00 5.00 0~292 105 0~2401 2~13 1.34% CV 
4 2.00 10.00 5.00 0.292 105 0.2401 2.13 

5 2~50 10.06 4~02 0~281 115 0~1413 2.10 
Avera~e 6 2~51 10~02 3~99 0~281 liO· 0~1315 2~14 

7 2.50 10~06 4.02 0~281 105 0~1270 2.13 
2~14 _ 0.01 

8 2.51 10.02 3.99 0.281 105 0.1237 2.17 1.35% CV Average 
2.1510.01 

9 3~01 1O~00 3~32 0~269 110 0~0785 2~10 1.29% CV 

10 3~01 10.00 3~32 0.269 105 0.0747 2~18 
Avera~e 

11 3~00 10.04 3~35 0~270 liO 0~0792 2~16 
2~15 _ 0.02 

12 3.00 10.04 3.35 0.270 105 0.0714 2.15 
1.58% CV 

13 4~00 10.00 2~50 0.250 li5 0~0386 2~12 
Avera~e 14 3.99 10~01 2~51 0~250 115 0~0384 2.15 

15 3~99 10.04 2.52 0~251 120 0.0392 2.18 
2~16 _ 0.01 

16 4.01 9.98 2.49 0.250 120 0.0392 2.17 1.22% CV 

8~1 2~02 10~03 4~97 0~292 75 0~0928 3.81 Average 
8~2 2~02 10.02 4.96 0.292 90 0~1l60 3~66 3~75 ~ 0.03 
8~3 2~03 10~03 4.94 0.292 120 0.1490 3~74 1.74% CV 
8.4 2.02 10.01 4.96 0.292 90 0.li25 3.78 

9.1 2;03 10.00 4~93 0~292 90 0.0955 4.39 Average 
9~2 2~04 10.00 4.90 0~291 90 0.0946 4.38 :4.45 :!: 0.04 
9.3 2~04 10.02 4.91 0.291. 140 0.1430 4.50 1.79% CV 
9.4 2.03 10.01 4.93 0.292 70 0.0718 4.54 

Contd/ •••• 



Table 2A4 Continue d 

Composi te thickness Width B Function Load Twist G 

Specimen t, mm B, mm t fJ P, kg e , rad KN/rmn 2 

10.1 1.97 10.01 5.08 0.293 95 0.0980 4.92 Average 10.2 1.95 10.01 5.13 0.293 100 0.1074 4.87 
10.3 1.97 10.02 5.09 0.293 105 0.1086 4.90 

4.'J2~0.02 

10.4 1.97 10.02 5.09 0.293 110 0.1120 4.98 0.95% CV 

11.1 2.00 10.02 5.01 0.292 95 0.0781 5.91 Average 
11.2 2.00 10.01 5.01 0.292 75 0.0625 5.84 
11.3 2.00 10.01 5.01 0.292 95 0.0796 5.81 5.B4±0.02 

11.4 2.01 10.02 4.99 0.292 90 0.0743 5.80 0.85% CV 

12.1 2.00 10.02 5.01 0.292 140 0.1052 6.47 Average 
12.2 2.00 10.01 5.01 0.292 105 0.0781 6.54 
12.3 2.00 10.00 5.00 0.292 110 0.0822 6.52 6.51 ± 0.01 

12.4 2.00 10.01 5.01 0.292 85 0.0635 6.51 0.45% CV 

13.1 2.04 10;04 4.92 0.291 100 0.0640 7.17 Average 
13.2 2.05 10.01 4.88 0.291 140 0.0728 7.15 
13.3 2.05 10.02 4.89 0.291 120 0.0749 7.26 7 .20 ~ 0.03 

13.4 2.05 10.03 4.89 0.291 80 0.0501 7.23 0.71% CV 

14.1 1.99 10.01 5.03 0.293 95 0.0862 5.71 Average 
14.2 1.99 10.00 5.03 0.293 100 0.0869 5.67 
14.3 1.99 10.03 5.04 0.293 125 0.1048 5.86 5.74±0.04 

14.4 1.99 10.03 5.04 0.293 90 0.0776 5.70 1.48% CV 

15.1 1.99 10.02 5.04 0.293 130 0.1082 5.91 Average 
15.2 1.99 10.03 5.04 0.293 125 0.1046 5.87 
15.3 1.99 10.02 5.04 0.293 90 0.0761 5.82 5.85 :to.03 

15.4 1.98 10.01 5.06 0.293 115 0.0994 5.78 0.97% CV 

16.1 1.97 10.03 5.09 0.293 115 0.1035 5.63 Average 
16.2 1.96 10.03 5'~12 0.293 100 0.0885 5.81 5.66:± 0.05 
16.3 1.98 10.00 5.05 0.293 95 0.0855 5.56 1.91% CV 
16.4 1.97 10.03 5.09 0 .. 293 135 0.1217 5.62 

cont/ •••• 



Table 2A4 Continue d 

Composi te Thickness Wid.h B Function Load Tw.i.st G 
- 2 

Specimen t, mm B, mm t f-l P, kg e, rad KN/mn 

17~1 2~01 10~02 4~99 0~292 75 0~0891 4.0) Average 
17.2 2.00 10~01 5~01 0~292 105 0~1246 4~10 
17~3 2~00 10.02 5~01 0~29 2 100 0~1240 3~92 

3~99 :!: 0.05 

17.4 2.01 10.01 4.98 0.292 100 0.~232 3.89 2.44% CV 

18.1 2.05 10.02 4~89 0~291 140 0~1297 4.89 
Avera~e 18.2 2.05 10~01 4.88 0~291 85 0~0768 5~02 

18.3 2~05 10~01 4.88 0~291 120 0~1069 5~09 
5.00 _ 0.04 

18.4 2.05 10.02 4.89 0.291 100 0.0904 5.01 1.66% CV 

19.1 2~00 10.00 5.00 0.292 105 0.0918 5~57 
Avera~e 19.2 2~00 10.02 5~01 0;292 75 0.0664 5.49 

19.3 2.00 10~02 5~01 0;292 85 0~0760 5~44 
5~51 _ 0.03 

19.4 2.00 10.02 5.01 0.292 120 0.1057 5.52 0.99% CV 
'" ~ o 

20.1 2~00 10~02 5~01 0.292 100 0~0729 6~67 Average 
20.2 1.99 10.00 5.03 0.293 90 0~0661 6~71 6~65 ~ 0.03 
20.3 1.99 10~00 5~03 0.293 liO 0~0824 6.58 
20.4 2.00 10.01 5.01 0.292 105 0.0772 6.62 0.86% CV 

21.1 2.03 10~01 4.93 0.292 125 0~1035 5~~2 Average 
21.2 2.02 10~01 4.96 0.292 80 0.0678 5~57 5~65 ± 0.04 
21~3 2.03 10~01 4~93 0;292 80 0.0658 5.66 1.27% CV 
21.4 2.03 10.01 4.93 0.292 liO 0.0892 5.74 

22.1 2~04 10~00 4~90 0.291 liO 0~0865 5.80 Average 
22.2 2.04 10~02 4~91 0;291 liO 0~0882 5.73 5;74 :!: 0.04 
22.3 2~05 1O~00 4~88 0.291 105 0.9823 5.79 1.00% CV 
22.4 2.04 10.02 4.91 0.291 105 0.0859 5.62 

23.1 2.03 10.02 4.94 0.292 90 0.0730 5.73 Average 
23.2 2.04 10.01 4.91 0~291 90 0~0734 5~64 5.68 :1"0.02 
23.3 2.03 10.01 4.93 0;292 70 0.0579 5.63 0.85% CV 
23.4 2.04 10.00 4.90 0.291 100 0.0808 5.70 



TABLE 2A5 

Weight Per Length of 6000 Filament Carbon, 600 tex E-Glass and 500 tex E-Glass Fibre Tows 

.. 

Carbon (as rec. ) Carbon (no c • -t'l.. ) 600 Tex E-Glass (as rec.) 500 Tex E-Gla.ss (as rec.) 

Length Weight Length Weight Length V/eight Length Weight 
mm gm mm gm mm gm mm gm 

199 0.0840 198 0.0808 200 0.1225 200 0.1019 

200 0.0842 198 0.0806 200 0.1223 197 0.1021 

200 0.0841 199 0.0811 201 0.12)0 200 0.1025 

200 0.0842 201 0.0815 200 0.1226 201 0.1030 

200 0.0845 199 0.0808 201 0.1229 200 0.1029 
, 

200 0.0839 199 0.0810 202 0.1226 202 0.1030 

202 0.0850 200 0.0812 198 0.1233 201 0.1029 

200 0.0841 198 0.0809 200 0.1222 200 0.1027 

200 0.0842 201 0.0816 200 0.1225 200 0.1024 

200 0.0846 201 0.0813 199 0.1229 . 199 0.1026 
-- - - --
2001 0.8428 1994 0.8108 2001 1.2268 2000 1.0260 
- - -- --

0.4210 g;:n/m 0.4066 fBIl/m 0.6132 fBIl/m 0.5130 gm/m 
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TABLE 2A6 

Void Volume Percent Content of the Composite Slabs 

Calcula ted from the Equation 

Vv 1. = (I _ wm~c _ Wc.FE'c. _ Wgfc. ) X 100 
em Wc. E>cfwc E'gwc 

Where wand 0 ~ weight .and density respectively and subscripts c f " m, • C , 

and g denote resin, composite, carbon fibre and glass fibre respectively. 

Slab '?c. Wc. Wg w,f wm V" 

l!J1l/cm3 gm gm gm gm % 

1 1.22 3.0298 - 0.6797 2.3501 0.71 

2 1.26 5.3697 - 0.6797 3.7986 0.15 

3 1.33 4.7174 - 1.5731 2.7754 0.25 

4 1.37 5.9934 - 1.9420 3.0030 0.41 

5 1.45 3.8582 - 2.9904 1.4939 -0.17 

6 1.36 4.9606 - 2.3643 2.6174 0.00 

7 1.37 4.9930 - 2.3432 2.5471 0.02 

8 1.45 3.3158 1.3261 2.4459 1.9897 0.17 

9 1.48 3.6000 1.5639 - 2.0361 0.61 

10 1.60 5.8073 3.0890 - 2.7183 0.22 

11 1.69 6.9990 4.1978 - 2.8012 0.24 

12 1.76 5.7913 3.7515 - 2.0398 0.26 

13 1.84 8.9886 6.2786 - 2.7120 0.27 

14 1.69 6.3125 3.7689 - 2.5436 0.01 

15 1.64 5.5240 3.1338 - 2.3902 0.57 

16 1.72 6.3256 3.9073 - 2.1401 -0.02 

17 1.55 6.3767 1.2267 - 2.8857 0.04 

18 1.54 6.0394 1.1573 - 3.0999 0.54 

19 1.62 7.9586 4.3588 - 3.5998 0.22 

20 1.77 8.3211 5.4421 - 2.8790 0.23 

21 1.63 7.0533 3.9452 - 3.1081 0.54 

22 1.67 6.8151 3.9720 - 2.8431 0.03 

23 1.75 8.0800 5.1776 - 2.9032 0.22 

24 1.30 5.6784 1.8805 0.4247 3.8117 0.30 

25 1.49 7.2958 2.8173 0.6081 3.8704 0.34 

26 1.55 7.3747 3.1159 0.7311 3.5277 -0.13 

27 1.60 7.3046 1.3398 0.8012 3.1003 0.59 
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Table 2A6 Continued 

Slab ~c. 3 Wc Wg w,,~ wrn VV' 

f!JD/c:m f!JD f!JD f!JD f!JD % 

28 1.69 4.1826 2.1661 0.4888 1.5277 0.31 
29 1.75 9.7083 5.4887 1.1185 3.1011 0.12 
30 1.30 5.06)6 0.8153 0.5992 3.6491 0.11 
31 1.35 5.6078 1.1674 0.8082 3.6322 0.50 
32 1.40 5.6312 1.2932 1.0502 3.2878 0.17 
33 1.45 6.5454 1.7632 1.3304 3.4518 0.21 
34 1.51 7.3290 2.4040 1.5258 3.3992 0.66 
35 1.61 7.9798 3.0789 1.8992 3.0017 0.18 
36 1.62 8.1536 3.0203 2.2623 2.8710 0.36 
37 1.37 4.9312 1.0604 0.6861 3.1847 0.73 
38 1.68 7.8059 2.7496 2.0757 2.9806 0.26 
39 1~65 7.2768 3.6492 0.7512 2.8764 -0.05 
40 1.70 7.9848 4.3234 0.8682 2.7931 0.63 
41 1.65 6.4719 3.4599 0.2976 2.7144 -0.26 
42 1.48 5.8533 1.1565 2.0706 2.6262 -0.02 
43 1.50 5.8126 1.6237 1.5341 2.6548 0.38 
44 1.60 8.1890 3.5054 1.2753 3.4084 -0.05 
45 . 1 .. 56 6.6690 2.5408 1.2245 2.9037 0.22 
46 1.54 6.2276 2.2831 1.1329 2.8116 0.33 
47 1.53 5.6160 1.9417 1.0816 2.5927 -0.08 
48 1.55 6.0305 2.2508 1.1302 2.6495 0.46 
49 1.55 6.3101 2.3184 1.1916 2.8001 0.08 
50 1.54 6.9974 2.5023 1.3491 3.1460 0.18 
51 1.54 6.5497 2.4147 1.2205 2.9145 0.70 
52 1.54 6.7903 2.4994 1.2319 3.0590 0.41 
53 1.56 6.0491 2.2501 1.1659 2.6331 -0.02 
54 1.53 5.3627 1.8741 1.0308 2.4578 0.19 
55 1.56 6.0581 2.2210 1.2498 2.5873 0.24 
56 1.53 5.2078 1.7990 1.0507 2.3581 0.34 
57 1.55 6.3041 2.3411 1.1686 2.7944 0.21 
58 1.54 5.7661 2.0563 1.1263 2.5835 0.23 
59 1.55 6.6486 2.4889 1.2237 2.9360 0.38 
60 1.55 5.3827 1.9561 1.0331 2.3935 -0.07 
61 1.54 4.5767 1.6681 0.8391 2.0695 0.23 
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TABLE 2A7 

Interlaminar Shear Strength ('rH ~ Results 

Specimen Max Load Failure 'rH ,. 2 P, leg mode N/mm 

1.1 118 Shear 43.4 
1.2 120 Shear 44.1 Average 

1.3 117 Shear 43.0 43.3 ! 0.2 

1.4 116 Shear 42.6 CV 
1.5 118 Shear 43.3 0.94% 
1.6 118 Shear 43.4 

2.1 118 Shear 43.0 
2.2 119 Shear 43.3 Average 

2.3 120 Shear 43.9 43.4 :!: 0.2 

2.4 121 Shear 43.9 CV 
2.5 119 Shear 43.2 1.07% 
2.6 117 Shear 42.8 

3.1 120 Shear 44.0 
3.2 119 Shear 44.1 Average 

3.3 122 Shear 45.2 44.5 !: 0.3 

3.4 120 Shear 44.5 CV 
3.5 124 Shear 45.4 1.49% 
3.6 120 Shear 43.8 

4.1 121 Shear 44.2 
4.2 121 Shear 44.2 Average 

4.3 119 Shear 43.4 43.5 ! 0.3 

4.4 116 Shear 42.2 CV 
4.5 120 Shear 43.6 1.26% 
4.6 120 Shear 43.6 

5.1 99 Mixed >3.5.4 
5.2 122 Shear 43.7 Average 

5.3 125 Shear 45.0 44.0 ! 0.3 

5.4 123 Shear 44.2 CV 
5.5 122 Shear 43.7 1.56% 
5.6 120 Shear 43.2 
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Table 2A7 Continued 

Specimen Max. Load Failure 'C1I 
~ 

N/mm 
2 P, kg mode 

6.1 262 Shear 95.8 
6.2 269 Shear 98.5 Average .. 

6.3 271 Shear 99.1 97.8 :!: 0.6 

6.4 250 Mixed >91.0 CV 
6.5 269 Shear 98.5 1.45% 
6.6 267 Shear 97.2 

7.1 136 Shear 50.4 
7.2 139 Shear 51.0 Average 

7.3 117 Mixed >43.6 50.0 ± 0.3 

7.4 135 Shear 49.6 CV 
7.5 134 Shear 49.4 1.43% 
7.6 134 Shear 49.4 

8.1 104 Mixed >38.0 
8.2 108 Mixed >39.4 Average 

8.3 87 Mixed >31.6 >42.0 

8.4 115 Mixed >42.0 
8.5 104 Mixed >38.0 
8.6 104 Mixed >38.0 

9.1 140 Shear 50.6 
9.2 146 Shear 52.8 Average 

9.3 139 Shear 50.5 51.5 ~ 0.4 

9.4 144 Shear 52.3 CV 
9.5 142 Shear 51.8 1.92% 
9.6 140 Shear 51.1 

10.1 134 Shear 50.2 
10.2 102 Mixed >38 .4 Average 

50.9 + 
10.3 137 Shear 51.3 _ 0.5 

10.4 139 Shear 52.1 
CV 

10.5 132 Shear 49.4 
2.13% 

10.6 136 Shear 51.5 



Table 2A 7 Continued 

Specimen 

11.1 

11.2 

11.3 

11.4 

11.5 

11.6 

12.1 

12.2 

12.3 

12.4 

12.5 

12.6 

13.1 

13.2 

13.3 

13.4 

13.5 
13.6 

14.1 

14.2 

14.3 

14.4 

14.5 
14.6 

15.1 

15.2 

15.3 

15.4 

15.5 

15.6 

Max. Load 
~ 

P, kg 

140 

142 

145 

143 
143 

140 

137 
140 

136 

136 

136 

138 

125 

148 

150 

152 

150 

150 

167 

164 

168 

168 

164 

161 

280 

240 

288 

283 

271 
272 

216 

Failure 

mode 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Mixed 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Mixed 

Shear 

Shear 

Shear 

Shear 

51.6 

52.3 

53.4 
52.4 

52.7 

51.6 

50.5 

51.6 

50.1 

50.1 

50.1 

50.9 

>45.0 

53.3 

53.8 

54.8 

54.1 

54.0 

61.9 

60.8 

62.4 

62.3 

60.9 

59.7 

103.7 

> 89.4 

106.9 

105.1 

100.8 

101.0 

Average 

52.3 ~ 0.3 

cv 
1.31% 

Average 

50.5 :!: 0.2 

cv 
1.20% 

Average 

54.0 ! 0.2 

cv 
1.01% 

Average 

61.3 ! 0.4 

cv 
1.72% 

Average 

103.5 ~ 1.2 

cv 
2.54% 
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Table 2A7 Continued 

Specimen Max Load Failure 7:'il 
~ 

p. kg mode N/mm 2 

16.1 120 Shear 45.2 
16.2 98 Mixed >36.9 Average 

16.3 118 Shear 44.2 45. 7 ~ 0.7 

16.4 123 Shear 46.1 CV 
16.5 102 Mixed >38.2 3.15% 
16.6 126 Shear 47.3 

17.1 135 Shear 49.5 
17.2 138 Shear 50.6 Average 

17.3 134 Shear 49.5 49.5 ! 0.4 

17.4 130 Shear 47.7 CV 
17.5 135 Shear 49.5 2.01% 
17.6 136 Shear 50.2 

18.1 134 Shear 48.0 
18.2 125 Mixed >45.0 Average 

18.3 140 Shear 50 .4 49.2 ± 0.8 

18.4 132 Shear 47.3 CV 
18.5 142 Shear 50.9 3.38% 
18.6 119 Mixed >42.8 

19.1 150 Shear 55.3 
19.2 146 Shear 53.9 

Average 

19.3 148 Shear 54.7 54.2 + 0.7 

19.4 146 Shear 53.8 CV 
19.5 139 Shear 51.3 3.24% 
19.6 153 Shear 56.5 

20.1 132 Shear 48.6 

20.2 142 Shear 52.3 Average 

51.4 + 0 6 
20.3 139 Shear 51.7 - . 
20.4 141 Shear 52.1 CV 
20.5 140 Shear 52.0 2.72% 
20.6 140 Shear 51.8 
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Table 2A7 Continued 

Specimen Max Load Failure 1:11 -P, kg mode N/mm 2 

21.1 150 Shear 54.5 
21.2 150 Shear 54.2 Average 

21.3 152 Shear 55.1 56.5 ± 0.9 

21.4 160 Shear 58.3 CV 
21.5 160 Shear 58.0 

3.73% 
21.6 162 Shear 59.1 

22.1 267 Mixed > 95. 8 
22.2 308 Shear 109.9 Average 

106.6 + 1.0 22.3 287 Shear 103.5 -
22.4 296 Shear 106.2 CV 
22.5 296 Shear 106.2 2.14% 
22.6 298 Shear 106.8 

23.1 103 Mixed >37.2 

23.2 132 Shear 47.8 Average 

23.3 129 Shear 46.8 47.0 ! 0.3 

23.4 103 Mixed >37.6 CV 
23.5 130 Shear 47.0 1.41% 
23.6 128 Shear 46.2 

24.1 101 Shear 37.8 

24.2 107 Shear 40.1 Average 

24.3 107 Shear 39.9 39.1 ! 0.4 

24.4 105 Shear 39.0 CV 
24.5 105 Shear 38.9 2.35% 
24.6 91 Mixed >34.0 

25.1 99 Mixed >35.7 
25.2 111 Shear 40.0 Average .. 

25.3 110 Shear 39.8 39.7 ~ 0.4 

25.4 107 Shear 38 .4 CV 
25.5 115 Shear 41.3 2.52% 
25.6 109 Shear 39.1 



Table 211 Continued 

Specimen 

26.1 
26.2 

26.3 
26.4 

26.5 
26.6 

21.1 
21.2 

21.3 
21.4 
21.5 
21.6 

28.1 

28.2 
28.3 
28.4 

28.5 
28.6 

29.1 
29.2 

29.3 
29.4 
29.5 
29.6 

30.1 
30.2 

30.3 

30.4 

30.5 
30.6 

Max. Load 
~p k , g 

115 
114 

115 
110 
110 

113 

115 
118 

116 
121 

116 

119 

115 
116 
116 

111 
115 
111 

121 

115 
122 

114 
124 
121 

96 
103 

18 

98 

93 
93 

219 

Failure 

mode 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Shear 

Mixed 

Shear 

Shear 

Shear 

42.3 
41.1 
42.3 
40.1 

40.9 

41.1 

43.2 

44.3 

43.5 
45.5 
43.6 
44.8 

43.3 
43.6 
43.6 

43.9 
43.3 
44.0 

44.6 
42.6 

45.0 

42.3 
45.8 

44.1 

36.3 

38.9 
>29.6 

31.0 

34.9 
35.1 

Average 

41.6 :: 0.3 

CV 

1.63% 

Average 
+ 44.2 _ 0.4 

CV 

2.00% 

Average 

43.6 :: 0.1 

CV 

0.67% 

Average 

44.2 ~ 0.6 

CV 

3.16% 

Average 

36.4 :: 0.6 

cv 

3.99% 
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Table 2A7 Continued 

Specimen Max. Load Failure 'Cil 
~ 

P, kg mode N/mm 
2 

31.1 109 Shear 40.2 

31.2 112 Shear 41.3 
Average 

31.3 114 Shear 42.0 40.8 ~ 0.4 

31.4 108 Shear 39.5 CV 
31.5 84 Mixed >31.0 2.37% 
31.6 110 Shear 40.8 

32.1 112 Shear 40.6 

32.3 119 Shear 43.1 
Average 

32.3 124 Shear 44.9 43.2 :!: 0.6 

32.4 121 Shear 43.9 CV 
32.5 117 Shear 42.5 3.53% 
32.6 122 Shear 44.2 

33.1 127 Shear 46.0 

33.2 124 Shear 44.9 Average 

33.3 119 Shear 43.1 45.1 :: 0.5 

33.4 122 Shear 44.2 CV 
33.5 129 Shear 46.7 2.89% 
33.6 126 Shear 45.6 

34.1 112 Mixed >40.2 

34.2 120 Shear 42.9 
Average 

34.3 123 Shear 43.8 
43.6 :: 0.4 

34.4 109 Mixed >39.1 CV 
34.5 124 Shear 44.2 1.53% 
34.6 110 Mixed >39.4 

35.1 120 Shear 45.1 

35.2 116 Shear 43.6 Average 

35.3 108 Shear 40.6 42.5 ~ 0.7 

35.4 112 Shear 42.0 
CV 

35.5 110 Shear 41.4 
3.81% 

35.6 112 Shear 42.2 
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Table 2A7 Continued 

Specimen !>lax. Load Failure '7:,} 
"" N/mm 

2 
"P, kg mode 

36.1 120 Shear 43.3 

36.2 102 Mixed >36.8 Average 

36.3 124 Shear 44.9 43.8 ! 0.6 

36.4 117 Shear 42.3 

36.5 124 Shear 44.9 CV 

36.6 110 Mixed >39.9 2.92% 

37.1 120 Shear 44.0 

37.2 117 Shear 43.1 Average 

37.3 102 Mixed >37 .6 43.2 ! 0.5 

37.4 119 Shear 43.9 CV 
37.5 114 Shear 42.0 2.15% 
37.6 104 Mixed >38.4 

38.1 125 Shear 45.5 

38.2 118 Shear 43.0 
Average 

44.1 + 
38.3 120 Shear 43.4 

_ 0.4 

38.4 123 Shear 44.8 

38.5 121 Shear 43.9 CV 

38.6 121 Shear 44.0 2.08% 

39.1 135 Shear 49.2 

39.2 135 Shear 49.2 Average 

39.3 118 Mixed >43.0 49.7 ! 0.3 

39.4 120 Mixed >43.8 CV 
39.5 138 Shear 50.6 1.33% 
39.6 136 Shear 49.6 

40.1 146 Shear 53.0 

40.2 149 Shear 54.4 Average 

40.3 147 Shear 53.9 54.0 ! 0.3 

40.4 150 Shear 54.9 CV 
40.5 148 Shear 53.6 1.22% 
40.6 149 Shear 54.2 
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Table 2A7 Continued 

Specimen Max. Load Failure "tjJ -P, kg mode N/nnn 2 

41.1 1)2 Shear 49.2 

41.2 1)6 Shear 50.4 Average 

50 .5 + 
41.3 1)5 Shear 50.6 

_ 0.) 

41.4 1)8 Shear 51.4 CV 
41.5 1)8 Shear 51.2 1.6)% 
41.6 1)4 Shear 4'l.9 

42.1 113 Shear 42.0 
42.2 115 Shear 42.7 Average 

42.) 111 Shear 41.2 42.3 :: 0.) 

42.4 113 Shear 42'.0 CV 
42.5 114 Shear 42.4 1.91% 
42.6 118 Shear 4).6 

4).1 1)0 Shear 46.8 

43.2 116 Mixed >41.8 Average 

4).) 1)4 Shear 48.0 46.9 ! 0.4 

43.4 1)2 Shear 47.6 CV 
4).5 1)0 Shear 46.6 2.01% 
4).6 127 Shear 45.5 

44.1 116 Shear 4).1 

44.2 115 Shear 42.7 Average 

44.) 116 Shear 4).1 43.) :: 0.2 

44.4 119 Shear 44.0 CV 
44.5 118 Shear 4).6 1.28% 
44.6 107 Mixed > )9.8 

45.1 117 Shear 4).1 

45.2 121 ::Jhear 44.5 Average 
+ 

45.3 118 Shear 4).4 43.7 _ 0.4 

45.4 120 Shear 44.6 
CV 2.03ct. 

45.5 119 Shear 44.0 

45.6 115 Shear 42.) 
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Table 2A7 Continued 

SpeciIilen Max.Load Failure 'l:j/ 
~ 

p. kg mode N/IDri 

46.1 138 Shear 50.3 
46.2 135 Shear 49.0 Average 

46.3 133 Shear 48.7 49.9 :: 0.4 

46.4 136 Shear 49.9 CV 
46.5 140 Shear 51.3 1.89% 
46.6 138 Shear 50.2 

47.1 130 Shear 47.4 

47.2 127 Shear 46.6 Average 

47.3 104 Mixed >37.8 47.2 :: 0.2 

47.4 127 Shear 46.6 CV 
47.5 130 Shear 47.4 1.14% 
47.6 131 Shear 47.8 

48.1 126 Shear 46.2 

48.2 134 Shear 49.1 Average 

48.3 133 Shear 48.5 48.6 :t 0.4 

48.4 135 Shear 49.5 CV 
48.5 135 Shear 50.0 2.13% 
48.6 130 Shear 48.0 

49.1 130 Shear 48.7 

49.2 132 Shear 49.3 
Average 

49.3 132 Shear 49.2 48.7 :: 0.2 

49.4 130 Shear 49.0 CV 1.10% 
49.5 129 Shear 47.9 

49.6 129 Shear 48.4 

50.1 250 Mixed > 89.8 

50.2 278 Shear 99.9 Average 
+ 0.5 50.3 275 Shear 98.9 99.9 _ 

50.4 281 Shear 101.1 
CV 

50.5 280 Shear 100.8 

50.6 
1.03% 

275 Shear 98.9 
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Table 2A7 Continued 

ilpec1men Max.Load Failure '2:"il 
~ 

N/mm 2 
P, kg mode 

51.1 266 Shear 98.9 

51.2 264 Shear 97.2 Average 

51.3 264 Shear 97.3 97.9 : 0.4 

51.4 263 Shear 97.0 CV 
51.5 268 Shear 99.3 1.10% 
51.6 263 Shear 97.5 

52.1 202 Shear 73.9 

52.2 203 Shear 75.0 Average 

52.3 203 Shear 74.3 74.4 + 0 2 - . 
52.4 202 Shear 73.9 CV 
52.5 203 Shear 75.0 0.68% 
52.6 201 Shear 74.2 

53.1 193 Mixed >69.1 

53.2 218 Shear 77.7 Average 

53.3 216 Shear 77.4 78.3 :!: 0.3 

53.4· 222 Shear 79.1 CV 0.88% 
53.5 220 Shear 78.8 

53.6 220 Shear 78.3 

54.1 180 Shear 66.4 

54.2 181 Shear 66.5 Average 

54.3 182 Shear 67.4 66.7 ! 0.3 

54.4 179 Shear 65.8 CV 
54.5 180 Shear 66.2 1.14 
54.6 184 Shear 67.8 

55.1 169 Shear 62.0 

55.2 174 Shear 64.2 Average 

55.3 174 Shear 64.2 63.4 : 0.4 

55.4 172 Shear 63.5 
CV 

55.5 170 Shear 62.8 
1.579; 

55.6 173 Shear 63.9 
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Table 2A7 Continued 

Specimen Max Load Failure '"t'1I 
~ N/mm2 P, kg mode 

56.1 270 Shear 100.7 

56.2 275 .3hear 102.0 Average 

101.8 + 
56.3 276 Shear 102.4 

_ 0.5 

56.4 276 Shear 103.5 CV 
56.5 268. Shear 100.4 1.12$ 
56.6 273 Shear 101.9 

57.1 250 Mixed >89.3 
57.2 240 Mixed >86.0 Average 

57.3 251 Mixed >90.1 >90.7 

57.4 253 Mixed >90.7 

57.5 249 Mixed >88 .8 

57.6 253 Mixed >90.4 

58.1 137 Shear 50.2 
58.2 133 Shear 48.8 Average 

58.3 132 Shear 48.4 49.3 : 0.4 

58.4 131 Shear 48.1 
CV 

58.5 135 Shear 49.8 2.13% 
58.6 138 Shear 50.7 

59.1 136 Shear 49.3 
59.2 140 Shear 50.4 Average 

59.3 135 Shear 48.4 49.3 : 0.3 

59.4 121 Mixed >43.4 CV 
59.5 136 Shear 49.0 1.48% 
59.6 137 Shear 49.4 

60.1 132 Shear 48.5 
60.2 134 Shear 48.9 Average 

60.3 131 Shear 47.8 48.1 :!: 0.2 

60.4 129 Shear 47.6 
CV 

60.5 130 Shear 47.7 
1.00% 

60.6 132 Shear 48.2 
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Table 2A7 Continued 

Specimen !>lax. Load Failure 'Z"JI 
,.. 
P, kg mode N/mm 2 

61.1 144 Shear 52.7 
61.2 139 Shear 50.8 Average 

61.3 136 Shear 49.5 50.9 ! 0.5 

61.4 137 Shear 49.9 CV 
61.5 142 Shear 51.9 2.36% 
61.6 140 Shear 50.9 
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TABLE 2A8 

Tensile Results of the Composite Slabs 1 to 61 

E = elastic modulus; IT£ and ££ = elastic limit; 0-' and E.' 
'" = initial failure stress and strain; 0- = maximum stress. 

SLAB 1 3C, VT % " Vcr'" = 16.17% 

Specimen E 0-£ eo 
KN/mm 2 

N/mm 
2 

% 

1.1 40.8 189.0 0.46 

1.2 44.5 186.9 0.42 

1.3 43.5 202.7 0.47 

1.4 42.0 175.9 0.42 

1.5 42.9 172.9 0.40 

1.6 43.2 208.3 0.48 

Average 42.8 189.3 0.44 
1/fx 0.5 5.8 0.01 

CV% 3.03 3.06 6.82 

SLAB 2 4C, VT % " Vcr% = 21.56% 

2.1 53.2 234.0 0.44 
2.2 53.2 315.8 0.59 

2.3 55.4 266.1 0.48 

2.4 56.6 271.5 0.48 

2.5 5'7.0 215.6 0.38 

Average 55.1 260.6 0.47 

""5< o.s: 17.2 0.04 

CV% 3.27 14.77 17.02 

SLAB 3 6c, VT % = Vcr% = 32.34% 

3.1 79.9 405.2 0.51 

3.2 79.8 370.1 0.46 

3.3 81.8 378.1 0.46 

3.4 79.7 394.1 0.50 

3.5 80.8 386.6 0.48 

Average 80.4 386.8 0.48 
'/Ix 0.4 6.1 0.01 

CV% 1.12 3.54 4.17 

IT 6" 

ITE 

E' 
% 

EE 

E:.E 

IT£ 

ITE 



228 

Table 2A8 Continued 

SLAB 4 7C, vT % = Vcr% = 37.73% 

,E o-E E" 0-' £.' '" Specimen 0-
KlI/mi 2 

% N/mm 2 
% N/mm 2 N/= 

4.1 93.7 420.7 0.45 
4.2 93.0 389.8 0.42 
4.3 93.9 448.0 0.48 o-E c::E" ITE 
4.4 92.5 427.6 0.46 
4.5 93.1 427.6 0.47 

Average 93.2 422.7 0.46 
Yx 0.3 9.4 0.01 
eve;, 0.64 4.99 4.35 

SLAB 5 ge, VT% = Vcr% = 48.51% 

5.1 119.2 603.4 0.51 
5.2 111 .. 8 629.6 0.53 
5.3 119.5 545.6 0.46 IT" E." 0-1: 
5.4 120.7 602.1 0.50 
5.5 118.2. 538.7 0.46 
5.6 120.0' 521.4 0.43 

Average 119.2 573.5 0.48 
Y;c 0.4 17.8 0.02 
eV% 0.90 7.62 8.33 

SLAB 6 7C (etched) VT % = Vdt% = 37.43% 

6.1 91.2 461.7 0.51 
6.2 93.9 420.0 0.45 
6.3 92.3 446.5 0.48 

0-= E.E 0-" 
6.4 93.3 478.5 0.51 
6.5 92.6 426.8 0.46 
6.6 92.1 484.7 0.52 

Average 92.6 45J.O 0.49 

V" 0.4 10.9 0.01 
ev% 0.97 5.9 6.12 
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Table 2A8 Continued 

SLAB 7 7C (no c.-a.) VT % = Vcf% = 37.73% 

0-'" f..E 0-' £' 
~ 

Specimen E 0-

KN/mm 2 N/mm 2 
% N/mm 2 

% N/mm 2 

7.1 93.7 368.0 0.39 
7.2 93.3 428.1 0.46 
7.3 94.4 469.8 0.50 0-1: c'" 0-" 
7.4 92.4 446.9 0.48 

7.5 93.7 482.1 0.51 
7.6 92.3 451.4 0.49 

Average 93.3 441.4 0.47 

'it" 0.3 16.5 0.02 

CV% 0.86 9.16 8.51 

SLAB 8 4G6 VT % = Vg6% = 22.34% 
8.1 19.3 320.0 1.66 
8.2 19.9 384.5 1.93 
8,3 19.4 330.6 1.70 0-" c:..': 0-6: 

8.4 19.1 401.5 2.10 
8.5 19.5 355.6 1.82 

Average 19.4 358.4 1.84 

"1"" 0.1 14.1 0.07 
CV% 1.55 9.65 9.78 

SLAB 9 5G6 VT % = Vg6% = 27.38% 

9.1 23.7 526.2 2.22 

9.2 23.1 496.4 2.15 

9.3 22.6 463.2 2.05 
ITE" E-" IT I: 

9.4 24.0 469.5 1.96 

9.5 23.0 460.7 2.00 

9.6 22.3 469.0 2.10 

Average 23.1 480.8 2.08 

""')I 0.2 10.5 0.04 

CV% 2.60 5.32 4.81 
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Table 2A8 Continue d 

SLAB 10 6G6 VT % = Vg6% = 33.51% 

Specimen E ITE £." IT' £..' 
~ 

IT 
Kli/mm 2 N/mm2 % N/mm2 % N/mm 2 

10.1 .27.2 521.8 1.92 
10.2 28.9 635.5 2.20 

E.E 
10.3 27 .9 564.2 2.02 

(JE (JE 

10.4 28.3 617.5 2.18 
10.5 27.0 490.9 1.82 

Average 27.9 566.0 2.03 

Y" 0.4 27.5 0.07 
CV% 2.87 10.85 7.88 

SLAB 11 7G6 VT % = Vg6% = 39.09% 

11.1 32.1 597.3 1.86 
11.2 32.8 658.4 2.01 
11.3 31.1 525.1 1.69 

IT" £.." CJE 
11.4 31.5 567.3 1.80 
11.5 31.1 535.3 1.72 
11.6 32.7 690.5 2.11 

--
Average 31.9 595.7 1.87 

Y" 0.3 27.3 0.07 
CV% 2.51 11.23 9.09 

SLAB 12 8G6 VT % = Vg6% = 45.60% 

12.1 35.2 552.4 1.57 
12.2 36.5 730.1 2.00 

IT" ITE 
36.9 867.6 

E" 12.3 2.35 
12.4 36.4 786.4 2.16 
12.5 36.3 631.6 1.74 

Average 36.3 713.6 1.96 

Yx 0.3 55.7 0.14 
CV% 1.65 17.45 7.14 
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TABLE 2A8 Continue d 

SLAB 13 9G6 VT % = Vg6% = 51.30% 

(TE E" (T' £' ~ 

Specimen E (T 

KN/mm 2 1I/mm2 % N/mm 2 
% N/mm 2 

13.1 40.1 713.6 1.90 
13.2 39.3 154.5 1.92 

E.." 13.3 40.4 820.1 2.03 (T" (T" 

13.4 39.9 801.3 2.02 

13.5 40.8 839.0 2.06 

Average 40.2 198.9 1.99 

'irK 0.3 15.4 0.03 
CV% 1.49 4.31 3.52 

SLAB 14 1G6 (A181) VT % = Vg6% = 39.09% 

1~.1 )1~3 326.0 1.04 
14.2 32.9 335.9 1.02 

14.3 31.9 338.3 1.06 
(TE E" (TE 

14.4 31.9 322.9 1.01 

14.5 31.5 323.9 1.05 

Average 31.9 329 .4 1.04 

V;t: 0.3 3.2 0.01 

CV% 1.88 2.19 1.92 

SLAB 15 1G6 (AllOO) VT % = Vg6% = 39.09% 

15.1 31.2 515.4 1.65 

15.2 31.1 494.8 1.56 

15.3 30.9 445.2 1.44 (TO!" E.E (TE 
15.4 32.0 554.0 1.72 

15.5 31.3 501.8 1.62 

15.6 )1.6 524.9 1.66 

Average 31.4 501.0 1.61 

V)( 0.2 14.8 0.04 

CV% 1.21 1.14 6.21 



232 

TABLE 2A8 Continued 

SLAB 16 7G6 (no c.~. ) Vr % = Vg6% = 39.09% 

S~eimen E 0-'" c.C 0-/ E' ""-
0-

Klf/mm2 N/mm 2 
% N/mn 2 

% N/mn 2 

16.1 31.4 291.9 0.93 

16.2 32.3 294.0 0.91 

16.'3 31.9 254.8 0.80 
o-E EE o-E 

16.4 31.6 255.8 0.81 

16.5 31.7 298.3 0.94 

Average 31.8 279.0 0.88 

";; 0.1 9.7 0.03 

CV% 0.94 3.48 7.95 

SLAB 17 5G5 VT % = Vg5% = 27.38% 

17.1 25.3 546.1 2.16 

17.2 25.1 543.7 2.17 

17.3 25.9 515.9 1.99 o-E c,'" o-E 
17.4 26.3 508.5 1.93 

17.5 26.4 490.9 1.86 

17.6 24.8 520.4 2.10 

Average 25.6 520.9 2.03 

'It" 0.3 8.6 0.05 

CV% 2.73 4.05 6.40 

SLAB 18 6G5 Vr % = Vg5% = 33.51% 

18.1 30.7 613.3 2.00 

18.2 30.7 543.8 1.77 

18.3 30.9 615.5 1.99 
cr E E C o-E 

18.4 29.7 630.1 2.12 

18.5 30.4 574.8 1.89 

18.6 30.3 597.0 1.97 

Average 30.5 595.7 1.96 

"'- 0.2 12.9 0.02 
" CV% 1.31 5.32 1.89 
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Table 2A8 Continued 

SLAB 19 7G5 VT % = Vg5% = 39.09% 

0-"- E" 0- ' E' 
~ 

Specimen Ii1 0-

'£R/mm2 N/mm 2 
% N/mm 2 % If/mm 

2 

19.1 34.4 707.6 2.06 

19.2 34.1 732.1 2.15 

19.3 35.3 762.0 2.16 o-E" E:. e 0-" 
19.4 34.2 739.0 2.16 

19.5 34.6 727 .8 2.10 

19.6 34.9 740.7 2.12 

Average 34.6 734 .9 2.12 

1/';:; 0.2 7.3 0.02 

CV% 1.45 2.42 1.89 

SLAB 20 8G5 VT % = Vg5% = 44.68% 

20.1 38.6 749.9 1.94 
20.2 39.8 824-.9 2.07 
20.3 38.7 789.9 2.04 

0-" c:. E " 0-
20.4 40.0 732.8 1.83 

20.5 38.3 746.8 1.95 
20.6 39.5 782.3 1.98 

Average 39.2 771.1 1.97 
,,~ 0.3 14.0 0.03 

CV% 1.79 4.'45 4.06 

SLAB 21 7G5 (Al87) VT % = Vg5% = 39.09% 

21.1 34.2 403.6 1.18 
21.2 35.5 471.5 1.33 

21.3 34.5 406.6 1.18 o-E E.. e 0-" 
21.4 35.4 449.1 1.27 

21.5 35.4 435.0 1.23 

21.6 35.0 478.8 1.37 

Average 35.0 440.8 1.26 

Y;:; 0.2 13.0 0.03 

CV% 1.~3 7.21 6.35 
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SLAB 22 

Specimen 

22.1 

22.2 

22.3 
22.4 

22.5 
22.6 

Average 

""'", 
CV% 

SLAB 23 

23.1 

23.2 

23.3 

23.4 

23.5 
23.6 

Average 

V,. 
cV% 

SLAB 24 

24.1 
24.2 

24.3 
24.4 

24.5 
24.6 

Average 

Y'x 
CV% 

35.7 
34.1 

34.3 
34.5 
35.8 
34.8 

34.9 

0.3 
2.01 

35.5 

34.9 
34.8 

35.2 

34.3 

35.6 

35.1 
0.2 

1.42 

4 x 3:1 

28.4 
26.5 
26.6 
29.2 

29.8 
28.4 

28.1 

0.5 

4.79 

cr" 
N/mrl 

600.3 
542;2 

562.9 

580.5 
551.2 

567.3 

567.4 

234 

8.5 
3.67 

365.7 
416.3 

390.4 
366.1 

315.2 
370.7 

370.7 
13.6 

9.01 

199.1 
195.0 
218.0 

239.3 
214.2 
210.4 

212.7 

6.4 

7.41 

1.68 

1.59 
1.64 

1.68 

1.54 
1.63 

1.63 
0.02 

3.07 

1.03 
1.19 
1.12 

1.04 
0.92 

1.04 

1.06 

0.04 

8.49 

0.70 

0.74 
0.82 

0.82 

0.72 

0.74 

0.76 
0.02 

6.74 

c' 

289.1 

253.5 
304.7 
271.7 
356.2 

273.3 

291.4 
14.8 
12.41 



Table 2A8 Continued 

SLAB 25 

Specimen 

25.1 
25.2 

25.3 
25.4 

25.5 
25.6 

Average 

"';; 
CV% 

SLAB 26 

26.1 
26.2 

26.3 
26.4 
26.5 
26~·6 

Average 

y-
K 

CV% 

SLAB 27 

27.1 

27.2 

27.3 
27.4 

27.5 
27.6 

Average 

"';t 
CV% 

36.8 

35.8 

34.4 
34.8 
36.1 

35.2 

35.5 
0.4 
2.50 

41.5 
42.7 
42.5 
42.6 

41.9 
43.2 

42.4 
0.3 

1.43 

47.2 

49.0 

47.5 
47.4 
48.6 

48.8 

48.1 

0.3 
1.67 

crE" 
2 

N/mm 

293.4 
272.0 

247.7 
226.1 

281.7 

236.1 

259.5 
11.0 

10.34 

265.4 
316.0 

348.5 

349.3 
318.8 
319.0 

319.5 
12.5 

9.56 

391.8 

406.7 

337.6 
369.4 
398.4 

409.5 

385.6 
11.2 

7.13 

235 

0.80 

0.76 

0.72 

0.65 
0.78 
0.67 

0.73 

0.02 

8.31 

0.64 
0.74 
0.82 
0.82 

0.76 

0.74 

0.75 
0.03 
8.87 

0.83 

0.83 
0.71 

0.78 
0.82 

0.84 

0.80 

0.02 

6.25 

€: 
% 

E" 

354.5 
330.3 
408.0 
360.2 

435.3 
332.5 

370.1 

17.4 
11.48 

447.2 
491.5 
388.9 

485.7 
440.4 
447.6 

450.2 
15.1 

8.21 

609.5 
627.3 

433.7 

497.3 
560.8 

451.7 

530.0 

33.3 
15.38 
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Ta ble 2A8 Continue d 

SLAB 28 8 x 3:1 VT % = 45.08% V cr% = ll.08% V g6'7.= 34.00% 

0-" E.E 0-' E' --Specimen E eT 

KN/mm 
2 2 

N/mm % N/mm 2 
% N/= 

2 

28.1 54.4 397.4 0.73 549.9 
28.2 54.0 431.7 0.80 618.8 

28.3 55.3 47105 0.85 o-E EE 505.5 
28.4 54.6 464.1 0.85 649.7 
28.5 54.1 460.2 0.85 597.2 
28.6 53.5 438.9 0.82 575.2 

Average 54.3 444.0 0.82 582.8 

"'it 0.2 11.2 0.02 20.9 
CV% 1.13 6.18 5.75 8.78 

SLAB 29 9 x 3:1 VT % = 50.72% Vcf% = 12.47% V g6% = 38 .25% 

29.1 60.8 499.0 0.82 741.1 
29.2 61.4 503.9 0.82 657.1 

29.3 61~6 517.1 0.84 o-E e:! 
802.8 

29.4 60.4 453.1 0.75 659.9 

29.5 60.2 445.7 0.74 645.9 

29.6 59.7 477.3 0.80 708.5 

Average 60.7 482.7 0.79 702.6 

"'>I 
0.3 11.8 0.02 24.9 

CV% 1.20 5.99 5.17 8.70 

SLAB 30 3 x 1:1 VT % '" 16.59% Vcr% = 8.21% Vg6% = 8.38% 

30.1 28.5 148.2 0.52 157.9 

30.2 28.3 170.0 0.60 170.0 

30.3 29.8 167.1 0.56 o-E E.= 
167.1 

30.4 27.8 157.2 0.57 159.7 

30.5 29.4 161.7 0.55 161.7 

30.6 30.4 182.4 0.60 186.1 

Average 29.0 164.4 0.57 167.1 

"'it 0.4 4.8 0.01 4.2 

CV% 3.43 7.12 5.40 6.21 



fub1e 2A8 Continued 

SLAB )1 

Specimen 

)1.1 

)1.2 

)1.) 

)1.4 

)1.5 

)1.6 

Average 

'i'" 
CV% 

SLAB )2 

)2.1 

)2.) 

)2.4 

)2.5 

)2.6 

Average 

Y;;1 
CV% 

SLAB )) 

)).1 

)).2 

)).) 

33.4 
)).5 

33.6 

Average 

Y" 
CV% 

)1.2 

)6.8 

)6.1 

)7.2 

)1.2 

)1.5 

1.)4 

46.8 

46.2 

46.9 

45.8 

46.<1 

46.1 

46.) 

0.2 

0.92 

55.0 

54.8 

54.2 

55.2 

54.1 

54.5 

54.7 

0.1 

0.65 

231 

201.1 

209.8 

198.5 

215.8 

2)0.5 

221.2 

212.9 

5.0 

5.1) 

)32.5 

271.1 

276.) 

270.4 

256.8 

262.5 

279.3 

li.1 

9.76 

285.9 

)18.) 

)25.6 

)48.1 

)71.8 

34).8 

))2.2 

12.0 

8.86 

0.54 

0.51 

0.55 

0.58 

0.62 

0.59 

0.51 

0.01 

5.05 

0.71 

0.60 

0.59 

0.59 

0.56 

0.51 

0.60 

0.02 

9.00 

0.52 

0.58 

0.60 

0.63 

0.68 

0.63 

0.61 

0.02 

8.85 

E. 

% 

201.1 

209.8 

215.8 

215.8 

241.0 

221.2 

217 .5 

5.5 

6.17 

Vcf% = 1).68% Vg6% = 1).97% 

35).3 

)08.4 

)00.7 

270.4 

)09.1 

262.5 

)00.7 

13.) 

10.80 

)40.2 

)69.0 

340.6 

)61.1 

)71.8 

384.1 

)62.) 

7.4 

4.98 
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Ta ble 2A8 Continue d 

SLAB 34 7 x 1:1 V.,.'1.= 38.71% Vc!% = 19.15% Vg6% = 19.56% 

cr E E. 6 . cr' c:..' "'-Specimen E cr 
KN/mm? N/rnm2 % N/rnm 2 

% N/mm 2 

34.1 64.4 412 .5 0.64 442.5 

34.2 63.6 394.4 0.62 39'4.4 

34.3 63.4 374.0 0.59 
0-

6 E6 
438 .6 

34.4 62.7 401.5 0.64 421.8 

34.5 63.0 421.9 0.67 448.4 

34.6 65.1 416.6 0.64 433.8 

Average 63.7 403.5 0.63 429.9 
Vr_ 

x 
0.4 7.2 0.01 8.0 

CV% 1.41 4.36 4.22 4.55 

SLAB 35 8 x 1:1 V.,.% = 44.24% V c!% = 21.88% Vg6%= 22.36% 

35.1 72.6 . 450.3 0.62 469.9 

35.2 72.4 477.8 0.66 492.5 

35.3 71.0 439.9 0.62 
cr E EE 439.9 

35.4 71.0 354.8 0.50 431.3 

35.5 71.9 381.2 0.53 441.9 

35.6 n.8 408.6 0.57 452.1 

Average n.8 418.8 0.58 454.6 

Y,,- 0.3 18.7 0.03 9.3 

cv% 0.94 10.96 10.52 5.01 

SLAB 36 9 x 1:1 VT % = 49.77% Vc!% = 24.62% V g6fo= 25.15% 

36.1 80.8 540.6 0.67 540.6 

36.2 81.1 527.3 0.65 527.3 

36.3 80.4 490.5 0.61 
crE E.E 

524.8 

36.4 80.0 504.0 0.63 516.5 

36.5 79.6 461.2 0.58 461.2 

36.6 80.4 434.4 0.54 521.3 

Average 80.4 493.0 0.61 515.3 

"'1'9- 0.-2 16.3 0.02 1l.3 

CV% .0.67 8.12 7.87 5.)8 



239 

Table 2A8 Continued 

SLAB 37 CG6G6C VT '1> = 21.95%; V ct% = 10.78% Vg6% = 1l.17% 

IT" E.E IT' E..' ""-Specimen E IT 
KJI/=2 N/mm 2 

% N/= 2 % N/mm 2 

37.1 37.2 156.2 0.42 182.0 

37.2 37.9 185.5 0.49 241.6 

37.3 37.7 169.5 0.45 
IT" £E 191.2 

37.4 37.4 175.6- 0.47 234.0 

37.5 37.0 159.0 0.43 226.4 

37 .6 36.7 165.3 0.45 207.7 

Average 37.3 168.5 0.45 213.8 

"'- 0.2 4.4 0.01 9.8 
>< 

CV% 1.19 6.46 5.78 1l.26 

SLAB 38 CG6CG6G6CG6C VT % = 43.90% V cf% = 21.56% Vg6% = 22.34% 

38.1 72.2 324.7 0.45 407.1 0.68 419.6 
38.2 71.2 313.4 0.44 398.0 0.64 398.0 
38.3 70.7 374.5 0.53 423.3 0.65 428.2 
38.4 70.9 368.9 0.52 408.8 0.61 418.8 

38.5 71.5 321.7 0.45 430.6 0.63 430.6 
38.6 71.2 313.1 0.44 323.0 0.48 333.0 

Average 71.3 336.0 0.47 398.5 0.62 404.7 
V_ 0.2 11.4 0.02 15.8 0.03 15.1 

>< 

CV% 0.74 8.35 8.87 9.74 11.29 9.13 

SLAB 39 G6G6CG6G6CG6G6 VT % = 44.29% V ct% = 10.78% Vg6% = 33.51% 

39.1 53.9 403.9 0.75 440.6 0.85 440.6 

39.2 53.7 429.5 0.80 483.2 0.95 541.9 

39.3 52.9 397.0 0.75 484.1 0.95 484 .1 

39.4 54.5 461.4 0.85 529.4 1.00 597.4 

39.5 53.4 436.6 0.82 436.6 0.82 566.4 

39.6 53.6 363.2 0.68 426.1 0.90 440.6 

Average 53.7 415.3 0.78 466.7 0.91 511.8 
'i'_ 0.2 14.1 0.02 16.1 0.03 27.2 

" CV% 0.99 8.31 7.81 8.43 7.46 13 .00 
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'ra ble 2A8 Continue d 

SLAB 40 

erE EE cr' C' " Specimen E rr 
KN/mm 2 

N/mm 2 
% N/mm 

2 
% N/mm 2 

40.1 55.8 479.5 0.86 517.8 0.97 585.0 

40.2 56.5 502.5 0.89 531.2 0.96 603.0 

40.3 56.5 463.3 0.82 544.5 0.99 644.8 

40.4 55.8 468.9 0.84 536.4 1.00 575.1 

40.5 57.0 524.5 0.92 548.8 0.99 660.5 

40.6 56.5 486.1 0.86 510.4 0.93 583.3 
-- -- --

Average 56.3 487.5 0.86 531.5 0.97 608.6 

"' .. 0.2 9.3 0.02 6.1 0.01 14.6 

CV% 0.82 4.67 4.19 2.82 2.68 5.86 

SLAB 41 G63:1G63:1G63:1G6 VT % = 39.15% Vc:r% = 4.16% Vg6% = 34.99% 

41.1 39.0 362.5 0.93 362.5 0.93 582.4 

41.2 39.6 372.7 0.94 407.9 1.06 614.3 

41.3 39.0 349.6 0.90 367.1 0.95 568.4 

41.4 39.1 340.3 0.87 402.9 1'.07 468.9 

41.5 38.7 367.9 0.95 367.9 0.95 613.0 

41.6 38.2 308.4 0.81 407.9 1.13 616.8 

Average 38.9 350.2 0.90 386.0 1.02 577.3 
V

K 0.2 9.7 0.02 9.1 0.03 23.1 

CV% 1.18 6.78 5.89 5.77 8.08 9.82 

SLAB 42 1:lCl:1Cl:1Cl:l VT % = 38.29% V c:r% = 27.11% Vg6% = 1l.18% 

42.1 76.2 449.5 0.59 

42.2 78.2 445.6 0.57 

42.3 75.9 394.5 0.52 rrE c:..
E rrE 

42.4 76.2 426.6 0.56 

42.5 75.0 367.6 0.49 

42.6 76.1 411.0 0.54 

Average 76.3 415.8 0.54 
v-_ 

>< 
.0.4 12.8 0.01 

CV% 1.38 7.56 6.70 
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Table 2A8 Continued 

SLAB 43 

Specimen 

43.1 
43.2 

43.3 

43.4 

43.5 
43.6 

Average 

"lJrx 
CViG 

SLAB 44 

44.1 

44.2 

44.3 

44.4 

44.5 

44.6 

Average 
'f_ 

'" CV% 

SLAB 45 

45.1 

45.2 

45.3 

45.4 

45.5 

45.6 

Average 
'f_ 

" 

67.7 

67.5 

67.2 

66.9 

67.8 

68.0 

0.2 
Q.60 

331.8 

344.3 
409 .6 

334.0 
318.6 

360.4 

349.8 

13.2 
9.28 

0.49 

0.51 

0.61 

0.50 

0.47 

0.53 

0.52 

0.02 

9.42 

374.2 
424.2 

422.1 

408.8 

358.1 

360.4 

391.3 
12.5 

7.82 

0.54 
0.66 

0.64 

0.64 

0.55 

0.53 

0.60 

0.02 

8.90 

0-
2 

N/nm 

409.2 

424.2 

422.1 

408.8 

)70.5 

380.4 

3:1 1:1 3:1 1:1 3:1 1:1 3:1 VT % = 39.13% Vc!% = 13.75% 

Vg6% = 25.38% 

53.6 

54.3 
55.0 

55.4 

54.4 

54.6 

54.6 

0.3 

1.13 

370.1 

380.4 
462.2 

454.3 

424.4 

436.7 

0.69 
0.70 

0.84 

0.82 

0.78 

0.80 

421.4 0.77 

15.6 0.03 

9.07 8.15 

370.1 

415.9 
462.2 

518.2 

424.4 

444.1 

439.2 
20.3 

11.33 

0.69 

0.79 

0.84 

0.96 

0.78 

0.83 

0.82 

0.04 
11.22 

I 
0" 

1:1 1:1 3:1 1:1 3:1 1:1 1:1 V
T

% = 38.82% Vc!% = 16.45% 

Vg6% = 22.37% 

57.9 
58.4 

58.4 

58 .0 

59.6 

58.7 

58.5 

0.3 

370.8 

367.9 

385.4 

365.4 

351.8 

352.1 

365.6 

5.2 

3.48 

0.64 

0.63 

0.66 

0.63 

0.59 

0.60 

0.62 

0.01 

4.17 

388.1 

385.0 

385.4 

377.7 

371.6 

395.5 

383.9 

3.4 

2.16 

0.69 

0.67 

0.66 

0.65 

0.65 

0.69 

0.67 

0.01 

2.74 

455.0 

407.9 

412.5 

387.5 

470.7 

419.7 

425.5 

12.7 

7.33 
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Table 2A8 Continued 

SLAB 46 

cr" E.£ cr' E. ' 
~ 

.specimen E cr
2 KN/mm 2 

N/mm2 
% N/nm

2 
% N/m 

46.1 58.5 315.8 0.54 370.1 0.66 370.1 
46.2 58 .0 394.2 0.68 394.2 0.68 394.2 
46.3 57.9 347.2 0.60 384.4 0.69 391.7 
46.4 58.9 359.2 0.61 376.4 0.65 403.1 
46.5 58.1 302.0 0.52 391.4 0.71 391.4 
46.6 58.6 346.0 0.59 379.1 0.67 418.4 -- - --
Average 58.3 344.1 0.59 382.6 0.68 394.8 

0.2 13.3 0.02 3.8 0.01 6.5 
CV% 0.67 9.48 9.59 2.40 3.18 4.02 

SLAB 47 

47.1 59~3 397.0 0.67 447.8 0.80 447.8 
47.2 60.3 404 .3 0.67 448.2 0.77 448.2 
47.3 59.5 333.1 0.56 415.3 0.75 415.3 
47.4 60.0 329.9 0.55 402.7 0.72 407.6 
47.5 60.0 329 .1 0.55 390.1 0.69 390.1 
47.6 59.6 345.4 0.58 446.6 0.81 458.9 

Average 59.8 356.5 0.60 425.1 0.76 428.0 
0.2 14.2 0.02 10.5 0.02 11.2 

CV% 0.63 9.76 9.65 6.07 6.09 6.41 

SLAB 48 G6CG6CG6CG6(G6 no 
Vg6% = 22.34% 

c.-a. ) V.,.% = 38.51% Vcr% = 16.17% 

48.1 58.8 323.5 0.55 
48.2 58.5 292.4 0.50 
48.3 58.0 278.2 0.48 crE" £f': cr E 

48.4 59.3 332.2 0.56 
48.5 58.5 321.8 0.55 
48.6 58.7 316.8 0.54 

Average 58.6 310.8 0.53 
0.2 8.5 0.01 

CV% 0.73 6.71 5.67 
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'fuble 2A8 Continued 

SLAB 49 

"pecimen 

49.1 

49.2 

49.3 

49.4 

49.5 

49.6 

Average 

"""-" CV% 

SLAB 50 

50.1 

50.2 

50.3 

50.4 

50.5 

50.6 

Average 

"w 
CV% 

SLAB 51 

51.1 
51.2 

51.3 
51.4 

51.5 

51.6 

Average 

"'_ x 

cv'%. 

G5CGSCG5CG5(G5 no c.-a..) VT % = 38.51%- Vcr% = 16.17% 

Vg5 = 22.34% 

59.5 
60.2 

59.5 
60.2 

59.9 
59.0 

59.7 
0.2 

0.79 

0-" 
2 

N/mm 

)09.6 

337.1 

339.3 

300.9 
)01.3 

306.6 

0.52 

0.56 

0.57 

0.50 

0.50 

0.52 

315.8 0.53 
7.2 0.01 

5.60 5.65 

0-' 
2 

N/mm 

£.' 

% 

G6CG6CG6CG6 (G6 A1100) V
T

% = 38.51% Vc!% = 16.17% 

Vg6% = 22.34% 

57.6 

58.2 

57.7 

57.5 
58.4 

58.8 

58.0 
0.2 

0.89 

59.0 

60.3 

60.9 

59.6 
60.8 

60.0 

60.1 

0.3 
1.21 

333.9 
314.1 

369.1 

0.58 

0.54 

0.64 

345.1 0.60 

356.0 0.61 

352.8 0.60 

345.2 0.60 

7.8 0.01 

5.56 5.55 

371.7 

446.4 

383.4 

369.8 

383.2 

336.1 

0.63 

0.74 

0.63 

0.62 

0.63 

0.56 

381.8 0.63 

14.7 0.02 

9.45 9.24 

375.6 

386.7 

384.0 
372.2 

386.5 

404.3 

384.9 
4.6 
2.92 

429.6 

446.4 

454.7 

447.4 
431.8 

377.6 

431.2 

11.4 
6.49 

0.67 

0.69 
0.68 

0.67 

0.68 

0.71 

0.68 

0.01 

2.21 

0.76 

0.74 

0.77 
0.78 

0.73 

0.65 

0.74 
0.02 

6.36 

0-
1 

0-1 



Table 2A8 Continued 

SLAB 52 

Specimen 

52.1 
52.2 

52.3 
52.4 

52.5 
52.6 

Average 

"-x 

CV% 

SLAB 53 

53.1 
53.2 
53.3 
53.4 

53.5 
53.6 

Average 

-,j-x 
CV% 

58.4 
57.8 
58.1 
57.7 
57.2 

57.9 

57.9 
0.2· 
0.70 

60.2 

60.4 
60.1 

59.2 
60.7 
60.9 

60.2 
0.2 

0.99 

244 

333.0 

329.3 
331.0 
340.3 
319.8 

341.5 

0.57 

0.57 
0.57 
0.59 
0.56 

0.59 

332.5 0.57 
3.2. 0.01 
2.39 2.15 

331.1 
326.3 
336.4 
485.0 
352.1 

359.6 

0.55 
0.54 
0.56 
0.82 

0.58 

0.59 

365.1· 0.61 

24.5 0.04 

16.46 17.4 

342.9 
356.8 
348.2 
345.3 
330.7 
350.8 

345.8 
3.6 
2.55 

397.3 
333.5 
389.5 
527.7 

403.5 
399.6 

0.60 

0.65 

0.63 
0.61 
0.60 

0.63 

0.62 
0.01 

3.23 

0.69 

0.57 
0.68 
0.91 
0.69 
0.68 

408.5 0.70 

.26.1 0.04 

15.65 15.90 

SLAB 54 G6CG 6CG6CG6 (G Al87. a etched) V
T

% = 38.38% 

54.1 
54.2 

54.3 
54.4 

54.5 
54.6 

Average 
'ir_ 

K 

CV% 

Vg6% = 22.34% 

58.8 

57.9 
58.5 
57.6 

58.5 

57.9 

58.2 
0.2 

0.79 

I 305.6 
295.5 
363.0 
328.6 

322.0 

0.52 

0.51 
0.62 

0.57 

0.55 
318.4 0.55 

322.2 0.55 
9.5 0.02 

7.22 7.15 

, 

322.9 

349.7 
412.0 

333.5 

356.7 
356.4 

355.2 
12.6 

8.70 

0.57 
0.66 

0.73 

0.59 
0.65 
0.67 

0.65 
0.02 

8.90 

cr' 

cr' 
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Tab1.e 2A8 Continued 

SLAB 55 G5CG5CG5CG5 (G
5 

A1.87 , C etched) VT % '" )8.38% Vcr% '" 1.6.04% 

V 5'" '" 22.34% g . 
ITE E.. e cr' c:' '" Specimen E IT 

KN/mm 2 1I/mm2 % N/nnn 2 
% N/mm 2 

55.1. 59.5 315.5 0.53 352.5 0.61 

55.2 59.7 364.4 0.61 411.2 0.71 

55.3 59.5 321.4 0.54 388.1 0.68 cr' . 
55.4 60.2 348.9 0.58 396.3 0.68 

55.5 60.0 341.7 0.57 419.6 0.74 

55.6 59.1 331.0 0.56 377.5 0.66 

Average 59.7 337.2 0.56 390.9 0.68 

'It;;; 0.2 7.4 0.01 9.9 0.02 

CV% 0.66 5.40 5.14 6.19 6.51 

SLAB 56 GbCG~CGbCGb (Gb AllOO, C etched) VT % '" )8.)8% V ~% = 16.04% 
c~ 

Vg6% '" 22.34% 

56.1. 58.6 386.8 0.66 

56.2 58.2 395.5 0.68 

56.3 57.3 365.6 0.64 
IT'" E. c ITS" 

56.4 57.1 399.8 0.70 

56.5 57.9 388.0 0.67 

56.6 57.1 393.8 0.69 
-

Average 57.7 388.3 0.67 

"x 0.3 4.9 0.01 

CV% 1.09 3.12 3.22 

SLAB 57 G
5

CG
5

CG
5

CG
5 

(G
5 

AllOO, C etched) VT % '" 38.38% V cr% = 1.6.04% 

Vg5% = 22.34% 

57.1. 60.3 416.1 0.69 443.2 0.75 

57.2 60.1 394.8 0.66 409.6 0.69 

57.3 59.0 348.3 0.60 430.6 0.75 IT' 
57.4 60.8 533.4 0.88 533.4 0.88 

57.5 59.4 398.0 0.67 456.9 0.79 

57.6 59.6 41.7.2 0.70 451.6 0.78 

Average 59.9 41.8.0 0.70 454.2 0.77 

";t 0.3 25.2 0.04 17.) 0.02 

CV% 1.10 14.79 11.55 9.)2 8.1.6 



Table 2A8 Continued 

SLAB 58 

Specimen 

58.1 

58.2 

58.3 

58.4 

58.5 

58.6 

Average 

"'-x 

CV% 

SLAB 59 

59.1 

59.2 

59.3 

59.4 

59.5 

59.6 

Average 

y-
'" CV% 

SLAB 60 

60.1 

60.2 

60.3 

60.4 

60.5 

60.6 

Average 

'Y;;: 
CV% 

G6CG6CG6CG6 (G6 no c.-a. •• C no c.-a.) VT % = 38.51%, 

Vcf% = 16.17%, Vg6% = 22.34% 

57.7 

58.3 

59.0 

57.0 

58.2 

58.5 

58.1 

0.3 

1.19 

271.2 

250.7 

336.3 

)02.1 

% 
0.47 

0.43 

0.57 

0.53 

291.0 0.50 

32l.9 0.55 

295.5 0.51 

12.9 0.02 

10.73 10;26 

E..' 

% 

G
5

CG
5

CG
5

CG
5 

(G
5 

no c.-a •• C no c.-a.) VT % = 38.51%, 

Vcf%= 16·17%, VgS% = 22.34% 

59.8 

59.8 

59.3 
60.2 

59.9 

60.1 

59.9 

0.1 

0.53 

, 
305.1 

299.0 

284.7 

300.9 

299.6 

312.6 

0.51 

0.50 

0.48 
0.50 

0.50 

0.52 

300.3 0.50 

3.7 0.01 

3.05 2.65 

G6CG6CG6CG6 (C no 

Vg6% = 22.34% 

58.6 333.8 0.57 

0.56 

0.59 

0.58 

0.56 

58.9 329.9 

57.8 

58.4 

59.2 

58.2 

58.5 

0.2 

341.3 

338.5 

331.7 

331.9 0.57 

334.5 0.57 

1.8 0.01 

1.33 2.05 

377.3 

402.6 

431.6 

421.3 

372.9 

392.9 

399.8 

9.6 

5.88 

0.67 

0.72 
0.78 

0.76 

0.65 

0.70 

0.71 

0.02 

7.04 

0-' 
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Table 218 Continued 

SLAB 61 

0-'" c: E 0-' c:..' ~ 

Specimen E 0-

YJI/m:m2 N/m:m2 % N/rrm 
2 % N/um 2 

61.1 60.8 340.6 0.56 403.9 0.68 411.2 
61.2 59.7 417.7 0.70 437.1 0.74 437.1 
61.3 60.4 374.3 0.62 422.9 0.72 439.9 
61.4 60.0 389.9 0.65 446.3 0.76 446.3 

61.5 59.7 382.1 0.64 432.9 0.75 435.4 
61.6 60.2 427.3 0.71 454.8 0.77 454.8 

- - --
Average 60.1 388.7 0.65 433.0 0.74 437.4 
V.,. 0.2 12.8 0.02 7.4 0.01 6.0 
CV% 0.71 8.05 8.46 4.15 4.41 3.36 



Table 2A9 

The Main Steps in Calculating the Range of Composi te Failure Stress and Strain for Slabs 1 to 23! FollOwing furry' s (4) 
Model 

.:ilabs 1 to 7 1 2 3 4 5 6 7 

Ef/Em ratio 71.84 71.84 71.84 71.84 71.84 71.84 71.84 
AverageVf. % 16.17 21.56 32.34 37.73 48.51 37.43 37.73 
Length Factor, F 1.601 1.410 1.144 1.041 0.867 1.046 1.041 
Mean fibre diameter, 

df, JlIIl 7.3 7.3 7.3 7.3 7.3 7.3 7.3 
Fibre gauge length,mm 0.0935 0.0823 0.0668 0.0608 0.0506 0.0611 0.0608 
Fibre strength, 2 

Of.(LI'I)' KN/mm 1.90 1.94 1.99 2.02 2.08 1.96 1.97 
Debond length, df o - 13 o - 12 0 - 14 0 -13 o - 13 o - 11 o - 12 
Equivalent de bond 
length, df o - 8.1 o - 8.5 0 - 12.2 0 - 12.5 o - 15 o - 10.5 o - 11.5 
LplLR 1 - 2.6 1 - 2.7 1 - 3.7 1 - 3.7 1 - 4.4 1 - 3.2 1 - 3.5 
CVf % 16.6 16.6 16.6 16.6 16.6 16.4 16.5 
rr* for LpILR = 1 
Upper 0.766 0.766 0.766 0.766 0.766 0.764 0.764 
Mean 0.721 0.721 0.721 0.721 0.721 0.723 0.723 
Lower 0.664 0.664 0.664 0.664 0.664 0.667 0.666 
0-* for Lp/LR > 1 
Upper 0.689 0.689 0.682 0.682 0.679 0.685 0.684 
Mean 0.646 0.645 0.637 0.637 0.631 0.643 0.639 
Lower 0.591 0.590 0.579 0.579 0.572 0.587 0.583 
0;.1' for Lp/LR = 1 
Upper 1.46 1.49 1.52 1.55 1.59 1.50 1.51 
Mean KN/mm2 1.37 1.40 1.43 1.46 1.50 1.42 1.42 
Lower 1.26 1.29 1.32 1.34 1.38 1.31 1.31 
~ 

LpILR> 1 ITai' for 
Upper 

KN/mm2 
1.31 1.)4 1.36 1~J8 1.41 1.34 1.35 

Mean 1.23 1.25 1.27 1.29 1.31 1.26 1.26 
Lower 1.12 1.14 1.15 1.17 1.19 1.15 1.15 
Number of model 
elements, M 

LplLR = 1 11230 17011 31437 40296 62253 40098 40296 
Lp/LR > 1 4319 6300 ·8496 10889 14148 12531 11513 
CV % 3.4 3.4 3.4 3.4 3.4 3.3 3.3 ac 

cont/ •••• 



Slabs 1 to 7 1 2 3 4 5 6 7 

~c 36.90 36.90 36.90 36.90 36.90 37.00 37.00 
Size fac tor, 't 
LpILR = 1 0.779 0.770 0.754 0.750 0.742 0.751 0.750 

~ILR >1 0.798 0.788 0.782 0.779 0.771 0.775 0.777 

Of for Lp/LR = 1 
Upper 2 1137.9 1147.0 1146.9 1162.5 1180.0 1126.1 1132.5 
Mean N/mm 1067.4 1077.9 1078.8 1095.1 1113.2 1066.0 1065.2 
Lower 982.0 993.0 996.0 1005.0 1024 .1 983.4 982.5 
~ 

for Lp/LR> 1 Of 
Upper 

N/mm2 
1045.1 1056.6 1064.0 1075.0 1087.0 1038.2 1048.5 

Mean 981.4 985.6 993.5 1004.9 1009.9 976.2 976.5 
Lower 893.6 898.9 899.8 911.4 917.5 891.0 893.2 

~ 0.173 0.227 0.333 0.386 0.492 0.383 0.386 
CYc. for LpILR = 1 
Upper, crU1 ' 196.9 260.4 381.9 448.8 580.6 431.3 437.1 

~ / 2 184.7 244.7 359.2 422.7 547.7 408.3 411.2 Mean, Cl"MI' N mm 
'" 169.9 225.4 331.7 387.9 503.9 376.6 379.2 L.Qwer, Cl"'i; 

0;; for /IR> 1 
f\.) 

-I'> 

Upper, CYU2 , 180.8 239.8 354.3 415.0 534.8 397.6 404.7 '.!l 

Mean, &M2.' N/mm2 169.8 223.7 330.8 387.9 496.9 373.9 377.7 
~ 154.6 204.1 299.6 351.8 451.4 341.3 344.8 Lower, Cu , 

E:c for LpILR = 1 
~ 0.47 0.47 0.47 0.48 0.49 0.47 0.47 Upper, c: Ut 
~ , 

% 0.44 0.45 0.45 0.45 0.46 0.44 0.44 Mean, £,..t 
~ , 

0.41 0.41 0.41 0.42 0.42 0.41 0.41 Lower, E,~I .. 

fa;: LpILR 1 
Upper, £ U2. ' 0.43 0.44 0.44 0.45 0.45 0.43 0.43 

Mean, E M2 ., % 0.41 0.41 0.41 0.42 0.42 0.40 0.40 
Lower, t L2. , 0.37 0.37 0.37 0.38 0.38 0.37 0.37 

Cont/ •••• 



Slabs 8 to 16 8 9 10 11 

Ef/Em ratio 22.43 22.43 22.43 22.43 
Average Vf, % 22.34 27.38 33.51 39.09 
Length factor, F, 0.775 0.700 0.626 0.568 
Mean fibre 
diameter, df' f.J.m 12.82 12.82 12.82 12.82 
Fibre gauge length 0.0795 0.0718 0.0642 0.0583 
Fibre strength, 

frt=(L,,), KN/mm2 2.23 2.25 2.26 2.28 
Debond length, df 0 - 19 o - 18 o - 16 o - 16 
Equivalent debond 
length, df 0 - 24.5 o - 25.7 o - 25.6 o - 28.2 
Lp/lR 1 - 6.8 1 - 7.1 1 - 7.1 1 - 7.8 
CVf, % 8.25 8.25 8.25 8.25 
cT'I for Lp/LR = 1 
Upper 0.797 0.797 0.797 0.797 
Mean 0.774 0.774 0.774 0.774 
Lower 0.741 0.741 0.741 0.741 
0-1< for Lp/lR> 1 
Upper 0.802 0.806 0.806 0.816 
Mean 0.746 0.746 0.746 0.747 
Lower 0.687 0.681 0.681 0.681 
CYa.~ for Lp/LR = 1 
Upper 1.78 1.79 1.80 1.82 
Mean KN/mm2 1.73 1.74 1.75 1.76 
Lower 1.65 1.67 1.67 1.69 
ITa.F for LpILR> 1 

Upper 1.79 1.81 1.82 1.86 
Mean KN/mm2 1.66 1.68 1.69 1.70 
Lower 1.53 1.53 1.54 1.55 
Number of model 
elements, M 
LplLR = 1 5444 7388 . 10113 12991 
Lp/LR> 1 801 1041 1424 1666 
CVac , . % 1.7 1.7 1.7 1.7 

J2 13 14 

22.43 22.43 22.43 
45.60 51.30 39.09 
0.509 0.462 0.568 

12.82 12.82 12.82 
0.0522 0.0474 0.0583 

2.29 2.31 2.69 
o - 15 o - 14 o - 16 

o - 29.5 o - JO.3 o - 28.2 
1 - 8.1 1 - 8.3 1 - 7.8 

8.25 8.25 20.00 

0.797 0.797 0.750 
0.774 0.774 0.695 
0.741 0.741 0.630 

0.818 0.819 0.620 
0.748 0.749 0.553 
0.679 0.664 0.478 

1.83 1.84 2.02 
1.77 1.79 1.87 
1.70 1.71 1.69 

1.87 1.89 1.67 
1.71 1.73 1.49 
1.55 1.53 1.29 

16925 20969 12991 
2090 2526 1666 
1.7 1.7 4.0 

15 

22.43 
39.09 
0.568 

12.82 
0.0583 

2.78 
o - 16 

o - 28.2 
1 - 7.8 

19.50 

0.752 
0.699 
0.635 

0.628 
0.560 
0.486 

2.09 
1.94 
1.76 

1.75 
1.56 
1.35 

12991 
1666 
3.9 

16 

22.43 
39.09 
0.568 

12.82 
0.058 3 

3.01 
o - 14 

o - 24. 6 
8 1 - 6. 

21.10 

0.746 
0.687 
0.620 

0.605 
0.542 
0.472 

2.25 
2.07 
1.87 

1.82 
1.63 
1.42 

12991 
1910 
4.2 

Cont/ •••• 



3labs 8 to 16 8 9 10 11 12 13 14 15 16 

~ac 70.4 70.4 70.4 70.4 70.4 70.4 30.6 32.0 29.4 
Size fac"or, 'l 
Lp/LR = 1 0.886 0.880 0.877 0~875 0.871 0.867 0.734 0.744 0.724 
Lp/LR > 1 0.909 0.906 _0.901 0.900 0.897 0.895 0.7~5 0.793 0.773 
6:i: for Lp/LR = 1 
Upper, 

N/mm2 
1577.1 1575.2 1578.6 1592.5 1593.9 1595.3 1482.7 1555.0 1629.0 

Mean, 1532.8 1531.2 1534.8 1540.0 1541.7 1551.9 1372.6 1443.4 1498.7 
Lower, 1461.9 1469.6 1464 .6 1478.8 1480.7 1482.6 1240.5 1309.4 1353.9 
OF for Lp/LR> 1 
Upper, 

N/mm2 
1627.1 1639.9 1639.8 1674.0 1677.4 1691.6 1310.9 1387.8 1406.9 

Mean, 1508.9 1522.1 1522.7 1530.0 1533.9 1548.4 1169.7 1237.1 1260.0 
Lower, 1390.8 1386.2 1387.5 1395.0 1390.4 1369.4 1012.7 1070.6 1097.7 

~ 
0.257 0.305 0.364 0.417 0.480 0.534 0.418 0.418 0.418 

for ~/~ = 1 
Upper, &Ul., 403.2 478.7 572.5 662.6 762.6 850.4 618.0 647.4 677.3 

~ / 2 392.5 466.1 557.2 641.4 738.2 827.7 573.1 602.0 624.5 Mean, aM" N mm 
~ 375.1 447.9 532.5 616.5 709.5 791.3 518.5 547.2 565.3 Lower, crLl ., 

o-c for Lp/LR>l 
~ 415.1 497.4 593.8 695.5 SOl.7 900.9 547.8 579.3 587.1 Upper, O"U2.., 2 

Mean, &"'2-, N/mm 386.6 463.2 552.8 637.3 734.5 825.9 488.9 517.2 526.8 
Lower, 8- .... 2.., 357.6 423.3 505.1 582.2 666.9 731.6 423.3 447.5 458.8 
ec for Lp/LR = 1 
Upper, EUI , 2.09 2.08 2.08 2.11 2.11 2.11 1.96 2.06 2.15 

"" % 2.03 2.03 2.03 2.04 2.04- 2.05 1.82 1.91 1.98 Mean, EMI., 
~ 1.93 1.94 1.96 1.96 1.96 1.64 1.73 1.79 Lower, eL...l ., 1.94 

Et: for Lp/LR> 1 
~ 

2.15 2.17 2.17 2.21 2.22 2.24 1.73 1.84 1.86 Upper, CV2' 
~ % 2.00 2.01 2.01 2.02 2.03 2.05 1.55 1.64 1.67 Mean, E. MZ , 

Lower, e L.2. ., 1.84 1.83 1.83 1.85 1.84 1.81 1.34 1.42 1.45 

Cont/ •••• 



Slabs 17 to 23 17 18 19 20 21 22 23 

Ef /Em ratio, 24.84 24.84 24.84 24.84 24.84 24.84 24.84 
Average Vf, a' 27.38 33.51 39.09 44.68 39.09 39.09 39.09 it> 

Length factor, F 0.737 0.659 0.598 0.544 0.598 0.598 0.598 
rAean fibre 
diameter, df, ~m 11.68 11.68 11.68 11.68 11.68 11.68 11.68 
Fibre gauge 
length, mm 0.0689 0.0616 0.0559 0.0508 0.0559 0.0559 0.0559 
Fibre s..!rength, 2 

o-F(LR) , KN/mm 3.12 3.15 3.18 3.21 3.57 3.69 3.53 
Debond length, df o - 20 o - 18 o - 18 o - 16 o - 17 o - 16 o - 15 
Equivalent debond 
length, df o - 27.1 o - 27.3 o - 30.1 o - 29.4 o - 28.4 o - 26.8 o - 25.1 
Lp/LR 1 - 7.5 1 - 7.5 1 - 8.2 1 - 8.1 1 - 7.8 1 - 7.4- 1 - 7.0 
CVf % 10.00 10.80 10.80 10.80 17.40 17.80 17.30 
0-" for Lp/La = 1 
Upper, 0.787 0.787 0.787 0.787 0.760 0.759 0.761 I\) 

Mean, 0.757 0.757 0.757 0.757 0.713 0.710 0.714 
\J1 
I\) 

Lower, 0.718 0.718 0.718 0.718 0.656 0.652 0.657 
0-" for Lp/LR? 1 

Upper, 0.767 0.767 0.767 0.767 0.661 0.655 0.663 
Mean, 0.704 0.704 0.704 0.704 0.594 0.589 0.601 
Lower, 0.639 0.639 0.639 0.639 0.521 0.519 0.532 
o-af for Lp/LR = 1 
Upper, 2.46 2.48 2.50 2.53 2.71 2.80 2.69 
Mean, KN/mm2 2.36 2.38 2.41 2.43 2.55 2.62 2.52 
Lower, 2.24 2.26 2.28 2.30 2.34 2.41 2.32 
~ 

for Lp/LR> 1 o-oJ 

Upper, 2.39 2.42 2.46 2.48 2.36 2.42 2.34 
Mean, KN/mm2 2.20 2.22 2.24 2.26 2.12 2.17 2.12 
Lower, 1.99 2.01 2.01 2.03 1.86 1.92 1.88 
Number of model 
elements, M 
Lp/LR = 1 9274 12695 16320 20526 16320 16320 16320 
Lp/LR ,..1 1237 1693 1990 2534 2092 2205 2331 

CVac , % 2.2 2.2 2.2 2.2 3.5 3.6 3.5 

Cont/ •.•• 



Slabs 17 to 23 

~ac 
Size factor, 'I. 
Lp/LR = 1 
Lp/LR > 1 
OF for Lp/LR = 1 
Upper, 
Mean, N/mm2 

Lower, 
64: for Lp/LR> 1 
Upper, 
Mean, N/mm2 
Lower, 
F..(: 
DC for Lp/LR = 1 
Upper, O-u. , 2 
Mean, e-M " N/mm 
Lower, e-L't. 
Dc for p/La> 1 
Upper, &" .. , 
Mean, fr ..... , N/mm2 

Lower, crI..%.' 
Ec for Lp/LR = 1 
Upper, Eu " 

Mean, gM" % 
Lower, E"LI' 
Ec for Lp/LR> 1 
Upper, Eu:" 
Mean, e "'... % 
Lower, E,-, , 

17 

57.2 

0.851 
0.884 

2093.5 
2008.4 
1906.2 

2112.8 
1944.8 
1759.2 
0.299 

625.0 
600.8 
571.7 

630.4 
582.6 
529.3 

2.50 
2.40 
2.28 

2.52 
2.32 
2:.10 

18 

57.2 

0.848 
0.877 

2103.0 
2018.2 
1916.5 

2122.3 
1946 .9 
1762.8 
0.358 

752.1 
723.0 
687.9 

758.9 
698.4 
634.5 

2.51 
2.41 
2.29 

2.54 
2.33 
2.11 

19 

57.2 

0.844 
0.875 

2110.0 
20)4.0 
1924.3 

2152.5 
1960.0 
1758.8 
0.412 

868.3 
838.0 
794.1 

885.2 
808.4 
727 .5 

2.52 
2.43 
2.30 

2.57 
2.34 
2.10 

20 

0.842 
0.87) 

2130.3 
2046 .1 
1936.6 

2165.0 
1973.0 
1772.2 
0.465 

991.5 
953.3 
903.3 

1007.2 
920.0 
828.3 

2.55 
2.44 
2.31 

2.59 
2.36 
2.12 

21 

0.760 
0.806 

2059.6 
1938.0 
1778.4 

1902.2 
1708.7 
1499.2 
0.412 

848.2 
799.6 
735.5 

785.2 
707.) 
621.9 

2.46 
2.32 
2.12 

2.27 
2.04 
1.79 

22 

34.8 

0.760 
0.801 

2128.0 
1991.2 
1831.6 

193$.4 
17)8.2 
1537.9 
0.412 

875.5 
820.9 
756.8 

799.7 
719.2 
638.0 

2.54 
2.38 
2.19 

2.32 
2.08 
1.84 

23 

35.5 

0.760 
0.803 

2044.4 
1915.4 
1763.2 

1879.0 
1702.4 
1509.6 
0.41-12 

842.2 
790.5 
729.3 

775.9 
704.8 
626.3 

2.44 
2.29 
2.11 

2.24 
2.03 
1.80 

I\) 
V1 
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Figure 1 
........ 

The Relationship Between Composite Tensile Strength, CJ'c , and 

Fibre Volume Fraction, Vf , According to the Rule of Mixtures. 

A 

B 

Figure 2 

The Unidirectional Fibre Composite Tensile Failure Model, After 

Zweben(2~ 
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The Re1ationshiE between the Weibu11 Parameter ~ 

and the Coefficient of Variation l CV1 of a Weibull 

Distribution CV = ['T' ( I + ;y~) 
'T'~(I + y~) 
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Figure 5. 

The Relationships of the Model Fibre Length Lp and the 

to the Fibre Debond Length, After Barry(4). 
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Figure 6 

The Upper 9% Single Tail Scatter Limi ts for IT * 
from the Model Composite, After Barry(4~ 
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Figure 7 

The Mean Values of cr" from the Model composite, 

After Barry (4~ 
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Figure 9 

The Relationship Between the CV of the Model 

Composite Strength (CV ) and the CV of Fibre Strength 

~Vf)' After Barry(4) ac 
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Figure 10 

Tensile Property Requirements of a Material X (Hayashi(5». 
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Tensile Properties of Materials A, Band C (Hayashi (5». 
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Figure 12 

Theoretical Tensile Pro erties of the ed 

from Materials A, B and e (Hayashi 5 ). 
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Figure 13 

Comparison of the Theoretical and Experimental Stress v Strain 

Curves for Carbon/Epoxy, Glass/Epoxy Hybrid Composites, Obtained 

by Hayashi (5). 
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Figure 14 

The Stress v Strain Diagram Obtained when Combining C.F.R.P. and G.R.P. 

to Form a Rybrid Composite, Showing the Effect of Differential Thermal 

Contraction Between the Layers, After Bunsell and Harris(24). 

IT 

Figure 15 

Tensile Stress v Strain Diagram for a Oarbon/Glass/Epoxy Hybrid 

Composite, After Aveston and Sillwood(6) 
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Figure 16 Zl<eben's(7) Model for the Tensile Strength 

Analysis of Hybrid Composites 
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Figure 17 Possible Modes of Failure in Short Beam Shear 

Specimens 

a) Shear Failure 

b) Complex Failure Mode 
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Figure 18 

The Structure of A172, A187 and AllOO Union Carbide Coupling Agents. 
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Figure 19 

Silane Bridging Between Silane Coupling-Agents and a Glass Surface 
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Figure 20 

Hydrogen Bonding Between Silane Coupling=Agents and a Glass Surface 
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After Lanza \ 58 J. 

Strength of E-Glass Fibres «(]g) with their Length (L) 
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Jo'igure 22 Reaction of Diglycid,yl Ether of Bisphenol A and Acrylic Acid to Form a Vinyl Ester(63) 
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Figure 23 The Chemical Resistance of Resins (63) 
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Figure 24 

Base Catalyzed Hydrolysis of an Ester Group. 
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Figure 26 Diagram of the 'Leaky' Mould Used for the Fabrication of Resin and Composi te Slabs 

Dimensions in mm 

180 

I' 10----1· __ 1
50_-----1.[ 1 -J 

BASE 

I 

§ d 
0 

I 
~ 

I 

I 

I 

r 
I 

0 1 

I 

. I 
I 

I 

I 
• 

180 

150 

LID 

1 1 
I 

'0 
I 

'" 0> 
'-D 

I 
I 



Figure 27 

Diagram of the Resin Tensile Specimen Shape. 

Dimensions in mm. 

Fi /l,'UI' e 31 

Different Used in the Tensile Testin 

of Unidirectional 

A) 

B) 

c) 

D) 

270 



Figure 28 

Diagram of the Acid Digestion Apparatus. 

Figure 29 

The Separated I.L.S.S. 

3-Point Bending Rig. 
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Figure 30 
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Figure 32 

Shear Failure of Waisted Tensile Specimen. 
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- -- --

Figure 33 

Composite Tensile Specimen Shape. 
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Figure :H D.T.A. Scan of Resin Mixes ~, 2 and 13 

Fifl!!re ~2 D.T.A. Scan of Resin Mixes 3, 2 and 13 
TemEerature after mi xinll: 

Fifl!!re ~6 D. T.A. Scan of Resin Mixes 3, 9 and 13 
24 Hours After Mixin~ 
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Figure 37 Variation in Composite Shear Modulus (0) with E-Olass Fibre Content (Vg) 
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Figure 38 

The Relationship Between the ~fidth to Thickness Ratio (Bit) of a Shear 

Specimen and the ractor e in the Equation 
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Figure 42 

typical Load Deflection Curve for I.L.S.S. Composite Specimens 

Fai ling in Shear. 

Deflection 

Figure 43 

The Variation in the Elastic Modulus, E, of Carbon Composites with 

Carbon Volume Fraction Content, Vcf" 
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Figure 44 
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The Variation in the Experimental Tensile Strength of Carbon composites(ere ) with Carbon Volume 
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Figure 45 

A Typical Tensile Stress v Strain Curve for a Carbon COmposite 

Specimen from Slab 4 (7C, V cf ~ 0.38) , 
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Figure 46 

Half of the Fractured Carbon Composi te Tensile Specimen 4.2. 
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Figure 47 

Scanning Electron Micrograph of a Portion of the Fracture Surface of Specimen 

4.3, an As Recieved Carbon FibreJgesin Composite. Note the clean fibre/resin 

interfacial failure and the continuation of the debonding beneath the fracture 

surface of the resin. 

Figure 48 

Scanning Electron Micrograph of a Portion of the Fracture Surface of Specimen 6.1, 

an Etched Carbon Fibre,lgesin Composite. Note the resin adhering to the 'exposed'. 

carbon fibre surface 



Figure 49 

Comparison Between the Experimental and Theoretical (After Barry(4)) Failure 

tresses of the Carbon Composites from Slabs 1 to 5 
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Figure 50 

The Variation in the Elastic Modulus (E) of 600 tex E-glass Composites with 600 

tex E-Glass Volume Fraction Content (Vg6) 

70 

60 

50 

E 40 
KN/mm 2 

30 

20 

10 

0 0.20 0.40 0.60 0.80 1.00 



Figure 51 
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The Variation in the Tensile Strength (eJe) of 600 tex E-Glass Composites with 600 tex E-Glass Volume 
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Following the Theory of Rosen Cl ) and Zweben 3) 
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Figure 52 

A Typical Tensile Stress v Strain Curve for a 600 tex E-Glass 

Composite Specimen From Slab 11 (7G6'-.!g6 == 0.39). 
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Figure 53 

Half of the Fractured 600 tex E-Glass Composite Tensile 

Specimen 11.4. 
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Figure 54 

Comparison Between the Experimental and Theoretical (After Barr/ 4)) 

Failure' Stresses of the 600 tex E-Glass Composites from Slabs 8 to 13. 
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Figure 55 

The Variation in the Elastic Modulus (E) of 500 tex E-Glass Composites 

with 500 tex E-Glass Volume Fraction Content (V
g5

). 
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Figure 56 The Variation in the Tensile Strength (CJ,e) of 500 tex E-Glass Composites with 500 tex E-Glass 

Volume Fraction Content (V 5) and the Predicted Upper (C3u) Lower «()-L) and Weakest (e:rw) Stress 

Levels Following the Theo~ of Rosen(l) and zweben(3). 
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Figure 57 

A TYpical Tensile Stress v Strain Curve for a SOD tex E-Glass 

Composi te Specimen from slab 19 (7Gs --L. Vg5 ",,0.39) 
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Figure 58 

Comparison Between the Experimental and Theoretical (After Barry(4)) 

Failure Stresses of the 500 tex E-Glass Composites from Slabs 17 to 20. 
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Figure 59 The Variation in the Experimental Tensile Stress at the Elastic Limit (in this case equal to the initial 

failure stress), er~, and the Maximum stress, C3- , of the 3:1 Tape HYbrid Composites with Total Fibre 

Volwne Fraction Content, VT ' Compared wi th the Rule of Mixtures Values (erR
Ir

M and 0;..., ). 
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Figure 60 
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A Typical Experimental Tensile Stress v Strain Curve (~ ) ·for a 3:1 Tape Hybrid Composite Specimen 

from Slab Zl ( 7 x 3:1, VT ~ 0.39) and the Theoretical Rule of Mixtures curve ( - - - ) 
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Figure 61 

Half of the Fractured 3:1 Tape Hybrid Composite Tensile Specimen 27.4. 

Figure 62 

Stereozoom Photograph of a Portion of the Fracture Surface of the 3:1 Tensile 

Specimen 25.1. Note the profile of the fractured carbon tow and the spike of 

E-glass on the L.H.S. 
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Figure 63 

The Variation in the Elastic Modulus, E, of the 3:1 Tape Hybrid Composites with Total 

Fibre Volume Fraction Content, VT~ 
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Figure 64 

The Variation in the Elastic Modulus, E, of the 1:1 Tape Hybrid Composites with Total 

Fibre Volume Fraction Content, VT .! 
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The Variation in the Experiment.al Tensile Stress at the Elastic Limit (in this case equal to the ini tial 

failure stress), IT E
, and the Maximum stress, IT, of the 1:1 Tape Hybrid Composites with Total Fibre 

Volume Fraction Content, Vr , Compared with the Rule of Mixtures Values ( ITR~ and &RH.1. 
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Figure 66 

A TYpical Tensile Stress v Strain Curve for a 1:1 Tape Hybrid 

Composi te Specimen from Slab 34 ( 7 x 1:1, Vr ,,= 0.39) and the 

Theoretical Rule of Mixtures Curve. 
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Figures 68 to 78 

TYPical Tensile Stress v Strain Curves - ) for specimens from Slabs 

37 to 47 Compared wi th the Theoretical Rule of Mixtures Curves ( - - - ) . 
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Figure 72 Slab 41, 
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Figure 76 
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Slab 43, 3:1 C 3:1 C 3:1 C 3:1, VT ~ 0.39 

Of 6 specimens tested 1 had O"E = 0" I and I -3 had 0" = 0" 
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Figure 77 Slab 46, G6CG6CG6C, v-r '" 0.39 
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Of 6 specimens tested 1 had IT =0-:= IT and 2 had 
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Figure 79 

Stereozoom Photograph of a Section of the 

Fractured ~ybrid Tensile Specimen 46.6. Note 

the 'spikey' appearance of the fracture. 
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Figure 80 

Stereo zoom Photograph of the Fractured Hybrid Tensile Specimen 46.5. Note 

the contrast between this fracture and the one in figure 79. 

Figure 81 

Scanning Electron Jfdcrograph of a fYpical Portion of the Fracture' Surface in a 

Carbon Fibre area of the Hybrid Tensile Specimen 37.2. Note the range of carbon 

fibre pull-out lengths. 
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Figures 82 to 95 

Typical Tensile Stress v Strain Curves (--) for Specimens from 

Slabs 48 to 61 Compared wi th the Theoretical Rule of Mixtures 

Cur:.=:....:v.:::.e=-s --'('--__ ..l.)..:. For all sI abs V r:!= o. 39 
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Figure 86 

Figure 87 
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Figure 88 
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figure 94 
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Figure 96 

Photographs of Specimen 50.7 Taken During Tensile Testing. 

-5""" 

Figure 97 

Photographs of Specimen 54.7 Taken During Tensile Testing. 

-5 ..... 



Figure 98 

Photographs of specimen 57.7 
Taken during Tensile Testing 
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Figure 99 

Photographs of specimen 49.7 
Taken During Tensile Testing 

Figure 100 

Photographs of Specimen 58.7 
Taken During Tensile Testing 
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FJ.gure 101 

Stereozoom Photograph of the Fractured Tensile Specimen 58.1 

FJ.gure 102 

Stereozoom Photograph of Half of the Fractured Tensile Specimen 54.2 
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Plot of the Elastic Strain Limit, E:" (><) and the Initial Failure Strain, £' (.), Against the Ratio of 

Carbon Fibre to Total Fibre Volume Fraction Content, Vcf/VT' for a Range of Hybrid Composite Slabs. 
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Figure 104 
,.. 

Plot of Maximum Tensile stress, cr , Against the Ratio of Carbon Fibre to Total Fibre Volume Fraction 

Content, V ffv
T

, for a Range of Hybrid Composite Slabs with VT Normalized to 0.40 compared with the 
c ,.. 

Theoretical Rule of Mixtures, IT RM' Plot. 
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Figure 105 The Elastic Strain Limi t, e: E
( x), and Initial Failure 

Strain,E:'(o) , Values of the Hybrid Composites of 
Slabs 46 to 61 Against the Expected £G' of Their Parent 
E-G1ass Composites 
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Figure 106 

P1 

P 

The Relationship Between the Ratio of the Load After to the Load Before (P./?) the Failure of all the 

Carbon Fibres in one Cross-Section of two Hybrid Carbon/600 tex E-Glass/Vinyl Ester Composites and 

the Effective Axial Length over which the Failed Fibres Bear No Load (l) in a Tensile Specimen. 

With Extension~L and Gauge Length SCmm. 

1.0 1< _____ 

0·9 
"""-

"-... 

VT = 0.4, Vg6 = 0.3, Vcf = 0.1 (3:1) 

P1 1111.5· 
= 1111.5 + 26.7( 

0.8 "-... 
'-....... 

'-....... 
-........... 

0.7 

0.6 

~ -...... ~ ~T = 0.4, Vg6 = 0.2, Vcf = 0.2 (1:1) 

. ___ P1 688.0 
___ .~ 688.0 + 51.8~ 

. --- -" 
0·5 " """ '" 1:1 

0.4 " '" 
0.3~1----____ ~ __ ~ __ ~~ ______ ~ ______ ~~ ____ --~ 

o 2.0 4.0 L __ 6.0 8.0 10.0 

VJ 
-' 
I\J 



Figure 107 

P1 

P 

IHE Relati6IisiUp Between the na1:1 0- 01 the LaM At-ter to tne Loan Jj8Iore 't"",/t"") "tne r"al.lure 01 I..iaroon l'1.ores 

and the Fraction of Vcf Failed (Fcf) in one Composite Cross-Section For Two 1Ypes of Hybrid Carbon/600 tex 

E-Glass!vinyl Ester Composite Tensile Specimens. The axial length over which the failed fibres bear no 

load is 0.5mm, specimen extension is t. L and specimen gauge length is 50mm. 
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Figure 108 The Relationship Between the Axial Length over which Failed Fibres are Ineffective, ~ , and the 

Fraction, Fcf ' of the Carbon Fibre Content, Vcf' Failing in 1:1 and 3:1 E-Glass!Carbon/Vinyl 

Ester Composites with 'futal Fibre Fraction Content V
T 

= 0.4, given that the Ratio of the Load. 

After, PI ' to the Load Before Failure, P, is ~ - 0.9900. 
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figure 109 

rensile Failure Chart for·: the Carbon fibre/E-glass fibre/vinyl Ester H.ybrid 

1Posites and the Relation of the Different stages in the Failure Process to 

cee 'l;-rpical Hybrid Composi te Stress v Strain Curves. 
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The Relationship Between the Ratio of Carbon Fibre to Tbtal Fibre Volume Fraction Content, 

Ycf/VT ' and i) the Minimum Ineffective Length, (., of Vcf Failing Carbon Fibres in a Hybrid 

Composite Necessary to Produce a Drop in Load on the Tensile Curve and ii) the Minimum Fraction, 

fi.'cf.of Vcr Carbon Fibres Necessary to Fail In a Hybrid Composite In order to Produce a Drop in 

Load on the Tensile Curve. In both cases (. ~ O.5mm, V T ~ 0.40 and specimen gauge length L = 50mm 
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TABLE 1 

Properties of ~il 6000 Filament Carbon Fibres(54), T.B.A. 600 tex 

E-Glass Fibres 55} and Derakane 411-45 Vinyl Ester Resin(62) as 

quoted by their Respective Manufacturers. 

Hytil Carbon 600 tex E-Glass Derakane 411-45 
Fibre Fibre Vinyl Ester Resin 

Tensi le Strength 2350 - 81.4 ....... 
N/mm' 23mm L* eJ, 

Tensile Modulus 230 - 3.37 
E, KN/mm a 23mm L* 

Failure Scrain 1.02 - 5.00 
e: , % 

Specific Gravity 1.76 - 1.12 
E', gm/cm3 

Fibre Diameter 7.3 12.7 - 14.0 -
df. }J1Il shape faccor 

0.92 

* L = gauge length 

TABLE 2 

rata for Plain Carbon Fibre Unidirectional Woven Tape (C). 

Warp 

Tows in warp 

Weft 

Weft picks per metre 

'lape Width 

Carbon fibre volume fraction 
in a tape/resin composite (Vcf ) 

6000 filament carbon, concinuous 
tow 

70 

44 tex E-glass strand 

394 

150mm 

0.i078 x number of layers of C 
slab thickness 
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TABLE 3 

Data for Plain 600 tex E-Glass Fibre Unidirectional Woven Tape (Gb). 

Warp 

Tows in warp 

Weft 

Weft picks per metre 

Tape Width 

600 tex E-glaSs fibre volume 
fraction in a tape/resin 
composite (V g6) 

600 tex E-glass, conoinuQus tow 

70 

44 tex E-glass strand 

394 

148mm 

0.1117 x number of layers of Gb 
slab thickness 

TABLE 4 

Data for Plain 500 tex E-Glass fibre Unidirectional Woven Tape (Gs ). 

Warp 

Tows in warp 

Weft 

Weft picks per metre 

Tape Width 

500 tex E-glass fibre volume 
fraction in a tape/resin 
composite (Vgs ) 

500 tex E-glass, continuous tow 

84 

44 tex E-glass strand 

394 

148mm 

0.1117 x number of layers of G5 
slab thickness 
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TABLE 5 

Data for Hybrid 75% 600 tex E-Glass Fibre and 25% Carbon Fibre 
Unidirectional Woven Tape (3:1). 

Warp 

Tows in warp 

Weft 

Weft picks per metre 

Tape Width 

Total fibre volume fraction in 
a tape/resin composite (VT ) 

75% 600 tex E-glass, continuous tow 
25% 6000 filament carbon, continuous tow 

54 E-glass, 17 carbon 

44 tex E-glass strand 

394 

148mm 

0.1127 x number of layers of 3 :1 
slab thickness 

0.0277 x number of layers of 3 :1 
slab thickness 

0.0850 x nUmber of layers of 3 :1 
sla b t hickne ss 

TABLE 6 

Data for Hybrid 50% 600 tex E-Glass Fibre and 50% Carbon Fibre 
Fibre Unidirectional Woven Tape (1:1). 

Warp 

Tows in warp 

Weft 

Weft picks per metre 

Tape width 

50% 600 tex E-Glass, continuous tow 
50% 6000 filament carbon, cont inuous tow· 

36 E-glass, 35 carbon 

44 tex E-glass strand 

394 

150mm 

0.1106 x number of layers of 1:1 
slab thickness 

0.0547 x number of layers of 1:1 
slab thickne ss 

0.0559 x number of layers of 1 :1 
slab thickness 
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TABLE 7 

The Gel TiJne of Derakane 411-45 Vinyl Ester Resin with Varying 
Curing Agent Formulations. 

Mix Addition in ml per 100gm of resin gel time 

Number MEKP CoNap DMA in minutes 
50% 10% 100% 

1 2.00 0.30 - 78 

2 2.00 0.30 0.025 60 
* .. 

3 - 2.00 0.30 0.050 45 

4 . , '2.00 0.30 0.075 33 

5 0.80 0.40 0.075 41 

6 2.00 - 0.050 127 

7 2.00 0.50 0.050 39 

8 2.00 0.70 0.050 39 
*9 1.00 0.60 - 48 

10 - 0.30 0.050 >480 

11 1.00 0.30 0.050 67 

12 1.50 0.30 0.050 54 

*13 0.80 0.40 0.050 50 

* Mixes producing the desired gel time 
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TABLE 8 

The ComEos1te Slabs Fabricated. 

Slab Slab Type Fibre Voll.llOO Percent 
Nwnber and Surface Treatment 

VT % Vcf% Vg6% Vg',;% 

1 3C 16.17 16.17 
2 4C 21.56 21.56 

3 6C 32.34 32.34 
4 7C 37.73 37.73 
5 9C 48.51 48.51 
6 7C 37.43 37.43 

etched 

7 7C 37.73 37.73 
no c. -a. 

8 4G" 22.34 22.34 

9 5G" 27.38 27.38 
10 6Gb 33.51 33.51 
11 7Gb 39.09 39.09 
12 8Gb 44.68 44.68 
13 9Gb 50.27 50.'27 
14 7Gb 39.09 39.09 

A187 

15 7G" 39.09 39.09 
A1100 

16 7Gb 39.09 39.09 
no c.-a. 

17 5Gs 27.38 27.38 
18 6Gs 33.51 33.51 
19 7Gs 39.09 39.09 
20 8Gs 44.68 44.68 
21 7G5 39.09 3<:1. 09 

A187 
22 7G5 39.09 39.09 

A1100 

23 7GS 39.09 :39.09 
no c.-a. 

24 4 x 3:1 22.54 5.54 17 .00 

25 5 x 3:1 28.18 6.93 21.25 

26 6 ,x 3:1 33.81 8.31 25.50 

27 7 x 3:1 39.45 9.70 29.75 

Contd/ ••• 



Table 8 Continued. 

Slab No Slab Type 'IT % Vcf% 'I gr. % Vgs% 
28 8 x 3:1 45.08 11.08 34.00 

29 9 x 3:1 50.72 12.47 38.25 

30 3 x 1:1 16.59 8.21 8.38 

31 4 x 1:1 22.12 10.94 11.18 

32 5 x 1:1 27.65 13.68 13.97 

33 6 x 1:1 33.18 16.41 16.77 

34 7 x 1:1 38.71 19.15 19.56 

35 8 x 1:1 44.24 21.88 22.36 

36 9 x 1:1 49.77 24.62 25.15 

37 CG"Gr.C 21.95 . 10.78 11.17 

38 CG",CG"G"CG" C 43.90 21.56 22.34 

39 G, G;'CG~ G~CGr.G" 44.29 10.78 33.51 
40 Gs Gs CG.5 Gs CG5 G 5 44.29 10.78 33.51 

41 G"3:1G,,311G,,3:1G,, 39.15 4.16 34.99 
42 1:1 C l:l C 1:1 C 1:1 38.29 27.11 ll.18 

43 3:1 C 3:1 G3:1 C 3:1 38.71 21.71 17.00 

44 3:1 1:1 3:1 1:1 3:1 1:1 3:1 39.13 13.75 25.38 

45 1:1 1:1 3:1 1:1 3:1 1:1 1:1 38.82 16.45 22.37 

46 G"CG"C~CG" 38.51 16.17 22.34 

47 G,CGsCGSCG5 38.51 16.17 22.34 

48 GG,CG"CG"CGI.. 38.51 16.17 22.34 
no c.-a. 

49 GsCGsCGsCGS 38.51 16.17 22.34 
no c.-a. 

50 G"CG"CG"CG" 38.51 16.17 22.34 
A1100 

51 . GsCGSCGSCGS 38.51 16.17 22.34 
no c. -a. 

52 G"CG"CG"CG" 38.51 16.17 22.34 
A187 

53 GsCG.,CGsCGs 38.51 16.17 22.34 
A187 

54 G "CG"CG" CG" 38.38 16.04 22.34 
etched Al87 

55 .GsCGsCGsCGs 38.38 16.04 22.34 
etched A187 

56 G"CG"CG"CG" 38.38 16.04 22.34 
etched A1100 

57 GsCGs CGsCGs )8.38 16.04 22.34 
etched A1100 

58 G"CG ... CG"CG" 38.51 16.17 22.34 
no c.-a. no c.-a. 
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Table 8 Continued 

Slab No. Slab Type VT 1- Vcf% Vg/:>% Vg$% 

59 G$CGs CG.5CG s 38.51 16.17 - 22~34 
no c.-a. no c.-a. 

60 G"CG"CG"CG", 38.51 16.17 22.34 -
no c.-a. 

61 GsCGsCGsCG 5 38.51· ~6·17 n ~. -a • - 22.34 

.. 
Where no surface treatment is given below V% the treatment was as rec. 

324 
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TABLE 9 

Average Fibre Diameters, Fibre and Tow Cross-Sectional Areas and Fibre 

and Resin Densities as Determined Experimentally by the Author. 

6000 filament 600 tex 500 tex Derakane 
Property carbon E-Glass E-Glass 411-45 

Vinyl Ester 

Fibre diameter, "",m 7.3 (shape 12.82 11.68 -
factor = 0.92) 

Fibre 2 
38.51 129.08 107.15 c.s~a., p.m -

Tow c. s.a., :rmn 
2 0.2310 0.2362 0.1969 -

Density, gm/cm3 1.76 2.54 2.54 1.13 
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TABLE 10 

The Statistical characteristics of the Fibre Tensile Strengths, when 

Described by a Waibul1 Distribution, obtained from Tow Strengths. 

Fibre Gauge Tow Strength Fibre Weibu11 Parameters 
Type Length - 2 Strength Db, N/mm oC '1IJ / ( •••• ) ~ 2 

~ L, mm q,N/mm ,H Inm 

Carbon 50 543.6 774~4 7.02 1.45 (as ree-) 253 431.5 614.7 

Carbon 50 544~9 771~8 7.20 1.42 (no c.-a.) 180 456.1 646.0 

Carbon 50 541~2 768.8 7.11 1.42 (etched) 180 452.0 642.0 

600 tax 50 1173~3 1451~6 E-glass 14.91 1.95 
(as rec.) 253 1052.4 1302.0 

600 tex 50 577.9 873.0 E-glass 181 457.3 690.8 5.47 1.94 
(no c.-a.) 

600 tex 50 606~8 896.3 E-glass 5.96 1.87 
(A1100) 180· 489.5 723.0 

600 tex 50 563.2 839.3 E-glass 180 451.5 672.9 5.79 1.78 
(A187 ) 

500 tax 50 1338~5 1735.6 E-glass 252 1157.9 1501.4 11.20 2.57 
(as rec.) 

500 tax 50 900.0 1293~1 E-glass 180 744.6 1069.8 6.76 2.47 
(no c.-a.) 

500 tex 51 904~3 1306~8 E-glass 6.58 2.55 
(A1100) 182 745.3 1077.() 

500 tex 50 901~5 1297.1 E-!lass 180 745.1 1072.1 6.72 2.49 
(A187 ) 

~ 

Ob 
:;:;;-
Dj: 

0.702 

0.706 

0.704 

0.808 

0.662 

0.677 

0.671 

0.771 

0.696 

0.692 

0.695 
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TABLE 1.1 

The Average Experimental Shear Modulus of Derakane 411-45 Vinyl Ester 
Resin Determined From Torsion Specimens of Varying Thickness 

Specimens Thickness Shear Modulus Coefficient 
t, mm G, KN/mmz of Variation 

1-4 2.00 2.15 ± 0.01 1.34 
± 0.01 

5- 8 2.50 2.14 ± 0.01 1.67 
± 0.01 

9-12 3.00 2.15 ± 0.02 1.34 
± 0.01 

13-16 4.00 
± 0.01 

2.16 ± 0.01 1.25 

1-16 2.15 ± 0.01 1.29 

TABLE 12 

The Average Experimental Shear Modulus of E-Glass Composites 
Determined from Torsion Specimens 

Slab Number Fibre Volume Shear Modulus Coefficient 
(and lay-up) Content G, KN/mm2. of Variation 

VI, % CV, % 

8 (4G,,) 22.34 3.75 4- 0.03 1.74 

9 (5G 10) 27.38 4.45 ± 0.04 1.79 
10 (6G,,) 33.51 4.92 + 0.02 0.95 
1.1 (7G,,) 39.09 5.84 + 0.02 0.85 
12 (8GIo ) 44.68 6.51 + 0.01 0.45 

13 (9G Io ) 50.27 7.20 + 0.03 0.93 

14 (7G 6 , Al87 ) 39.09 5.74 + 0.04 1.49 -
15 (7G", A 1.100 ) 39.09 5.85 i- 0.03 0.98 

16 (7G" , no c.-a.) 39'~09 5.66 + 0.05 1.89 

17 (5G 5 ) 27.38 3.99 + 0.05 2.45 

18 (6G,) 33.51 5.00 + 0.04 1.66 

19 (7G s ) 39.09 5.51 + 0.03 0.99 

20 (8G s ) 44.68 6.65 + 0.03 0.86 

21 (7G5, Al87) 39.09 5.65 + 0.04 1.27 -
22 (7G5, AllOO) 39.09 5.74 ± 0.04 1.00 

23 (7Gs , no c.-a.) 39.09 5.68 ± 0.02 0.85 
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TABLE 13 

Results of the Tensile Testing of Derakane 411-45 Vinyl Ester Resin 

Specimens. 

Specimen Tensile Strength Ini tial Elast ic Failure Strain 
~ 

• N/mm2 ~ 

O""m Em. KN/mm:>' t..m, % 

1 80.6 3.38 4.90 

2 ·80.1 3.14 4.95 

3 76.8 3.22 4.88 

4 85.7 3.29 5.17 

5 85.1 3.34 5.12 

6 85.-2 3.62 4.73 

7 78.3 3.31 5.01 

8 75.4 3.53 4.61 

9 77.9 3.39 4.93 

10 80.1 3.48 4.70 

Average 80.5 3.37 4.90 

Yx (±) 1.1 0.05 0.06 

cv % 4.5 4.3 3.7 

TABLE 14 

Size Content on As Received 600 tex E-Glass,500 tex E-Glass and 

6000 Filament Carbon Tows. 

Weight/metre Weight/metre Weight % Volume % 

of sized tow of unsized tow sizing sizing 

gm/m gm/m 

600 tex E-glass 0.6132 0.6000 2.15 4.45 

500 tex E-glass 0.5130 0.5000 2.53 5.21 

6000 filament 0.4210 0.4066 3.42 4.58 
carbon 
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TABLE 15 

The Average Interlaminar Shear Strengths ('Lil ) of Composite Slabs 1 - 61 

1 (JC) 

2 (4C) 
3 (6C) 
4 (7C) 

5 (9C) 

Slab 

6 (7C - etched) 

7 (7C - no c.-e..) 

8 (4G,) 

9 (5G,,) 
10 (6G,,) 

11 (1G,,) 

12 (8G~) 

13 (9G,,) 

14 (7G,- A187) 

15 (7G" ~ A1100) 
16 (7Gb- no c.-a.) 
17 (5Gs ) 

18 (6Gs ) 

19 (7Gs ) 

20 (8Gs ) 

21 (7Gs - A187) 

22 (7Gs~ A1100) 
23 (1Gs- no c.-a..) 

24 (4 x 3:1) 

25 (5 x 3:1) 

26 (6 x 3:1) 

27 (7 x 3:1) 

28 (8 x 3:1) 

29 (9 x 3:1) 
30 (J x 1:1) 

31 (4 x 1:1) 

'tit 

N/um/ 

43.3 
43.4 

44.5 
43.5 
44.0 
97.8 
50.0 
>42.0 

51.5 
50.9 

52.3 
50.5 
54.0 

61.3 
103.5 

45.7 

49.5 
49.2 

54.2 

51.4 
56.5 

106.6 

47.0 

39.1 

39.7 

41.6 

43.6 

44.2 
36.4 
40.8 

Slab 

32 (5 x 1:1) 
33 (6 x 1:1) 

34 (7 x 1:1) 
35 (8 x 1:1) 
36 (9 x 1:1) 

37 (2C, 2G,,) 
38 (4C 4G",) 

39 (2C, 6G() 
40 (2C, 6Gs) 
41 (3 x 3:1, 4G~) 
42 (3C, 4 x 1:1) 
43 (3C, 4 x 1:1) 

44 (3 x 1:1, 4 x 3:1) 
45 (5 x 1:1, 2 x 3:1) 

46 {JC, 4G,;,l 
47 (JC, 4Gs ) 

48 (JC, 4G,,- no c.-a.) 
49 (3C, 4Gs- no c.~) 

50 (3C, 4G,,- All00) 
51 (3C, 4Gs - All00) 
52 (3C, 4G,,- A187) 

53 (3C, 4Gs - A187) 
54 (JC - etched,4G,,-

A187) 
55 (Jc - etched,4Gs 

A187) 

56 (JC - etched,4G," 
A1100) 

57 (JC - etched,4Gs-
A1100) 

58 (JC - no c.-a.,4G,,;
no c.-a.) 

59 (JC -;- no c.-a.,4Gs-no c.-a.) 
60 (JC - no c.-a.,4G",) 
61 (JC-no c.-a.,4Gs ) 

43.2 

45.1 
43.6 
42.5 

43.8 
43.2 
44.1 

49.7 
54 .. 0 

43.3 
42.3 
46.9 
50.5 

43.1 
49.9 
47.2 
48.6 
48.7 

99.9 
97.9 
74.4 
78.3 
66.1 

101.8 

49.3 

49.3 

48.1 

50.9 



TABLE 16 

Tensile Properties of the Composite Slabs 1 to 61 

Slab Fibre Volume Contents Elastic Elastic Limits Initial Failure Maximum 

YT % Ycf % Vg" % y. % Modulus 2 2 Stress 2 cre: N/nnn2 E.
s % I c:..' % IT , N/nnn g5 E, KN/nnn , cr ,N/nnn , 

1 16.17 16.17 - - 42.8±0.5 189~3 ± 5.8 0.44±0.01 cr" e E cr" 
3C 40.8-44.5 172.9-208.3 0.40-0.48 

2 21.56 21.56 - - 55~1± 0~8 260~6±17.2 0.47±0.04 cr" e." cr" 
4C 53.2-57.0 215.6-315.8 0.38-0.59 

3 32.34 32.34 - - 80~4 ± 0.4 386.8 ± 6~1 0~48±0.01 0-" e.E cr" 
6C 79.7-81.8 370.1-405.2 0.46-0.51 

4 37.73 37.73 - - 93.2± 0~3 422.7±9.4 0.46±0.01 o-E E" cr" 
1C 92.5-93.9 389.8-448.0 0.42-0.48 

5 48.51 48.51 - - 119.2± 0~4 573.5 ±17.8 0;48±0.02 0-" E" cr" 
9C 117.8-120.7 521.4-629.6 0.43-0.53 

6 37.43 37.43 - - 92.6± 0.4 453~0±10~9 0~49±0.01 0-" E" IT" 
7C etched 91.2-93.9 420.0-484.7 0.45-0.52 

7 37.73 37.73 - - 93.3 ± 0~3 441;l± 16~5 0.47±0~02 IT"" E" cr" 
7C no c.-a. 92.3-94.4 368.0-482.1 0.39-0.51 

8 22.34 - 22.34 - 19.4±0.1 358.4±14a 1~84±0.07 0-" £" cr" 
4G 19.1-19.9 320.0-401.5 1.66-2.10 

9 27.38 - 27.38 - 23~1± 0.2 480~8 ±10.5 2~08±0.04 o-S £'" 0-" 
5G 22.3-24.0 460.7-526.2 1.96-2.22 

10 33.51 - 33.51 - 27 ~9 ± 0.4 566 ~O ±27 ~5 2~03±0.07 0-£ E:E" 0-" 
6G 27.0-28.9 490.9-635.5 1.82-2.20 

11 39.09 - 39.09 - 31.9±0.3 595~7 ±27.3 1~87±0.07 0-" E:" o-E" 
7G 31.1-32.8 525.1-690.5 1.69-2.11 
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~ble 16 Continued 

% 
2 E 2 EE I 2 E', % ~ 2 

VT % VCf % Vgb Vg5 % E, KN/mm cr, N/mm % cr,N/rrm cr. N/mm 
~ 

12 44.68 - 44.68 - 36.3± 0~3 7l3~6:t55.7 1~96±0.14 crC c: E crI: 
8G 35,;2-36.9 552.4-867.6 1.57-2.35 

13 49.72 - 49.72 - 40~2± 0.3 798.9±15;4 1~99±O.03 cr E Er!! crc 
9G 39.3-40.8 754.5-839.0 1.90-2.06 

14 39.09 - 39.09 - 31.9± 0.3 329~4± 3.2 1~04±0~01 crE c.E cr E 

7G A187 31.3-32.9 322.9-3.38.3 1.01-1.06 

15 39.09 - 39.09 - 31.4 ± 0~2 507.ot14.8 1.61tO~04 cr fi 
t:

E cr" 
7G AllOO 30.9-32.0 445.2-554.0 1.44-1.73 

16 39.09 - 39.09 - 31.8 ± 0.1 279.0±9.7 0~88±0.03 cr E c:. E cr E 

7G no c.-a. 31.4-32.3 254.8-293.3 0.80-0.94 

17 27.38 - - 27.38 25.6± 0.3 520.9±8.6 2.03±0.05 cr E CS crE 

5G 24.8-26.4 490.9-54&1 1.86-2.17 

18 33.51 - - 33.51 30~5± 0.2 595~7±l2.9 1~96±0.05 crr!! E.
c o-E 

6G 29.7-)0.9 543.8-63J.l 1.77-2.12 

I 
34.6±0.2 734~9± 7.3 2~12±0~02 cr E crE 

19 39.09 - - 39.09 E..E 
7G 34.1-35.3 707 .6-7E2.0 2.06-2.16 

20 44.68 - - 44.68 39.2± 0.3 771.1±14.0 1.97iO.03 ey-E E.E crE 

8G I 38.3-40.0 732.8-ffi4.9 1.83-2.07 

21 39.09 - - . 39.09 35~0±0~2 440;8±l3;0 1~26±O~03 cr E E.E cr S 

7G A187 34.2-35.5 403.6-478.8 1.18-1.37 

22 39.09 - - 39.09 34.9±0.3 567.4 ± 8.5 1.63±0.02 cr E 
c:..

E cri! 
7G AllOO 34.1-35.8 542.2-£00.3 1.59 -1.68 

23 39.09 - - 39.09 35.1±0.2 370.7±13.6 1.06tO.04 cr E c.E o-E 
. 7G no c.-a. 34.3-35.6 315. 2-4l6 • 3 0.92-1.19 
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2 " 2 EE % 
, 2 El, % ~ 2 VT % V % Vg6 % Vg5 % E, KN/mm cr, N/wn cr, N/mm cr, N/mm cf- , 

- -

24 22.54 5.54 17.00 - 28~1:!: 0.5 212.7 '!6~4 0~76tO~02 0-" E" 291~4t14.8 
4 x 3:1 26.5-29.5 195.0-2.39. 3 0.72-0.81 253.5-356.2 

25 28.18 6.93 21.25 - 35.5±0~4 259.5t11.0 0.73±0.02 0-" c fi 370~1±17.4 
5 x 3:1 34.4-36.8 226.1-~.4 0.65-0.80 330.3-435.3 

26 33.81 8.31 25.50 - 42~4 ± 0.3 319.5±12.5 0~75±0.03 0-" c fi 450~2±15~1 
6 x 3:1 41.5-43.2 265.4-31-9.3 0.64-0.82 388 • 9-49l. 5 

27 39.45 9.70 29.75 - 48.1± 0.3 385.6±11.2 0.80±o~02 o-E E..E 530~2±33.3 
7 x 3:1 47.2-49.0 337 .6-409. 5 0.71-0.84 433.7-~9.5 

28 45.08 11.08 34.00 - 54.3± 0~'2 444~0:!:11.2 0.82.±0.02 0-'" e:.E 582.8±20.9 
8 x 3:1 53.5-55.3 397.4-471.5 0.73-0.85 505.5-6~.7 

29 50.72 12.47 28.25 - 60.7± 0.3 482.7±11~8 0~79:!:0~02 o-E e:.E 702.4±24.9 
9 x 3:1 59.7-61.6 445.7-517.1 0.74-0.84 645.9-8(2.8 

30 16.59 8.21 8.38 - 29 .O± 0.4 164.4±4.8 0;57±0.01 o-E £.E 167.1 :!: 4.2 
3 x 1:1 27.8-30.4 148.2-182.4 0.52-0.60 157.9-186.1 

31 22.12 10.94 11.18 - 37.0±0.-2 212.9 ± 5.0 0~57±0.01 0-" e E 217.5:!: 5.5 
4 x 1:1 36.1-37.5 198.5-230. 5 0.54-0.62 201.1-241.0 

32 27.65 13.68 13.97 - 46.3±0.2 279.3±11.1 0.60±-0.02 0-" e:.e 300.7±13.3 
5 x 1:1 .45.8-46.9 256 .8-J:~. 5 0.56-0.71 262.5-353.3 

33 33.18 16.41 16.17 - 54.7±0.1 332~2±12.0 0.61±0.02 o-E e:.E 362~3:!:7.4 
6 x 1:1 54.2-55.2 318.3-348.1 0.52-{).68 340. 2-J34. 7 

34 38.71 19.15 19.56 - 63.7.± 0.4 403.5:± 1.2 0~6J:!:0.01 o-E c: E 429.9±8.0 
7 x 1:1 62.1-65.1 374.0-421. 9 0.59-0.61 394.4-448.4 

35 44.24 21.88 22.36 - 11.8:!: 0.3 418~8±18.7 0.58tO.03 o-e e:. E 454.6 ±9~3 
8 x 1:1 71.0-72.6 354.8-417.8 0.50-0.66 431.3-492.5 

Cont/ •••• 
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36 49.77 
9 x 1:1 

38 43.90 
CG" CG" G"CG" C 

39 I 44.29 
G"G"CG"G,CG~Gb 

40 I 44.29 
G5GSCGS-GS-CG5G5 

41 I 39.15 
G,,3:1G,,3:1G,,3:1G6 

42 I 38.29 
1:lCl:1Cl:1Cl:l 

43 I 38.71 
3:lC3:1C3:1C3:1 

24.62 

10.78 

21.56 

10.78 

10.78 

27.11 

21.71 

44 I 39.13 13.75 
3: 11:13:11: 13 :11 iI. 3: 1 

45 I 38.82 I 16.45 
1:11:13:11:13:11:11:1 

46 . I 38.51 16.17 
G"CG"CG"CG" 

47 I 38.51 
GsCGSCG5CG5 

48 I 38.51 
G .. CG"CGbCGto 

I 

16.17 

16.17 

25.15 

11.17 

22.34 

33.51 

33.51 

34.99 

11.18 

17.00 

22.37 

22.34 

22.34 

22.34 
no C.-8.. 

2 
E, KN/nm 

80.4:!:0.2 
79.6-81.1 

37 .3± 0.2 
36.7-37.9 

7l~3 ± 0~2 
70.7-72.2 

53~3 ± 0.2 
52.6-53.9 

56.3 ± 0.2 
55.8-57.0 

38~9:!: 0~2 
)8 .2-39.6 

76~3± 0~4 
75.0-78.2 

67.5:!:0.2 
66.9-68.0 

54~6 ± 0.3 
53.6-55.4 

58.5 :!: 0.3 
57.9-59.6 

_58.3±0;2 
57.9-58.9 

59~8:!: 0.2 
59.3-60.3 

58.6 ± 0.2 
58.0-59.3 

333 

493.0 ± 16.3 
434.4-527.3 

168~5 ± 4~4 
156.2-185.5 

0.6l.±0.02 
0.54-0.67 

0.45"±0~01 
0.43-0.49 

336~0:± 11~4 0.47±0~02 
313.1-374.5 0.44-0.53 

415.3 ± 14~1 O~ 78±0.02 
363.2-461.4 0.69-0.86 

487.5 ± 9.3 0~86:t0.02 
463.3-524.5 0.82-0.92 

350~2:± 9~7 0.90±0.02 
308.4-372.7 0.81-0.92 

415.8 ±12.8 0~54±0~01 
367.6-449.5 0.49-0.59 

349.8± 13.2 0~52±0.02 
318.6-409.6 0.47- 0.61 

421.4 ± 15.6 0.77±0.03 
370.1-454.3 0.69-0.84 

365~6± 5.2 0.62±0.01 
351.8-385.4 0.59-0.66 

344.1 ± 13.3 0.59±0.02 
)02.0-394.2 0.52-0.68 

356~5 ±14~2 . 0.60±0~02 
329.1-404.3 0.55-0.67 

310.8 ± 8~5 0.53±0~01 
278.2-332.2 0.48-0.56 

, 
£, % 

er" 

erE 

'" 2 CJ,N/nnn 

515.3±11.3 
461.2-540.6 

213.8 ± 9~B 
182.0-241.6 

398.5 ± 15 ~8 0~62±0~03 404.7 ± 15.1 
323.0-430.6 0.48-0.68 333.0-430.6 

466.7± 1.6.1 0.9LtO~03 511~8± 27.2 
426.1- 529.4 0.82-1.00 440.6-597.4 

531.5 ± 6.1 0~97:t0.Ol 608.6 :!.14.6 
510.4-548.8 0.93-1.00 575.1-660.5 

386.0 ± 9.1 1~02:!:0.03 577.3 ±23.1 
362.5-407.9 0.93-1.13 468.9-616.8 

391.3± 12.5 0.60±0.02 402.1:!:: 9.04 
358.1-424.2 0.53-0.66 370.5-424.2 

439~2:t20~3 0~82!0.04 0-' 
370.1.-518.5 0.69-0.96 

383~9 ± 3.4 0.67±0~01. 425~5:!: 12.7 
371.6-395.5 0.65-0.69 387.5-470.7 

382.6:!: 3.8 0.68!0.01 394.8 ± 6.5 
370.1~394.2 0.65-0.71 370.1-418.4 

425.1± 10.5 0~76±0~02 428.0 ±1l.2 
390.1-448.2 0.69-0.81 390.1-458.9 
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Vg" % 
2 e: 2 E'" 

I 2 E..' 
~ 2 

Vr % Vct % Vg5 % E. KN/mm er. N/mm > % IT, N/mm , % cr, N/nm 

49 38.51 16.17 - 22.34_ 59~7± 0.2 315.8 ± 7 ~2 0.53i O.Ol (Tt: c:" cr£" 
G,CG5CG5CG5 

no c.-a. 59.0-60.2 301.3-339.3 0.50-0.57 

50 I 38.51 16.17 22.34 - 58.0± 0.2 345.2 ± 7.8 0.60±o.01 384~9 ±: 4.6 0.68±0.01 cr' 
G" CG" CG"CG" A1100 57.5-58 .8 314.1-369.1 0.54-0.64- 375.6-404 .3 0.67-0.11 

51 I 38.51 16.17 - 22.34 60.1± 0.3 381.8 ±14~ 7 0.63±o~02 431.2 ± 1.1~4 O~ 74±0.02 cr' 
G5 CG5CG5CG5 A1100 59.0-60.9 336.1-446.4 0.56-0.74 377.6-454.7 0.65-0.78 

52 I 38~51 16.17 22.34 - 57~9±0~2 332.5 ± 3~2 0~57±0~01 345~8 ±: 3~6 0~62±0.01 cr' 
G"CG"CG"CG" A187 57.2-58.4 319.8-341.5 0.56-0.59 330.7-356.8 0.60-0.65 

53 I -38.51 16.17 - 22.34 60.2± 0.2 365~1± 24.5 0~61!.0~04 408~5 :!:26.1 0~70±0.04 cr' 
GSCGSCG5 CG5 A187 59.2-60.9 326.3-485.0 0.54-0.82 333.5-527.7 0.57-0.91 

54 I 38.38 16.04 22.34 - 58~2 ± 0~2 322~2 ± 9.5 0~55±0~02 355~2± 1.2.6 0~65±0.02 cr' 
G"CG"CG"CGb etched A187 57.6-58.8 295.5-363.0 0.51-0.62 322.9-41.2.0 0.57-0.13 

55 I 38.38 16.04 - 22.34 59~7± 0~2 337~2 ± 7.4 0~56±0~0l 390.9 ± 9~9 0.68io~02 cr' 
GSCG5CG,CG5 etched A187 59.1-60.2 315.5-364.4 0.54-0.61 352.5-U9.6 0.61-0.74 

56 I 38.38 16.04 22.34 - 57~7±0~3 388.3 ± 4~9 0~67±0.01 cr'" er; cr C 

G"CG"CG"CG" etched A1100 57.1-58.6 365.6-399.8 0.64-0.70 

57 I 38.38 16.04 - 22.34 59~9± 0~3 418~0 ±25~2 0~7o±O.04 454.2 ±17~3 0.11±0.02 cri 
G5CG5 CGSCG5 etched A1100 59.4-60.8 348.3-533.4 0.60-0.88 409.6-533.4 0.69-0.88 

58 I 38.51 16.17 22.34 - 58~1± 0~3 295.5±12.9 0.51±0~02 cr'" c:.'" cr'" 
G"CGbCG"CG" no c.-a. no c.-a. 57.0-59.0 250.7-336.3 0.43-0.57 

59 I 38.51 16.17 -. 22.34 59.9 ± 0~1 300.3 ± 3.7 0.50±0~01 cr£" e.l! cr'" 
Gs CG,CG,CG5 no c.-a. no c. -a. 59.3-60.2 284.7-312.6 .0.48-0.52 

60 I 38.51 16.17 22.34 - 58~5±0.2 334.5 ± 1.8 0.57±0~01 399.8 ± 9.6 0.11±0~02 cr' 
G"CGbCG"CG., no c.-a. 58.2-59.2 329.9-341.3 0.56-0.59 372.9-431..6 0.65-0.78 

61 I 38.51 16.17 - 22.34 60.1 ± 0.2 388.7 i12.8 0;65±0.02 433;0 ± 7;4 0.74±0.01 437.4 ± 6.0 
G5 CG,CG5 CG5 

no c.-a. 59.7-60.8 340.6-427 .3 0.56-0.11 403.9-454.8 0.68-0.76 411.2-454.8 
-I 
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TABLE 17 

The Weakest Lower and Upper Stress Levels (Theory According co Rosen (1) and Zweben 0 ») fortibres in Parent 
Composites and the Parent Composites With Fibre Volume Fraction (Vr ) of 0.20, 0.40, 0.60 and 0.80. 

Inettective Fibre Failure Stress Levele Composite Failure Stress Levele 
Length ...... 2 ~ 2 ~ 2 ...... 2 q, .N/mm 

2 ~ 2 
V

t 
N 0, mm O"wF,N/rmn O;:f,N/mm ITuF,N/rmn ITw , N/mm ~, N/mm 

• 
0.2 103869 0.0609 155.8 516.1 1414.3 32.9 109.0 298.7 

6000 til.amen t 0.4 207738 0.0418 142.0 506.2 1497.5 58.0 206.7 611.6 
carbon/vinyl 0.6 311607 0.0296 133.6 502.3 1567.5 80.9 ·304.2 949.3 ester reein 
composites 0.8 415476 0.0188 128.3 508.2 1671.9 103.0 408.0 1342.2 

0.2 31008 0.0598 751.5 1204.5 1842.5 177.1 283.8 425.0 

600 tex E- 0.4 61967 0.0409 714.0 1191.8 1889.8 304.6 508.4 798.6 
glass/vinyl 0.6 92951 0.0290 695.0 1189.3 1934.0 429.2 734.5 1189.1 eeter resin 
composites 0.8 123935 0.0185 681.6 1195.9 1993.0 551.2 967.0 1608.9 

0.2 37331 0.0573 702.0 1371.0 2445.5 163.1 318.4 548.6 

500 tex E- 0.4 74662 0.0393 660.0 1351.5 2529.3 280.0 573.3 1056.7 
glass/vinyl 0.6 111993 0.0278 636.5 1348.0 2608.5 392.3 830.6 1595.3 
ester resin 
composites 0.8 149324 0.0177 620.4 1357.9 2715.9 501.5 1097.3 2187.9 
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TABLE 18 

The Upper (fru t. f'j~( D-L Land"Weakest Link (0", l..!ccording to the 
Theories ot Rosen( and Zweben(J), and Experimental (0-) Tensile Failure 
Stresses for 7 Layer Single Fibre TYpe Composites With Varying Fibre 
Surface Treatmen~d 

...... ...... ~ ...... 
Slab cry 2 ~ o-w 0-

N/mm N/mm2 N/mm2 N/mm2 

4 574.5 195.5 55.2 422~7 
7C as rec. 389.8-448.0 

7 560.'3 187.1 57.3 " 441.1 
7C no c.-a.. 368.0-482.1 
6 556.7 193.8 55.3 453.0 
7C etched 420.0-484.7 

11 778.9 497.0 298.2 595.7 
7G as rec. 525.1-690.5 
16 873.0 242.6 51.1 279.0 
7G no c.-a. 254.8-298.3 

14 792.5 220.0 54.7 329.4 
7G A187 323.9-338.3 

15 825.3 255.7 62.0 507.1 
7G A1100 445.2-554.0 

19 1033.3 562.0 274'."9 734.9 
7G as rec. 707.6-762.0 

23 1057.0 374 .. 7 107.3 370.7 
7G no c.-a. 315.2-416.3 
21 1066.5 377.1 106.6 ·440.8· 
7G Al87 403.6-478.8 
22 1095.7 377.3 104.0 ·567.4 
7G A1100 542.2-600.3 
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TABLE 19 

The Theoretical Range for Composite Failure Stresses (fro 'and cr:l ) 
following &:=y' s Model (4) and the Experimerital Failure Stresses (er) 
of slabs 1 to 23. The subscripts e, U; M and Ldenote expected
(calculated 'from exPerimental results), upper, mean and lower stress 
levels respectively. 

" A. '" ~ 

Slab Stress IT, (zero fi bre IT2 (max. fibre 0- ITe 
Level debondi~) debondi~) 

N/mm N/mm N/zmn2 N/JJ1IJl2 

- 196~9 IT.. 180~8 208;3 
1 IT .. 184~7 169~8 189;3 197.9 

~ 169.9 154.6 172.9 

- 260~4 DU 239 ;8 315.8 
2 - 244~7 260.6 258.6 OM 223.7 - 225.4 204.1 215.6 DL. 

" ITu 381~9 354~3 405.2 
3 IT.., 359~2 330.8 386;8 379.8 

'"' 331.7 299.6 370.1 IT ... 

'"' c;;[u 448~8 415;0 448;0 
4 OM 422.7 

'"' 
387~9 422;7 440.5 

IT.. 387.9 351.8 389.8 

-ITu 580.6 534.8 629;6 
5 - 547;7 496;9 573;5 561.7 g~ 503.9 451.4 521.4 

IT.. 431;3 397.6 484;7 . 
6 ~ 

408;3 373.9 453;0 437.1 0;. 
eT.. 376.6 341.3 420.0 -q, - 437.1 404.7 482;1 

411;2 7 IT" 377.7 441;1 440.5 
~ 

379.2 344.8 368.0 ITL 
~ 

ITu 403~2 415~1 401.5 - '397..5 386;6 358;4 382.5 8 0;. 
DL 375.1 357.6 320.0 

- 526.2 (Tu 478.7 497.4 
9 9M 466~1 . 463;2 480;8 454.5 

O""L 447.9 423.3 460.7 

- 635;5 q. 572;5 593~8 
10 0;., 557;2 552.8 566;0 542.2 

~ 

532.5 505.1 490.9 OL. - 662;6 695.5 690;5 (Tu 
11 ~ 641;4 637;3 595.7 622.0 

ITL 616.5 582.2 525.1 
~ 

762.6 801.7 867 ;6 c;;rc. 
12 9"01 738.2 734;5 713;6 715.1 

ITL 709.5 666.9 552.4 

• 



'!able 19 Continue d 

IT. (zero fibre 
..... ..... ...... 

Slab Stress 0"2 (max fibre 0- oe 
Level debondi~) debond~) 2 N/mm2 N/mm N/mm N/mm 

-DU 850~5 900~9 839.0 
13 fr .. 827 ~7 825.9 798~9 796.6 - 791.3 731.6 754.5 er.. - 618~0 DU 547~8 338~3 
14 er.. 573.1 488~9 329~4 

frc 518.5 423.3 322.9 

Du 647.4 579.3 554.0 
~ 

602.0 15 OM 517.2 507.0 
0;. 547.2 447.5 445.2 

Du 677.3 587.1 298.3 
16 OM 624.5 526.8 279.0 

q 565.3 458.8 254.8 
~ 

cr.. 625.0 630.4 546.1 
~ 

17 0"",. 600~8 582~6 520.9 5U.3 
~ 571.7 529.3 490.9 

~ 752.1 758~9 63P.1 
18 

~'" 723~0 698.4 595~7 6U.3 
0"" .. 687.9 634.5 543.8 
~ 

O""u 868.3 885~2 762.0 
19 0-.., 838~0 808~4 734;9 702.4 

fr~ 794.1 727.5 707.6 

fru 991~5 1007~2 824.9 
20 -g.. 953~3 920~0 771.1 793.6 

0;. 903.3 828.3 732.8 

-21 CTu 848;2 785.2 478.8 
~ 

799;6 707 ~3 0""1'1 440.8 
Oi. 735.5 621.9 403.6 

fru 875~5 799.7 600.3 
22 ~ 

820.9 719.2 567.4 0""", - 756.8 638.0 542.2 q 
-9U 842;2 775.9 416~3 

23 gM 790;5 704~8 370.7 
D"L. 729.3 626.3 315.2 
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TABLE 20 

Summar ot the Expected Tensile Properties ot the Parent Com osites (Subscri t e and the Theoretical Rule 
ot Mixture Properties Subscript ruM of their Hybrid Composites. 

Composite System 

* C (any) /V.-E. 

Gb (as rec.)/V.E. 

Gb (Al87)/V.E. 

Gb (AllOO)/V.E. 

Gb (no c.-a.)/V.E. 

G5 (as rec.)/V.E. 

Gs (A187)/V.E. 

Gs (AllOO)/V.E. 

G5 (no c.-a.)/V.E. 

C (any)/Gb (any)/V.E. 

C (any)/Gs (any)/V.E. 

C (any)/G" (as rec.)/V.E. 

C (any)/G" (Al87 )/V .E. 

C (any)/G" (All00)/V.E. 

C· (any )/G", (no c.-a. )/V.E. 

C (any)/G5 (as rec.)/V.E. 

C (any)/G~ (A187)/V.E. 
C (any)/Gs (All00)/V.E. 

C (any)/Gs (no c.-a.)/V.E. 

Elastic MOd~lus 
Ee.KN/mm 

2 
ERM KN/mm 

3.4V + 242.1V f + 75.6V '" m c g 
3.4V + 242.~V ~ + 83.7V s m c~ g 

0:" e 

Elastic LimH 
N/mm2 

16.0Vm + 1141.0 Vcr 

63.0Vm + 1493.0 Vg6 

35.2V + 787.8 V / 
m g'" 

54.0V + 1212.9V "-m g 
30.0V + 667.0V ~ m g~ 

64~Vm + 169(;;·,4 Vg5 

42.5V + 1061.2V 5 m g 
55.0V +1365.5V 5 m g 
36.0V +892.0V 5 m g 

16.0V +1141.0V :f + 358.0 V , m c g~ 

16PV + 1141.0V ~ + 394.7V ~ m c. g~ 

Maximum Stress 
frRM N/mm2 

63.0Vm + 1493.0VgcD 

35.2V + 787.8V /. . m . g~ 

54.0V + 1212.9V ~ m· go 
·30.0V + 667.0 V , m g~ 

64.5Vm + 1696.4Vg5 

42.5Vm + 1061.2VgS 
55.0V + 1365.5V :; m g 
36.0V + 892.0V 5 m g 

*rhe contents of the bracke.ts after the fibre type indicates the fibre surface treatment 

0.47 

1.96 

1.04 

1.61 

0.88 

2.02 

1.26 

1.61 

1.06 

0.47 

0.47 

Maximum Strain 
t:RM % 

1.96 

1.04 

1.61 

0.88 

2.02 

1.26 

1.63 
1.06 



TABLE 21 

The Average Experimental (Exptal) and the 'fheoretical, According to the Rule of Mixtures (R.M.), Tensile Properties 
of the Hybrid Composi te Sla bs 37 to 61 

Slab Number and Lay-up Sequence Elastic Elastic Limit Initial Failure Maximum 
Modulus 2 

E 2 E.Ei. % 
I 2 

£ " 
~ress 2 

E, KN/DDD IT .N/DDD IT.N/mm % IT.N/mm 

37 Exptal 37.3 168.5 0.45 IT'" e.E 213.8 

CG6G6C R.M. 37.2 17).8 0.47 E 
ITltM 

E 
eR-M 222.7 

38 Exptal 71.2 336.0 0.47 398.5 0.62 404.7 

CG6CG6G6CG6C R.M. 71.0 331.5 0.47 E 
IT">1 

e-
£,,:"1 382.5 

39 Exptal 53.3 415.3 0.78 466.7 0.91 511.8 

G6G6CG6G6CG6G6 R.M. 53.3 250 .2 0.47 e cS' 542.2 ~M l1l'i 

40 Exptal 56.3 487.5 0.86 531.5 0.97 608.6 

G5G5CG5G5CG5G5 R.M. 56.0 262.5 0.47 e E" 611.3 CT",., RM 

41 Exptal 38.9 350.2 0.90 386.0 1.02 577.3 

G6 3:1 G6 3:1 G6 3:1 G6 R.M. 38.6 181.8 0.47 E 
CT"M e~ 563.4 

42 Exptal 76.3 415.8 0.54 ITE e." ITE 

76.2 
E e~ 

e: 
1:1 C 1:1 C 1:1 C 1:1 R.M. 354.9 0.47 CT"M o;M 
43 Exptal 67.5 349.8 0.52 391.3 0.60 402.1 

3:1 C 3:1 C 3:1 C 3:1 R.M. 67.5 314.9 0.47 
E E E 

ITltM El'''' IT,.,., 

44 Exptal 54.6 421.4 0.77 439.2 0.82 IT' 

3:1 1:1 3:1 1:1 3:1 1:1 3:1 R.M. 54.5 255.3 0.47 
E IS 425.9 IT"H el'''' 

45 Exptal .58.5 365.6 0.62 383.9 0.67 425.5 

1:1 1:1 3:1 1:1 3:1 1:1 1:1 R.M. 58.8 274.9 0.47 
e e E 382.9 CT"", RM 
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Jlab Number and Lay-up Sequence Elastic Elastic Limit Initial Failure Maximum 
Modulus 2 e 2 EE % 

, 2 
£', % 

~tress 2 
E, KN/mm cr, N/mm , cr,N/mm IT. N/mm 

46 Exptal 58 .3 344.1 0.59 382.6 0.68 394.8 

G6CG6CG6CG6 R.M. 58.1 ZTl.7 0.47 e er 382.5 DR. ... IUoI 

47 Exptal 59.8 356 .5 0.60 425.1 0.76 428.0 

G
5

CG
5

CG
5

CG
5 

R.M. 59.9 279.9 0.47 e er! 429.1 CJR,.. .eM 

48 (G6 = no c.-a. C = as rec.) Exptal 58.6 310.8 0.53 cr E eE crE 

G6CG6CG6CG6 R.M. 58.1 271.7 0.47 E c..c " ~M AM CJR ..... 
49 (G5 = no c.-.a. C = as rec.) Exptal 59.7 315.8 0.53 0-11' c;.£ cr" 

59.9 0.47 
E " E 

G
5

CG
5

CG
5

CG
5 

R.M. ZT9.9 0-,,1"1 £ .. '" o-"H 

50 (G6 = AllOO C = as rec.) Exptal 58.0 345.2 0.60 384.9 0.68 cr' 
G6CG6CG6CG6 R.M. 58.1 271.7 0.47 E 

cr"M 
E 

£"M 312.9 

51 (G5 = AllOO C = as rec.) Exptal 60 .1 381.8 0.63 431.2 0.74 cr' 
G

5
CG

5
CG

5
CG

5 
R.M. 59.9 ZT9.9 0.47 IF E 347.8 cr"H E",.., 

52 (G6 = A187 C = as rec.) Exptal 57.9 332.5 0.57 345.8 0.62 cr' 

58.1 271.7 0.47 e: " E G6CG6CG6CG6 R.M. cr"M £",1'1 (J"M 

53 (G
5 

= A187 C = as rec.) Exptal 60.2 365.1 0.61 408.5 0.70 0-' 

G
5

CG
5

CG
5

CG
5 

R.M. 59.9 ZT9.9 0.47 E " e 
~M £",,.., (J"M 

54 (G6 = A187 C = etched) Exptal 58.2 322.2 0.55 355.2 0.65 cr' 
R.M. 57.8 ZTO.3 0.47 E EE E 

G6CG6CG6CG6 cr"M <tM cr ...... 

55 (G5 = A187 C = etched) Exptal 59.7 337.2 0.56 390.9 0.68 0-.' 

R.M. 59.6 278.5 0.47 E C::M 
E 

G
5

CG
5

CG
5

CG
5 

(J .... 0-...... 
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~lab Number and Lay-up ~equence Elastic Elastic Limit Initial Failure j;laximum 
Modulus 2 , 2 ~tress 2 

KN/mm2 E 
EE. E.'~ % E, 0- ,N/mm % CJ yN/mm 0-, N/mm 

56 (G6 = AllOO C = etched) Exptal 51.7 )88.) 0.67 IT" e" eT" 
- t! " )12.9 G6CG6CG6CG6 R.M.. 57.8 210.) 0.47 D1t ... C:"'M 

57 (G5 = AllOO C = etched) Exptal 59.9 418.0 0.70 454.2 0.71 0-' 

G5CG5CG5CG5 R.M. 59.6 218.5 0.41 
E E )47.8 QI'1 E"'M 

58 (G6 = no c.-a. C :: no c.-a.) Exptal 58.1 295.5 0.51 CJE E" eT
E 

G6CG6CG6CG6 R.M. 58.1 211.7 0.47 
,,-

0;.,.. 
E 

c:~'" 
t! 

eT ... ,., 

59 (G5 = no c.-a. C = no c.-a.) Exptal 59.9 )00.) 0.50 eT" EE eT" 
G

5
CG

5
CG

5
CG

5 
R.M. 59.9 279.9 0.47 e 

0;;", E.:M eT';", 

60 (G6 = as rec. e = no c.-a.) Exptal 58.5 ))4.5 0.51 )99.8 0.11 eTl 

G6CG6CG6CGt!, R.M. 58.1 211.7 0.41 " c: E )82.5 o-~M ,.,.., 
61 (G5 = as rec. C = no c.-a.) Exptal 60.1 )88.7 0.65 4)3.0 0.74 431.4 

G
5

CG
5

CG5CG5 R.M. 59.9 219.9 0.41 0":'" e:M 429.1 
IU'1 



TABLE 22 

Comparison of the Average Tensile Properties and the Interlamlnar Shear Strengths ('1:11 ) of Pairs of Hybrid Composites 
from Slabs 46 to 6l Differi!!fi in Rese!!ct to the Surface Treatment of Their Constituent Carbon Fibres. 

Slab E-Glass 'I Surface Treatment Elastic Limit First Failure Maximum 't"it 2 Conments 
Type G C crE c!' cr' cl Stress N/mm 

N/mm2 % N/mm2 % N/mm2 

46 G6 as rac. as rac. 344.l 0.59 382.6 0.68 394.8 49.9 

60 G6 as rac. no c-a 334.5 0.57 399.8 o.n 399.8 48.l. There is no significant difference 
in the tensile properties of 

47 G
5 

as rec. as rec. 356.5 0.60 425.l. 0.76 428.0 47.2 ei ther sl.abs 46 and 60 or slabs 

6l G
5 

as rac. no c-a 388.7 0.65 433.0 0.74 437.4 50.9 
47 and 6l.. 

48 G6 
no c-a as rec. 3l.0.8 0.53 3l0.8 0.53 3l0.8 48.6 The re is no signif icant difference 

58 G6 no c-a no c-a 295.5 0.5l. 295.5 0.51 295.5 49.3 10 the tensile properties of sl.abs 
48 and 58. The anal.ysis of the 

49 n no c-a as rec. 3l5.8 0.53 3l5.8 0.53 3l5.8 48.7 variance of the data for slabs 49 
"'5 I 

59 G
5 

no c-a no c-a JOO.3 0.50 300.3 0.50 JOO.3 49.3 
and 59 shows the differences in~ ", ~ 0"" ,cr and cr to be insifnifi-
c,ant but the difference in E." 
val.ues to be Significant at the 
95% l.evel. 

50 G6 AHOO as rec. 345.2 0.60 384.9 0.68 384.9 99.9 The differences in c:r'and e." for 

56 G6 AllOO etched 388.3 0.67 388.3 0.67 388.3 lOl.8 
sla.bs 50 and 56 are highly signif-
icant. rhere is no significant 

5l G
5 

AHOO as rec. 38l.8 0.63 431. .2 0.74 43l. .2 97.9 
difference in crI, E' or ITor in 
any of the tensil.e properties of 

57 G
5 

AHOO etched 4l.8.0 0.70 454.2 0.77 ' 454.2 >90.4 sla. bs 5l and 57. 

52 G6 A187 as rec, 332.5 0.57 345.8 0.62 345.8 74.4 

54 G6 Al87 etched 322.2 0.55 355.2 0.65 355.2 66.7 
The re is no significant difference 
between the tensile properties of 

53 G5 365.l O.H 408.5 0.70 408.5 78.3 
either slabs 52 and 54 or slabs 

A187 as rec. 
53 and 55. 

55 G
5 

Al87 etched 337.2 0.56 390.9 0.68 390.9 63.4 
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