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'!HE lNFLt.JEH:E OF '!HE MATRIX CIf '!HE BElilWIOOR IN CXJoIPRESSICIf 
OF FIBRE a:MPOSI'lE; 

SYNOPSIS 

i 

The behaviour of long fibre <XilifXJSites subjected to tensile loads has 
been widely studied and theories concenrlrYJ the failure mechanisms are 
accepted and included in standard texts. In many applications 
<XilipLessive strength is important and in flexure failure is often 
initiated on the compressive side of the composite. However, 
ccmpressive failure has rot been studied th:mJughly, partly because of 
the large number' of failure mechanisms which can occur and the 
difficulties in conducting meaningful CXllipLessic:n tests. The aim of 
this work was to determine the influence of the matrix on the 
behaviour of long fibre ccrnposites subjected to CXllipLessive loads so 
that failure mechanisms oould be predicted more accurately. 

Previous work on the compressive failure of fibre composites was 
reviewed. A series of unidirectional CXllipJSite laminates were made 
using either carlxJn = glass fibres in an epoxy resin. The properties 
of the epoxy matrix were varied in an =dered way by the add! tion of 
various percentages of urethane modifier. The canpressive behaviour of 
the resul t1ng CC11ipOSi tes was studied using a modified Celanese jig and 
fracture surfaces examined using a variety of microscopic techniques. 
A full rCIDJEl of tensile and interlam1nar shear tests were perfonned to 
aid in the interpretation of the results. 

The behaviour of the CXllipJSite under CXllipLessive loading was found to 
be highly dependent on the properties of the resin matrix. In tension 
the modulus varied only slightly, as predicted by the rule of 
mixtures, whereas in CXllipLession this rule was rot obeyed. As the 
percentage of modifier in the matrix increased so the CXllipLessive 
strength and interlam1nar shear strength decreased despite an observed 
increase in interfacial adhesion. In unrrodified matrices both tensile 
and ccmpressivei failure was influenced by the interface but as the 
modifier add! tion increased there was shift fron interface to matrix 
controlled failure. In glass reinf=ced CXllipJSites fibre kink1ng was 
the only failure mechanisn observed although the degree of damage 
varied considerably. In unmodified carbon reinforced specimens 
failure was by shear. As the percentage of modifier increased, at 
sane critical value, the failure mode changed to one governed by fibre 
microbuckling, and at higher modifier content microbuckling led to 
kink band fonnation. 
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CHAPTER 1 



1 

O:lItpJS!te materials have been classified in many ways depending en the 

ideas and concepts that need 1:0 be identified. This is partiCUlarly 

relevant 1:0 engineering CUIlP:)Ilel'lts which may ClCI'lSist of two or nore 

materials ocmbined to give a performance in service which is superior 

1:0 the properties of the individual materials. Thus, concrete beams 

which have excellent cullpressive strength, are given sc:me stren;Jth in 

tension by reinforcing the concrete with steel bars. 

There has been a rapid growth in the use of fibre reinforced material 

in engineering applicatic:ns in the last few years and there is every 

indication that this will continue. Continuous Fibre Reinforced 

Cl:tltpJSites are seeing significantly expanded levels of use in hardware 

where reduced weight is =itical. This is primarily a result of their 

tail=ability as well as their high strength arid rrodulus-to-density 

ratio. In recent years these materials have seen applicatic:ns ranging 

fron mass-produced tennis rackets 1:0 relatively cx::rrplex structures, 

such as the wings of air=aft. A range of valuable mechanical and 

radiological properties have allowed medical equipnent and artificial 

limb designers 1:0 use cullp:JSites 1:0 :improI1e traditional equipnent 

designs beyond recogIdticn. 

As the use of these materials expands, so also does the likel:!lxxxi of 

eventual failures. As with their rretal counterparts, the occurrence of 

failure is likely 1:0 represent a relatively rare event that is rx>t 

encountered with rrost hardware usage. J-b.;ever, when such failures 

occur, the ability 1:0 determine their origin <lOO cause oansti tutes a 
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=itical step that is necessary in providin;J valuable ~:lneering 

feedback and ensuring the continued integrity of the CllllfU lE!i.ts during 

service. 

The advantages of fibre-reinforced plastic composites to the 

~ineering designer are well docunented and iroeed a great deal of 

information is available on tensile and :Impact properties and the 

parameters which control them. These materials are, hc:Mever, often 

used in flexure because of the manufacturing rretrods employed in their 

production, and therefore their canpressive SU6igth and nodulus are 

important design parameters. Conpression data, h::lwever, are rot so 

plentiful and failure processes are n:>t so well understood. 

Theoretical and experirrental attempts made so far to understand the 

behaviour of these materials under canpressive loads is limited. The 

progress in understanding this type of failure from the earlier 

theories to the current ooes is outlined in Olapter 2. The measure of 

agreement between experimental results and various theoretical 

predictions are, h::lwever , limited. 

There are also practical difficul ties involved in oc:mpression test:in;J. 

These include proper interpretation of data which generally has 

considerable scatter as a result of several different mechanisms 

inducing compressive failure. Tl'lese practical difficulties are 

partially to blame for the lack of understanding of compressive 

failure rrechanisms. 

As yet, 1'019 of. the theories prop::>sed fully explain the behaviour of 

all Clllp;;eite systans. Despite this, DU.lch knowledge has been acquired 

through identifying the factors within a Cllllp...,ite systan that affects 



3 

its ccmpressive behaviour. Am:rlgst these the matrix prc.perties are 

recognised as havirg a very significant effect. 

The purpose of this worlt was to investigate the effect of matrix 

properties CI'l. the ClCITIpreSSive behaviour of a unidirecticna1 glass/ 

carl:x:ln fibre-epoxy oanposi te subject to CXliipLSSSiCl'l. in the directiCl'l. 

of reinforcement. The properties of the matrix were varied by 

additiCl'l.S of an elasticising m:xlifier to epoxy resin as appLopIiate. 

Tensile and ILSS properties were also measured in an attempt to fully 

understand the role of the matrix. CUiq;x:>Site specimens were made and 

tested as described in Chapter 3, with the aim of establishing, 

canparing and CCI'l.trasting the CXliipLessive behaviour that occurred over 

the range of matrices considered. 

The benefits of such a progranune will be apparent in the more 

. effective utilisatiCl'l. of these systems in load bearing structures and 

in the ultimate developnent of fibre-reinforced materials with higher 

ccmpressive load bearing Capabilities. 
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Studies of the compressive behaviour of unidirectional fibre 

CXlIp;;sites frequently encx::P.Jnter several difficulties and many of these 

difficul ties are associated with the proper interpretation of 

experimental data, which generally have considerable scatter. 'lbe 

scatter is associated pr.1marily with the various failure modes that 

can occur in CXllipLessive failure. 

The various compressive failure modes inClude symmetric and non

symmetric fibre microbuckling, fibre compressive failure, and 

delamination. These difficulties are canpounded because testing is 

sensitive to _factors such as: 

Euler bucklirY;J 

Specimen misalignment in the testirY;J fixture 

Fibre misalignment in the laminate 

Type of fibre reinforced 

Waisted = unwaisted specimen 

Surface treatment and loadirY;J 

Fibre oouplirY;J agents 

Type of testirY;J fixture 

M:>isture present 

Fibre volume fracticn 

Voids cx:ntent of the matrix 

Resin ductility and toughness 

Nal-isoLtopic ~9I;l of the fibre 

Gauge lerYJth. 
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Many standard test metoods have becane established, each of which has 

its own particular advantages and disadvantages, and these can yield 

different results for the same material. Several theories and 

p:cC¥JS8ls have been suggested f= calculating the CXlnp:cessive sb:et~Ul 

of a CXlIQ;U3i te material. 

2.2 THE BEHAVIOUR OF UNIDIRECTIONAL FIBRE COMPOSITES UNDER 

CXJoIPRESSIVE LOIIDING 

In 1965 Rosen [1], believed that failure occurred due to fibre 

microbuckling elastically supported by the matrix. Evidence of 

microbuckling has been supplied by Rosen for glass fibre anbedded in 

epoxy resins. He suggested that the deformation was due to 

differences in thermal expansion between the glass and resin setting 

up stresses on OOOling, and not the direct CXlnp:cession load. 

He noted two cases; out-of-phase buckling, the extension mode, and 

in-phase buckling, the shear mode, Fig. 2.1. He derived a formula for 

the compressive strength (oc) of unidirectional fibre reinforced 

CXlIQ;U3ite material, for each mode, assuming a model reinf=ced by 

equidistant plate like reinforcanent. He p:cqx;E>ed results f= the 

extension mode be given by: 

2.1 

and the results for the shear mode be given by: 

2.2 
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In Fig. 2.2 the ocmpressive st:ren;rth of the <X111[OO31tes is plotted as a 

function of the fibre volume fraction. It is seen that for the low 

fibre volume fractions· the extension node requires the lower stress, 

while for the high volume fractions of fibres the shear mode 

pred::rn:inates . 

However, experiments do not show good agreement with the above 

formulas. The equations (2.1 and 2.2) have =reasonable features such 
, 

that (a c) beoanes infinite for Vf = 1, and ocmpressive strains of 

greater than 5% are predicted, which would be beya1d the elastic limit 

of the resin matrix. Rosen considered the effect of rrodifying the 

analysis to take into account these inelastic matrix defonnations. He 

replaced the matrix rrodulus in equations 2.1 and 2.2 by a functirn 

which varies linearly fron its elastic value at 1% strain down to a 

zero value at 5%. This is represented by the dotted line in Fig. 2.2. 

Predicted strengths however were still higher than those values 

obtained in experiments. Rosen then expressed his results further by 

sh::Jwin; <X1ltpLessive failure strain plotted as a function of fibre 

volume fraction for two different ratios of fibre Youngs m:ldul.us to 

matrix shear m:ldul.us (Fig. 2.3). These curves again ~ that the 

shear node of failure predatd.nates. Also indicated was the fact that 

the results are very dependent on ratio of fibre to binder m:ldul.i, the 

=itica1 strain being reduced as the matrix stiffness is reduced. 

Schuerch [2] has studied the compressive strength in the fibre 

direction 0c and derived the following equation, for shear mode 

buckling: 

2.3 
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This was the same as Rosen' s equation 2.2 but the ~ of Grn is 

extended to the plastic range. 

In 1966 Foye [3], suggested that cullp:cessive failure in a ocrnposite 

material could be linked with shear instability, and hence overall 

failure occurred if the compressive strength equalled the shear 

m:xiulus of the cullp.JSite. He derived the follCMing equation in the 

elastic range: 

2.4 

based on textile analysis but he did rx:>t extend the property G to the 

plastic range. 

Hayashi [4,5,6] had found shear instability phenomenon in three 

dimensional bulk materials and structures under compression, and 

p:cop::lSed that the instability of the unidirectional fibre reinforced 

cullposite material will occur when: 

2.5 

where 0c is the mean cullp:cessive stress in the Unidirectional Fibre 

Reinforced a:allP:ls!te Material (UDFRCM). For the shear m:xle equation 

2.5 was fOlU'ld to be more reasooable than equation 2.2 by Rosen. 

In 1970 Hayashi [7] extended his work by pointing art, that as far as 

the critical ocodition of the cullpJSite material is ooncerned, when 

(om) reaches the shear instability limit 

2.6 
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and sane shear deformation would take place in the matrix and the 

matrix might lose the ~ action for the fibre. 

* In this state the matrix =ies the load (a m ( I-V f » , and the fibres 

* . * carry the load (a f V f). where a f is the fibre stress ClClrTElSpOndin 

* * to the same strain (E ) of the matrix at stress a m Fig. 2.4. 

Therefore the <XJlipLessive strength of the <XJuposite is given by: 

2.7 

am* will usually be greater than the matrix yield stress (amy)' 

Hence, for the safe side calculation, (amy) had been used instead of 

* (a m ) in equation 2.7. Hayash! plotted his rule of mixture (RCM) of 

expected compressive stress vs volume fraction of fibres in the 

canposites. Canparison made with equations 2.1 and 2.2 obtained by 

Rosen sh::Jw that equation 2.7 gave lower values over the whole region 

of Vf as sh::Mn in Fig. 2.5. 

Previously Lager and June [8] in 1968, suggested that the shear IIDde . . 
buckling obtained by Rosen sOOuld be rrodified, because Rosen' s 1IDde1 

did not simulate well the real UDFRCM. They published test results for 

UDFRCM made of boron and epoxy resin. They used two kiricls of epoxy 

resin A (hard) and B ( soft). They found a good agreement with 

experiments and calculations fron equations 2.1 and 2.2, when they 

multiplied by a reduction factor K = 0.63. 

Hayashi [7] wanted to support and justify the RCM, so he plotted the 

results obtained fron equation 2.7 using Lager and June epoxy resins 

properties. From Fig. 2.6 he proved that equation 2.7 gave more 
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reasooable values of 0C' cx:mpared to Lager and June's test results 

than equaticns 2.1 and 2.2 by Rosen. 

In 1971 Orringer [9] nodified Rosen' s theory by usiIY;J tangent lIOduli, 

and by using it together with the overall CXlIipW\Site ncdulus (fran the 

rule of mixtures) to obtain the minimum strain at which buckling 

occurred. Finally he suggested that transverse stress ooocentraticn in 

the matrix influenced failure . 

. In 1972 Argcn [10] suggested that Rosen's IlDdel acted as an upper 

bound prediction applicable only to composites with parallel 

reinforcing elements perfectly aligned with the loading axis. In 

practice, imperfection in the fibre alignment always exists and such 

regicns, he suggested, form a failure nucleus by undergoiIg a kinkiIg 

prccess. Al tln1gh this resanbles the in-phase buckliIg of the Rosen' s 

IlDdel, it operates at a stress level well belCM the ideal buckliIg 

strength. He considered a region of initial misaligrrnent angle (y) 

where the applied cullpressive stress prcx'luces an interlam1nar shear 

stress (T). He suggested that when this shear stress becx:mes equal in 

magnitude to the interlam1nar shear sueh",U, of the material, then the 

lamellae in the region will slide and rotate. Argcn suggested this 

movement increases the resolved shear stress, thus producing an 

instability and a shear collapse band which prc:pagates cutwards by 

means of the stress concentrations at the tips of the bard, and thus 

the CXlllpressive SU9lJgth shJuld be given by: 

o _ T 
c-

Y 
2.8 
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This decreases with increasing fibre volume loading and 90 presumably 

sh:luld (y), but it is not possible to say exactly h::Iw a c will vary 

with fibre cx:ntent, making verification of equation 2.8 difficult. 

Harris [11], sI'x:lwed that when a unid1rect1onal culp:lSite is loaded in 

cullpression parallel with the fibre, the m::x3e of failure is dependent 

on the stren:Jth of the fibre/matrix 0Cnd. If the 0Cnd is weak the 

fibres deOCnd fran the matrix at low load and the cullpressive sLretgU. 

never reaches the composite tensile strength. In addition, with 

brittle matrices axial cracking can occur near the loading point 

(which can split the composite parallel with the fibres) unless 

lateral spread is restrained. It is therefore important to ensure that 

the fibres are well aligned to avoid premature buckling fracture. 

In 1973 Ewins and Ham [12] =rked to find the nature of cullpressive 

failure in unidirectional composites material. They carried out 

longitudinal and transverse compressive" tests on carbon/epoxy 

composites for various volume fractions. In each case a linear 

relationship of stren:Jth vs volume fraction was obtained. Close values 

of culipLessive stren:Jth were obtained through all results. The lICde of 

failure f= both tests (longitudinal and transverse) was shear failure 

of the fibre and matrix. 

Ewins and Ham then performed two further series of tests in which the 

longitudinal and transverse cx:mpressive sLretgth were measured at 

cx:nstant volume fraction but at different t:errperatures. These sI'xJwed 

that below locPC both types of test gave similar sLretgth and the 

sLretgU. fell gradually with telrperature. 
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'!be failure node f= both tests was shear failure through fibres and 

matrix. Aix:Jve 1<Xf>c and for the lc:n;1itudinal lXliipLessive strength, 

there was a sudden change in the strength and the failure node changed 

to ale associated with fibre microbuckling. 

As tanperature increased the iIOdulus of the matrix decreased which 

could lead to this transition, but 00 quantitative agreerrent with 

existing theories based on this node. could be datalstrated. 

In 1974 Greszuzuck [13] suggested that buckling was not the only 

failure mechanism but that a certain anount of brittle failure in the 

fibres also oocurred. 

In 1975 Hancox [14] sh:lwed that f= a simple lXliipLession test on type 

I and type II carbcn fibre/epoxy resin lXlllposites using a plane bar 

specimen with aluminitun end tabs loaded in a lXliipLession jig, f= 

treated fibres the failure node was shear over a plane at 4':P to the 

fibre axis. With untreated fibres failure was due to transverse 

delamination. Hancox also obs&ved that the lXliipLession sb:ez'JU, was 

reduced Significantly bY the presence of voids and when increasing the 

gauge length. He found that the variation of lXliipLessive strength, of 

treated material, vs fibre voltune fraction was linear. The results are 

similar to that reP=ted bY Ewins and Ham [12] and Lager and June [8]. 

In magnitude the results obtained were unlike· those predicted bY 

analysis of Rosen [1] and Foye [2]. The shear iIOdulus of the epoxy 

resin used was 1.4 GN m-2 . When this was substituted in equation 2.2 

it gave compressive strengths about three times larger than the 

maxiJnum observed. 
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Hancox contrasted his results with Hayashi [7]. Hancox's resin 

yielded at 4.3% strain, which is well above the tensile and 

compressive failure strains for both types of carbon fibres. By 

Hayashi's theory one would have expected type I CFRP compressive 

strength to be greater than that of type 11 in contradiction of 

Hancox's results. His work supports the theory that compressive 

strength of unidirectional carbon fibre <XJ1p:;eite at rocm temperature 

is not governed by fibre bucklinJ but is related ID the ultimate 

strength of the fibre. 

In 1977, Chaplin [15] attempted to understand the compressive 

behaviour of glass reinforced systems. He tested two kinds of 

glass/ep:lXy samples, (rotched and lJIlI'X)tched) ID datalstrate the node 

of failure. The specimens were reinforced with 60% by volume of E

glass with 9p:lXy resin (Epikote 828) cured for 2 hours at locPc, 

followed by 10 hours at l2sOC. He found that in unrotched specimens a 

band of sheared material in which extensive del:xxxll.n;J had taken place 

existed, altrough damage was entirely restricted ID this band. 

The rotched specimens revealed that the failed band, trough at an 

angle ID the applied load, propagated in a direction ronnal. ID the 

axis of loadfnJ, Fig. 2.7. .Olaplin dfscllssed the theory that the 

shear deformation in a band increases but without change in the 

orientation of the band itself. As this deformation increases there is 

considerable bendinJ in the fibres at the boundaries of the bend, 

which results in fracture along the boundary, and further increases 

deformation with the adhesion between fibres and matrix breakinJ Cbwn. 

Therefore he sh:Med that in practice it is impossible ID manufacture a 

material tntally free of defects, and under an axial <XJlipLession load 
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the shear mode of failure starts from that region and propagates 

across the material with ID bucklin;J as predicted by Rosen. 

In 1980, Piggott and Harris [16] investigated a number of factors 

which they ronsidered could affect the calculated o"'''tpLessive strength 

of the CXliipOSite. These were: 

1. The character of the test specimen. 

2. The CXlitpLessien test method used. 

3. The voltune fractien of fibre. 

4. The effect of matrix properties. 

5. The CXliipOSite strerigth and modulus. 

They =ied out CXl!tpLessive tests en a series of polyester resins of 

variOUS CXliipOSitions and in different states of cure. Their mechanical 

characteristics having been established, the sane rarge of resins was 

then used as a matrix material for a series of CXliipOSi tea reinforced 

with carbon, glass and Kevlar fibres. The composites were 

undirectionally reinforced. They found that the "Rule of Mixtures" 

behaviour occurred in glass-Polyester CXliipOSites up to limitin;J voltune 

fractions of 31% for strength and 46% for elastic modulus. The 

CXlitpLessien modulus was found to be equal to the tensile modulus, and 

the apparent fibre strength in the range 1.3 to 1.6 GPa at this 

limitin;J Vf • A a Vf of 31% the sLLeuJUIS of reinforced polyesters 

were prop:iL lional to the matrix yield sLLe'JU, (amy) and their moduli 

were an inverse exponential functien of Omy~ For the same matrix 

yield sLLelgth, a similar glass fibre CXliipOSite with an ep::»ty resin 

matrix was sLLOi'Jer than polyester based CXliipOSites. At a Vf = 30% 

Kel7lar fibre CXliipOSites behaved as though their CXlitpLess!cn modulus 

and strength were much smaller than their tensile modulus and 
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stren;]th, while carbon fibre ccmposites were only slightly less stiff 

and weaker in CXllipLessicn than in tension. 

Failure characteristics were however different. CFRP specimens 

separated into two halves after rerroval. fron the grips of the test

fixture, while the GRP specimens did not. CFRP CXlli£03ltes failed in a 

brittle manner with a s:in;Jle transverse =ack which was perpendicular 

to the fibre axis with no splitting' occurring, while GRP specimens 

exhibited multiple kink-bands. 

Piggott and Harris found that their work did not support any of the 

existing theories. Certainly the linear relaticnship bebeen slLength 

and voll.nne fracticn could not be cx:mpatible with Rosen' s nodel, and 

since many other results showed this same linear relaticnship, they 

suggested that it may be timely to abandon the Rosen model. The 

. Hayashi theory altoough it predicts this linear relatiooship, also 

seemed inapplicable since failure shou1d occur at the matrix yield 

stress.J\ooord1.ng to Piggott and Harris the failure of CXllipOSi tes 

occurred while the matrix was still elastic. 

In 1981 Martinez et al [17] cx:ntinued experiments of previous efforts 

pursued by Piggott and Harris [16] in regard to the oompressive 

slL9i>;jU, for GRP, CFRP, and Kevlar CXllipOSites. '!hey highlighted the 

effects of fibre volurre fracticn, misalignment of fibres, and adhesicn 

between fibres and matrix with respect to the CXllipLessive slL9i>;jU .. 

Below a Vf of 30%, the compressive strength of aligned fibre 

CXllifXSi tes vs volurre fraction was linear. The strength falls off when 

the Vf was equal to 40% with Kevlar and high slL9i>;jU, carbon fibres. 

At Vf less than 40% withKevlar fibres, the effective fibre stren;]th 
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is much less than its ultimate strerqth but it is close to the tensile 

st:rerY:;th with E-glass fibres and high nodulus carbon fibres. 

The elastic noduli of these ccmposi tes vary in a similar fashion with 

Vf up to 50% (which presumably reflects a change in mode of 

deformation), with the expected reasonable agreement with the :rule of 

mixture. Only Kevlar cuiipJSites cb not: extrapolate to a reasonable 

value at Vf = 1. 

Misalignment of the fibres also reduces the cuiipressive st:rerY:;th when 

the average angle of misalignment exceeds about 100 f= GRP and CFRP. 

However, with Kevlar no such reduction is observed because the 

cuiip:ressive st:rerY:;th of Kevlar re1nf=ced resin is only a very little 

better than that of the unre1nf=ced resin. Ki.nk:1n;J of fibres reduced 

ccmposite st:rerY:;th considerably if the minimum radius of curvature of 

the fibre axis was belCM 5 nm. K1nking defects in cuiipJSltes COUld 

theref=e be quite =itical while misalignments may not be if they are 

. kept to within 100 of the fibre axes. 

The last effect was the adhesion between fibres and matrix. They 

sh::lwed that with po= adhesion, the cuiipressive st:rerY:;th was reduced. 

Mart1nez et al cuiiiented on the similarity between these sLtength 

results and those of Hancox [14], with po= 00nding apparently causing 

st:rerY:;th to fall increasingly further fran the RCM express1cn applied 

to cuiip:ressive st:rerY:;th: 

2.9 

where om! is the matrix stress at the failure strain of the CUiipJSlte 

assuming the matrix is still elastic at the instant of composite 

failure. 
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Hull [18] points out Rosen's theories of microbuckling are likely to 

be co=ect for some composite systems, although they require 

m:xll.ficatien to take into account the material effects that redllCEl the 

theoretical strength. These include resin rich regicns (caused by 

fibre bunching). voids, fibre misalignment, and poor fibre matrix 

bending, all of which reduce the fibre support BOO allow bJck1ing of 

the fibres to occur IlDr9 easily. 

In 1982 Parry and Wronski [19] published several papers 0Cl1CerI1ing the 

<XJllp!essive behaviour of <XJ1g;x>sites. ExperiJrents were carried out en 

type III cartx:n fibre with epoxy resin. They managed to analyse the 

failure mechanism by encapsulating speciJrens in resin, thus causing 

failure to be arrested during its propagatien through the test piece. 

They OCI1Cluded that the fibres involved in microbJckling at the edge 

of a kink-band failed by a tensile failure mechanism BOO that this 

occurs before permanent deformation within the kink band, which 

supports the previous =rlt of Olaplin [15]. They suggested that the 

sLLeilgths of CFRP materials are n:>t related to the noduli of the resin 

rut rather to their st:r:ergth, ductility and even toughness. 

Wronski and Parry [20] also studied the failure of high volume 

fractien GRP using atm:lspheric and superposed hydrostatic pressure. 

All experiments were performed on 6 mm diameter pul truded rod 

containing 60% of S-glass fibres in an epoxy resin matrix. The 

speciJrens were fabricated to the same design as zep.l1:ted previOUSly 

for crnP [19]. 

In atrrospheric pressure the <XJllp1essive strength of GRP/epoxy was 

found scrrewhat lower than the tensile st:r:ergth. O::tupt sive sLLetgth 

was found to increase linearly with pressure. Failures were 
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catastrophic and separaticn occurred at an angle of approx:!mately 3CP 

to the fibre axis. The IIOde of failure COUld be identified as kinking, 

involving buckling of fibre bundles as the mechanism of failure 

propagaticn, but the critical stage was suggested as bein1 yielding of 

the matrix, which initially restrains surface buOOles fron buckling. 

other systems, particularly CFRP, in which there appears ,to be a 

transiticn in the =1tical stage of failure fran buOOle buckling to 

matrix yielding with increasing superposed pressure, were also 

ooosidered. 

Lee et al [21] studied the effect of matrix toughening 00 the tensile 

sLLength and strain properties of SM:. 'llley revie\\'ed briefly matrix 

=acking problems of fibre-reinforced resin coup.bites in general, and 

examined row rubber-toug~ of unsaturated polyester resin, matrix 

affects critical stress and strain properties of SMC-R25. The 

additicn of rubber to the matrix was found to decrease slightly the 

initial tangent rrodulus of elasticity, but increase the (knee) sLL ss 

and strain, the secant modulus above the knee, and the ultimate 

tensile stten;:Jth and strain of SM:-R25, Fig. 2.8. 

In 1984 Piggott [22] and in his latest piece of work, presented 

experimental data to investigate three theories of failure: 

1. Fibre failure. 

2. Matrix yielding. 

3. Interface failure and matrix tensile failure. 

In the fibre failure mode (1), composite strength obeys the ROM 

relaticnship: 

2.10 
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where of is the ocrnpressive stress in the fibres when they fail in the 

CXOIliposite and may rx>t necessarily be the ul'timate CXOIlipLessive sLLeugth 

of the fibres. This type of failure has been obsel:ved in Kevlar 

composites since these fibres have a very low yield stress in 

CXOIlipLessicn. Fm' GRP this type of failure WOUld give the CXOIlip')9ite 

sLLength up to 2.4 GPa, so it is al.JTost certainly rx>t the gove=:lng 

failure 1ICde. This theory was supported by experimental observaticn of 

Olaplin [15]. and Piggott and Harris [16]. 

The matrix yielding IICde of failure (2) occurs due to the fact that 

fibres canoot be perfectly straight. Piggott assumed that the fibre 

axis is in a slluJsoidally buckled shape and that to start with there 

is perfect adhesion with the matrix. On the outer edge of the fibre 

displacement, a pressure is created between the fibre and matrix. When 

this pressure reaches the matrix yield sLLess, unstable state is 

reached since further deflecticn WOUld result in further increasing 

pressure. Piggott used these assumptic:rlS to derive the following 

equatic:rlS which predict CXOIIip)Slte sLLength and lIDdulus governed by 

this failure 1IOde: 

where Ad = wavelen;Jth of sinusoidal buckling 

ad = amplitude of sinusoidal buckling 

if d = diameter of fibre 

Ef = fibre m::xiulus due to elastic shortening 

2.11 

2.12 

Efl = fibre rrodulus resulting fron increase in (a) and decrease 

in (A) due to the matrix pressure. 
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He found that experimental data in [14,15] fitted the equations well 

f= GRP up to ° my' approximately 60 MPa. Ibwever, this failure 

relaticnship breaks down at a low value with Kevlar fibres CXllipOSltes 

because fibre yielding node takes over. 

The interface failure and matrix tensile failure node (3) occurs when 

the interface is weak, causi.ng separatien of the fibre fron the matrix 

followed by matrix spli~. As in (2) above, there is a simlsoidal 

shape except that this time the pressure under ocnsideratien is the 

negative cne en the inside of the fibre cw:ve as Figure 2.9. Taking 

into account the relative areas over which these stresses act, he 

obtained an equatien for the equilibrium of f=ces, fron which he 

derived the CXllipOSite slLellgth equation f= this type of failure. 

where R = radius of cuzvature of fibre 

° a = adhesien sb:ellgth 

Pf = fact= representing fibre packing aIXduJE!llleIlt 

= 2!ll3 f= hexagonal packing 

°mt = matrix tensile slLellgth. 

Piggott in his later work [22] presented experimental data which 

fitted the equaticns well. At low Vf equatien 2.11 gives the lower 

stress and \oQJld therefore define the failure pLlX:ess while at higher 

V f equation 2.13 \oQJld take over. 
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In 1985 Hahn [23] published a paper to delineate CXlllpressive failure 

mechanisms in unidirectional CXllifX1Sites, and to identify material 

parameters that control compressive strength. He used specimens 

consisting of a fibre bundle embedded in epoxy, to monitor the 

sequence of failure within the bundle, because the bundle is well 

contained and can be rronitored durin;J testin;J. 

Four different fibres (E-g1ass fibre, '1'700, T3OO, and P75 graphite 

fibres) were ccmbined with two different epoxy resins. Epon 815/Vl40 

was chosen to represent a soft resin, and Epon 828/Z, a stiff resin. 

The (IITRI) CXlllpressive fixture was used with a specimen of 13 mu 

gauge length and of 6.5 nm width, while the thiclmess varied fron 4 to 

6.5 nm. 

After bundle failure, the specimens were examined and the rrodes of 

failure were ooted. High nodulus P75 fibres failed in shear. Bucklin;J 

induced failure was rrost evident for the E-glass fibre, while k:ink:lnJ 

type of failure was also CXllllOlI for the T300 and '1'700 gr8ph1te fibres. 

It was found that n) distincticn ceW.d be detected between stiff and 

soft resin. 

The measured CXllrptess:lve strains at failure are shown in Figure 2.10. 

The E-glass fibre was seen to have the highest failure strain, while 

the P75 had the 1~. As expected fron the buckling thecxy, the 

stiffer epoxy yields higher failure strains. However, the difference 

in failure strain due to the matrix for '1'300 and '1'700 graphite fibres 

was IIU.lCh less than for the E-g1ass, and disaweared for the P75. 

Since the failure of P75 fibres was in shear without bucklin;J, resin 

stiffness had n) effect. 
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Fibres having a higher tensile failure strain were seen to bJckle at 

higher strain. 

Buckling of a single fibre embedded in epoxy resin has been analysed 

by Rosen [1]. '1l1e analysis indicates that the buckling strain f= the 

extension 1lVJde, out of phase buckling is: 

where Eb = buckling strain 

Em = matrix m:x:iu1us 

Ef = fibre n,oowus 

2.14 

Hahn's results f= CXiilpressive failure strain were seen to be fairly 

prop;n: lianal to the square root of the matrix to fibre lIDdul.us ratio, 

Fig. 2.11, alttxJugh a bundle of fibres rather than a single fibre was 

used. 

Finally Hahn dooc1uded that the yield stress and the tensile fracture 

stress of the matrix and the interface play a role in determining 

CXilipLessive failure under appropxiate conditions. 

In 1986 Hahn and Wi11iams [24] examined the effect of resin tensile 

modulus on the compression failure mechanisms in unidirectional 

CXiIif03ites. '!bey used two different graphite fibres (T300 and '1?(0) 

0CIIlbined with four different epoxy resins. Q::uycession tests were 

perfo:rmed on an Inst:ron machine at a speed of 1 mn/min. All the 

CXilipLession specimens failed witoout war:tlinJ. '1l1e pr:ed::m1nant failure 
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I!Dde was identified as shear crippling. When the matrix was stiff, 

shear crippling was the result of fibre Idnking. However, f= soft 

resins microbuckling failure was a result of high bending strains in 

the fibre in the post-buckled state. 

The effect of resin tensile rrodulus on the CXlIlP:lSite sLteuJU, and 

axial rrodulus were =ted. Accord1ng to the rule of mixtures the 

CXlllposite rrodulus was given by: 

2.15 

For a laminate with a 60% fibre volume fraction, a c:han;Je of resin 

rrodulus fran 3 to 5.5 GPa will result in an increase in ocmposi te 

rrodulus of 1 GPa. This increase is insignificant in ocmpariscn to the 

=iginal ocmposite nodulus magnitude, which is of the order of 100 

GPa. 

Hahn and Williams' results indicate an increase in CXlllposite rrodulus 

with resin tensile rrodulus much higher than predicted by equation 

2.15, see Fig. 2.12. The cx:mpressive strength also increased with 

resin tensile nodulus. 

, 
" Using other researchers' results they observed that the CXlllpress!ve ' 

rrodulus of a ocmposite was nore dependent on the resin nodulus than 

was the tensile nodulus. The other feature was that the CXlilfXEl!te 

tensile rrodulus was greater than the CXlllp:site ocmpressive nodulus, 

for resin modulus values less than approximately 5 GPa. The 

compressive strength is seen to increase with increasing resin 

'rrodulus. Again when cunpared with previous published results, they 

ccnfirmed a strong c=re1ation between CXlllpressive sLtength and resins 
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lIDdulus, but a weak oorrelatian between tensile sLLe .. Jl;h and resin 

rrodulus. 

This theory can be represented by the formula for a nc:n-linear IOCldel: 

a - VI'- Y LT 
c - r-LT Y LT + 'IT fol i 

where GLT = cx:mposite shear lIDdulus 

Y LT = average shear strain 

2.16 

foli = calculated pararreter = 0.295 YLT (thus if Y LT = 1%, 

foli = 0.295%) 

Furtherm:>re, if no initial defect was assumed, that is folR. = 0, 

equatian 2.16 yields: 

2.17 

The calculated CXlllpressian strength predicted by equatian 2.16 was 

compared with experimental results. Equation 2.16 was seen to 

overestimate the CXllp;:rsite CXllrpressive sLLer09U. when the matrix resin 

tensile lIDdulus was less than 3 GPa, but in general was in reascnable 

agreement with observed experimental data, even when non-linear 

material properties and initial curvature of fibres were not included. 

In 1987 Heumann [25] carried out a study of elastic prcperties and 

failure mechanisms in unidirectional glass/carb:n hybrid ttllrp:JS.ites. 

Included in this work was a discussian of test results fran GRP and 

CFllP nonofibre CXlllfXlSites with vinyl ester and SIXJXY matrioes in both 

tensian and CXllrpressian. 

) 



24 

In tensic::n, the type of failures which occurred in the GRP CUlipJS! tes 

indicated that the fibre-resin bond was weaker than in the CFRP 

culipJSites. In addition the vinyl ester culipJSites daIOnstrated weaker 

bondirYJ than the epoxies in both the CFRP and GRP laminates. The 

results however, showed that this weaker b:niing in the vinyl esters 

did not adversely affect the tensile sLteugU,. The weaker b:niing in 

the GRP specimens resulted in bond failure at relatively lCM loads, 

which affected the mechanism by which failure propagated through the 

specimen. 

'K factors' were calculated as a simple ratio of the composite 

strength over expected rule-o~-mixtures predictions using fibre 

strength data. It was suggested that these represented sane indicatic::n 

of the fibres surface damage, fran which it was CU1Cluded that the 

glass fibres in the composite suffered more from damage than the 

cartx::n. 

In the campressive tests, different failure mechanisms occurred 

depending upc::n the type of fibres and matrix in the CUlipJSl te. The 

four main mechanisms of ccmpressive failure were: 

a) longitudinal splitting 

b) kink-bands 

c) fibre and matrix shear failure 

d) microbuckling. 

Longitudinal splitting and kink-band failures were obs&ved in the GRP 

specimens of both vinyl ester and epoxies. It was CU1Cluded that these 

failures were the result of transverse tensile failure of the matrix 

due to the Poissc::n stress distribution as the CUiipJSite was subjected 
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to uniaxial CXJlipLessive load. There appeared to be ro significant 

difference in the strengths which resulted !ran kink-bands, those 

which exhibited splitting, but rather that the difference was the 

result of restrictions on the propagation of the failure (bebleen end 

tabs), dependent upon the l=ation of its initiation. 

Fibre and matrix shear failure was observed in all the epoxy CFRP 

speciIoons while microbuckling occurred in the CFlU' with the vinyl 

ester matrix. It was concluded that the difference in the metlDd of 

marrufacture of the speciIoons was a significant factor ocntriruting to 

this change in failure mechanism. The flaws introdI(CAd during the wet 

lay-up laminating process apparently encouraged the early initiation 

of microbuckling which did rot occur in the prepreg epoxies. 

2.3 THE INFLUEN::E OF TE8T TEDlNIaJE Cfi THE ~ S'mENmI OF 

UNIDIREC'l'1CfiM. <D!POSrrFS 

Q:mpression sb:eugth is one of the most diffiCU1t intrinsic CXJlp:s.I.te 

material pLOperUes to measure. The results are. often depezldent on 

loading gecrnetry and test ocndi tions. Several papers have diSCi ISSed 

test techniques for evaluating the compressive strength of 

unidirectional CXJll);nSl tes. 

W:x>lstencroft et al [26] sOOwed that each test fixture has its own 

partiCU1ar advantages. However these test metoods can yield different 

CXJlipLessive strength results even on ~ same material. A series of 

tests has been undertaken using different test metrods en CXJlp:s.I.tes 

of prepreg material. To ascertain the optimum test teclm!que, tests 

were performed using the following speciIoons: 
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1. Celanese specimen. 

2. RAE specimen. 

3. M:xti.fied AS'IM 0095 specimen. 

4. M:xti.fied eelanese specimen. 

5. BAe rrodulus specimen. 

The optimum test meth:ld was the RAE meth:ld. The results sI'xlwed that at 

failure there were negligible additional secondary stress systems in 

the specimen due to its oonfiguratien. 

Chamis and Sinclair [27] conducted experiments and analysed the 

effects of end attachnents on lcngitudinal cullpLessive failure of 

(IITRI) type specimens. 

Unidirectiooal fibre oc:mposites were assessed using f!n!te-elanent

analysis (FFA), in oonjunctien with CUlifOS!te mechanics. Analyses were 

performed to evaluate end attachment effects (such as degree of 

misaligrment, type of misaligrrnent, pWgLess.ive end-tab debcnding, and 

specimen thickness). 

Two types of eccentricities were assumed (lateral and cantilever type 

displacements) and two different gauge lengths were selected to 

illustrate and evaluate the effects of specimen misaligrrnent en the 

stress distributien, en the buckling load, and en the bJckl.ing shape. 

The results obtained fL01l the (FFA) and ocrnpari.soos with fractured 

specimens sOOwed that eccentricities induce ~ type stresses 

which peak near the end-tabs and cause flexural type failure. It was 

also concluded that back-to-back strain gauges stx:luld be placed to 

measure the presence/absence of possible end attachment and 

eccentricity effects. 
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Lee [28] has investigated the selecticn of suitable test methods for 

rreasurin;1 CXlI!pLessive strength and has locked in detail at a wide 

range of unidirectional carbon fibre reinforced thermoplastics 

fabricated by film stacking or by melt lll!pLegnaticn. 

In order to achieve an accurate strength measuranent, he used special 

loadin;J fixtures and specimens to overcane three basic problans: 

a) Specimen buckling; by ensurin;1 that oolunn length is less than 

the critical Euler bucklin;1 length. 

b) 'Brooming' of ends of solid column specimens; by using 

CXlI!pLessicn rated wedge action grips and load diffusion tabs, 

bonded 0IJer a large area of the speciJnen. 

c) Axial misalignment; which required well controlled bondline 

thickness for the end tabs, to ensure that the platens are 

parallel. 

Tho test fixtures were used: 

1. Celanese jig. 

2. End loaded CXlupLession fixture. 

Lee made a CXXIll8rlson between his I-.OL'k and with aerospace epoxide 

systems. '!he results indicated that the polyetheretherketone based 

laminates, despite having a lower shear modulus, have similar 

canpression strength to the epoxide systems. en the other hand the end 

loaded CXlI!pLession fixture gave lower values of CXlI!pLessive sLLength 

than the 6 lIID.celanese jig. 



~8 

Finally the experimental results suggested that failure was rnt by 

macrobuckling • 

Barker and Balasundaram [29] developed a e>:tllprsssien test jig which 

they used in the measurement of the compressive strength of both 

unid1recticnal and multidirectional CFRP. The jig has the merit that 

snall specimens may be tested witrout the necessity of end tabbing 

which is especially useful for specimens exposed to an env1rcn"rent of 

high humidity. Therefore, the test specimen nrust be relatively snall 

in order to ensure that water absorption can be predicted with 

reascnable accuracy. The results of tests en the <Xillpressive st::reNJth 

of waisted unidirectional specimens support the usefulness of the test 

technique in canparison withal ternati ve methods. 

2.4 S(MIARY 

In short, theDiscussien can be SllIlIlIed up in the fOllowing way. 

Rosen's buckling model [1] was the first attempt to explain the 

ocmpressive failure behaviour of unidirectionally reinforced fibre 

<XilipOSites. There have been many attempts to modify Rosen's !IOdel 

[2,8,9] rut they have rnt solved the basic problan, because Rosen's 

!IOdel predicts sueilgths far in exoess of tOOse achieved in practice. 

other workers sOOwed in practice imperfectien in the fibre aligment 

always existed initiating failure at earlier ~. They sOOwed that 

when the fibt"e was carefully made, the <XiltpJSlte was much SUU9= 

than when no such care was taken. 'Ihus the fibre straightness is an 

important factor in avoiding mic:robuckling. There are several anounts 

of experimental evidence to support this [10,15,19,20]. However, 

Rosen's theory 00es rnt predict the correct variaticn of <XilipLessive 

suetgth with volume fractien, as has been obs&ved [6,7,14]. 
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other theories sOOwed that the matrix yield stress is an important 

factor ccntroll:l.ng CXllipLessicn properties, both sLr9i~ and rrodulus 

are much reduced, when the matrix is soft [16,22,23,24]. 'l11e other 

important factor is the adhesicn between fibres and matrix, when this 

is poor the CXlIQ;n3i te is weaker in CXllipLessien [14,25]. 

This type of buckling failure is not the only type of failure 

mechanism, other ~ers have obseI:ved a shear type of failure alcng a 

plane inclined at 4sO to the fibre axis [12,13,14,25]. Theref=e, 

depending upcn the characteristics of the ccnsti tuent materials and 

the oondi tien of testing, a transi tien can occur fron one type of 

failure to another [26,27,28,29]. This idea of several different 

failure mechanisms has been reinforced by other researchers and 

experimental results have backed up the theory [22]. 



CHAPTER 3 



30 

The aim of the experimental work was to provide ~ta which would 

clarify the influence of the IICd1fied matrix-resin en the (X1lipLessive 

properties of reinforced unidirectional (X11p:lSltes. 

The progz arrme was to produce a series of (;RP and CFRP laminates by 

wet-lay-up techniques using IICd1fied epoxy resin. 

Eight main matrix systans f= each of GRP and CFRP were studied and a 

series of tests (tensile, compression, interlaminar shear and 

microscopic) were carried out f= each of the systems, so that the 

. effect of the resin-matrix could be prq;e.rly investigated. 

effort was made to keep the variable characteristics of these systems 

constant. Therefore it was necessary to make two slabs of each 

laminate configuration, so that the effect of any variability was 

redJlced. 

Also eight slabs of the matrix-resin systems were produced. A tensile 

test was carried out and the densities of the matrices were 

calCUlated. 

The series of matrix-system properties which were used are shown in 

Table 3.1. 
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Resin DeSIrocap 11 Epikote 828 1Incamine M::A Heloxy \«::-68 
(% r-tldifier) (gm) (gm) (gm) (gm) 

0 100 55 10 

5 7.75 100 55 10 

10 15.50 100 55 10 

20 31.00 100 55 10 

30 46.50 100 55 10 

40 62.00 100 55 10 

50 77.50 100 55 10 

60 93.00 100 55 10 

TABLE 3.1: THE PROPORTIflN OF CXlNSTI'lUENl'S FOR EA(l{ MATRIX SYSTEM 

3.2 ~TERIALS 

3.2.1 Glass Fibre 

The glass fibre used in this work was fibre glass F.querove 23/14. It 

was purchased al 10 kg cheeses and wound alto the laminate frames as 

required. Fquerove is an lD1tw1sted, reinforoeci roving which had been 

designed to give fast wet-out and good release properties. The 

properties Of glass fibre are shown below: 

Material 
Roving 
Tensile strength 
Tensile nodulus 
Elongation 
Density 
Coefficient of thennal expansicn 
Mass/lD'li t length 
Link1rY:;J agent 
Filament diameter 

E-glass fibre 
F.querove 23/14 
2.4 GPa 
71 GPa 
3.37% 
2.55 g/an3 
5 x 10-6 k-l 

600 ng/m 
Silane 
13 )lm 
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3.2.2 ~ Fibre 

The carbon fibre used was Grafll E/XA-S 101<, a high performance twist 

free tow. The fibres are surface treated for good fibre/matrix bood 

properties and have an epoxy resin size to assist handling. The 

properties are sh:lwn below: 

Material 
Roving 
Tensile st::ren]th 

. Tensile nodulus 
ElCOJaticn 
Density 
Coefficient of thermal expansicn 
Mass/unit length 
Size contents 
Filament diameter 

3.2.3 EPoxy Resin 

PAN based carbon fibre 
Grafil E/XAS 101< 
3.43 GPa 
237 GPa 
1.44% 
1.81 g/arf3 
-1.0 x 10-6 k-l 

730 rrg/m 
0.7 % mass 
7.2·Jlm 

Epikote 828 epoxy resin was used in this work. ~ 828 is an 

unmodified liquid bisphenol A - epichlorohydrin epoxide resin of 

medium viscosity, canbining reasonable ease of handling w1 th high 

chemical resistance and mechanical performance after cure. Cured 

ei ther at room temperature or elevated temperature. 

properties are sh:lwn below: 

Epoxy group content 
Viscosity at 2s<'c 

. Density at 2s<'C 
Flash point 
Specific heat 

5150-5490 IIIIOl/kg 
9-14 Pa.s 
1~16 kg/l 
>150 °c 
1. 9 k,J MC 

Typical 
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3.2.4 OJring Agent 

Ancamine M:A is a mxl.ified aliphatic amine of high reactivity used as 

a curing agent for epoxy resins, and cx:ntains Phenol, I~o:ruJe

diamine and Benzyl Alc:oro1. It will aid curing under a variety of 

canditicns including high hunidity, low temperature and undel:water. 

Special features of this curing agent include good gloss and srroot:h 

finishing in cured films, excellent chemical resistance and low 

viscosity, low water miscibility and a reduced tendency to form 

carbamates with carbon dioxide in the atmosphere during cure. 

Recarrnended usage was 55 parts of M:A per 100 parts of liquid epoxy 

resins. Ancamine M:A had a gel time of 23 minutes and curing time of 

2-7 days at ambient tanperature. Its typical properties are stx:Jwn 

below: 

Viscosi ty at 2sOc 
Specific gravity at 2sOc 
Flash point 
Gel time 
Cl.IriIYi1 (at ambient tanperature) 

3.2.5 Modifier 

0.2 Pa.s 
1.03 
llcA: 
23 min 
2-7 days 

Desmocap 11 is used for elasticising epoxy resins, containing 

crosslinking, blocked isocyanate groups. '!he reacticn of Desrocap.11 

with am1nes makes it possible to cunblne scme of the go:xi prqlerties 

of the polyurethane resins with those of the am1ne-cured epoxy resin. 

This is especially true for the flexibility. '!he additioos of Desrocap 

11 to epoxy. resin results in a cx:nt:im.JaJs in::rease in flexibility 

which is retained in the products even at low lellperature. Its data 

characteristics are stx:Jwn below: 



Density at 2rPC 
ViSCXlSi ty at 2sOc 
Flash p:>int 

3.2.6 Solvent 

1.05 g/an~ 
80 ":: ± 15 '. -,:'Pa. s 
>2orPC 
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Heloxy WC-68 was used in this work as an efficient diluent for 

viscosity reduction of ep:>xy resins with m:ininun loss of properties. 

Heloxy OC-68 is a technical grade of the Diglyctdyl Ether of Neopentyl 

Gly=l. It will conpletely react with the c:urin;J agent. This means 

that the physical properties of a system containing Heloxy OC-68 are 

similar to a non-nodified system. Blends of Heloxy OC-68 with liquid 

bispheool A-epichlorohydrin type resin (Epikote 828) can be cured with 

amines (1Incam:ine M:'.A) and other curing agents used in epoxy systans. 

'lbe low volatility of Heloxy OC-68 makes elevated temperature c:urin;J 

feasible. Its physical properties are: 

3.3 

V1 SCXlS1 ty at 2sOc 
Specific gravity at 2sOC 
Flash p:>int (open cup) °c 

3.3.1 Laminate Marrufactur:ing Equip:nent 

(l:4-l<S)J1Po. . S 
1.05-1.08 
127 

A filament winder was used to wind fibres . onto steel franes for making 

the laminates. In order to get good aligrrnent a low transverse speed 

was used, see Plate 1. 
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A leaky IlOUld was used f= maId.nJ epoxy resin CUlifOSite laminates. 

These noulds gave laminate dimensions of approx:Imately (200 mn x 155 

mn), and with a thickness of 2-2.5 mn since 2 = 2.25 mn spacers were 

used en the edges of noulds. The clamping force was provided by rreans 

of four G clamps (see Plate 2). 

A diarrond studded cut-off wheel was used to cut the laminates into the 

required specimens. Finally a linisher machine was used for srroothing 

the specimen edges. 

3.3.2 Mechanical Testing EquipiEOt 

Compression testing was carried out on a "Mand servo-screw" test 

machine sJn.in in Plate 3, using a.Celanese cullpLessian test jig (Plate 

4). It was designed to support a specimen as it is loaded in uniaxial 

CXAlpL'6SSien and to prevent it fran buckling. Ccmpressive loads were 

applied by means of flat platens which pressed directly onto the 

tapered Sleeves of the compression test jig. The maximum load 

capacity of this machine was 100 kN. F= strain measurarent, strain 

gauges were used f= measuring extensicn through the test, due to the 

small size of the specimen's gauge length. 

The bridge circuit used f= processing the strain gauge Signals was 

situated in a strain gauge 0Cll'lI'lElCt= lxlx (SG:B), (see Fig. 3.13) and 

results were recorded in the form of load-strain curves en a chart 

plotter. 

Tensile testing was carried out en a "Dartec SeLvohydraulic" testing 

machine, sJn.in in Plate 5, at a constant rate of extens1cn. An 

extenscmeter was used f= strain measurement instead of strain gauges 

due to the large size of the specimen's gauge length. 'Ihis was fitted 
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onto the specimen by means of knife edge jaws. The results were 

recorded directly on a chart plotter in the form of load-strain 

curves. The maximum load capacity of the machine was 100 kN. 

Interlaminar shear testing was carried cut on an "Instrcn" testing 

machine. The maximum load capac1 ty of the machine was 500 kg. The 

maximum force was read directly from the test machine's built in 

load/time plotter as stnm in Plate 6. A crosshead speed of 5 nrn/min 

was used. 

Resin tensile testing was ca=ied out on a "J.J. Lloyd" testing 

machine, as stnm in Plate 7. The maximum load capacity of the 

machine was 5000 Newtoos. A crosshead speed of 5 mn/m:In was used. 

The J. J. pulsed infra-red non-CCI'ltact1ng extensc:meter was used to read 

aocurate measurements of extension. This was fed to the X input of the 

x-v plotter, giving a graph of load against extension. 

3.4 TfDfNIQUES 

3.4.1 Manufacturing of Cwposite Laminates 

A f!lament wind:!.rY,;J, wet-lay-up technique was used in which the fibres 

were wound frem the "cheese" onto a steel frame. A total of eight 

passes (or sixteen layers) were used in each laminate. In this ~ 

50 turns per pass were used for glass fibre and 25 turns per pass were 

used for carbon fibre. It was found that this was suitable for a 

laminate with a fibre volume fraction of between 45%. and 50%. 100 gms 

of the resin were weighed and mixed with 55 gms of hardener, then 

. different percentages of nod1fier were added each time and mixed as 

stnm in Table 3.1. 
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'TI1e whole mixture was then placed under vacuum for a few mirnrtes to 

allow the gas produced by the reaction to escape. 'TI1e fibres were then 

wetted by the epoxy resin in the leaky ITOUld, see Figure 3.14. 'Ihe 

best way to impregnate the fibres was found. to be to pour half the 

quantity of the resin on the upper side of the frame, and then speed 

up the wett:inJ by usirg a laminating roller. 'Ihe frame was then tun'led 

upside down and the remaining half of the resin poured onto the 

fibres. 'TI1e laminating rolle;r was again used to help wetting which had 

to be canp1eted within the gel time of 23 miIurtes. 'TI1e excess resin 

was then squeezed out by the use of a straight rretal edge strip. Evmy 

effort was made to keep the arrount of fibre damage at the surface 

layer c'bwn to a minimum. 'TI1e . leaky ITOUld' s lid was placed on the 

ITOUld and suitable spacers inserted in the gaps on both sides of the 

ITOUld to obtain the required thickness of laminate. Four G-c1amps were 

applied to the oomers of the ITOUld to provide <Xlllplession force so 

that the remaining excess resin and air were squeezed out of the ends, 

thus p:roducirYJ a low voids content. A curirg period of 2-7 days was 

then allowed at roan tanperature. The laminate slab was then cut out 

of the steel frame usirg a diam::l1d Bb Idded wheel. 'Ihe slabs were kept 

in a desiccated cabinet until required for cutt:inJ and testing. 

Durirg the process Of. ~ting the glass fibres with epoxy resin, 

it was found that due to the high visoosity of resin, the inside 

layers were difficult to wet properly and evenly. To prevent this 

pherr.rrena fran happenirY;J with carbcn fibre, 10 gns of solvent (He1axy 

OC-68) were added to the resin in order to reduce v1SOOSity. cartJon 

fibres were then wetted as described above, 00wever before the lid was 

Closed, the leaky iOClUld was put in a vacuum chantler for 15 mirnrtes in 

order for the solvent and the voids to be released. Four G-c1amps and 

spacers were applied as described earlier. 
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It was ensured that all the metallic objects, including the leaky 

rrould, spacers and frames with which the resin came into cx::ntact, were 

previously ooated with a release agent. The type of release agent used 

in this worl< was "FREKOl'E 1711" M:Juld Release, which was sprayed en 

the metallic objects. Recoating was required f= each rroulding. 

3.4.2 VolUDe Fractien Analysis Technique 

a) Glass Fibre Coupe",i te Specimens 

Two small samples were cut fron the centre of each slab in order to 

analyse the fibre cx::ntent. The density of these specimens was measured 

by using a density bottle and distilled water. Furthermore an 

accurate balance was used to weigh these samples fron each laminate 

before placing than in a known weight crucible and burning them. The 

crucible was then placed in the furnace at fIXPc for three hours. The 

resin was 00med off leaving the fibres. After oooling f= 24 hours in 

a dessicator, the ranaining glass fibre was weighed. These results 

were used subsequently for the calculatien of fibres and voids volune 

fractien as described in Olapter 4. 

b) Cazbon Fibre Conposi te Specimens 

The acid digestien metood was used to detennine the volune fractien of 

carbcn fibres by Haynes and Talbert's metood [30]. Q1e inch lcn:J 

samples were cut fron the centre of each slab. 'll1e density of these 

samples was measured by using a density bottle and distilled water. 

STAGE 1: Acid Digestien 

Each sample was placed in a beaker after being weighed a=a.tely. 

Twenty mls of cx::ncentrated sulphuric acid were added. The mixture was 

then placed on a hot plate heated to 7cPC until the acid began to 

£una, and the oanp:>Site began to visibly disintegrate. The beaker was 
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then removed fron the hot plate. Hydrogen peroxide of 50% soluticn was 

carefully added dropwise 00wn the side of the beaker (the addi tic:n was 

carried rut slowly at first 1;0 avoid splattering of the mixture), 

until the acid solution becaIre clear and colourless. The beaker was 

again placed on the hot plate, and 2 mls of hydrogen peroxide was 

added 1;0 the mixture. The mixture was heated 1:0 fumes f= alloUer 10 

minutes in order 1;0 ccmplete decx::tllfXlSl tion. 

STAGE 2: Fil terin;J and Wa.sh:iIYJ 

The beaker, after being rem::JVed fron the hot plate, was subsequently 

placed in cold water 1;0 allow 1;0 cool. The fibres were then fU tered 

in a krr::Jwn weight sintered glass aucible and washed with distilled 

water by vacuum filtratic:n until the filtrate had a neutral pH value. 

An alcohol rinse then aided the rerroval of surface lIOisture. 

STAGE 3: Drying 

Finally the fibres were dried in an air oven at 12lPc f= three haJrs 

and cooled in a desiccator f= at least twelve hcurs, then weighed. 

The above Stages of the acid digestic:n process are sInrm in Figure 

3.15. 'lhese parameters were then used f= the calculatic:n of fibre 

volurre fraction and voids volurre fractic:n as sharIn in Olapter 4. 

3.4.3 Resin Density Analysis Technique 

In order 1:0 analyse the densities of the matrices used :in this worlt, 

resin slabs were manufactured using the same resin mixtures used in 

the CXJll£OSi tes. After the required anount of resin was mixed in a 

beaker, the beaker was placed in an air oven at 9CP-lcrPC f= a few 

minutes in order 1;0 reduce the mixture' s viscosity, and 1:0 Bp eed up 

the reactic:n. The beaker was then removed fron the oven and placed in 
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a vacuum dessicator to release the voids to the surface of the 

mixture. 

The mixture was then p:JUred into a leaky m::W.d after the open ends had 

been sealed with plasticine, to provide a slab size (200 x 155 x 3 

mn). The resin was left Ul100Ilered to cure f= a period of 2-3 days. 

After ~, the upper surface of the slab was machined off to ensure 

the CCIlPlete renoval of the remain:Ing voids an the surface during the 

last process. 

Resin density was determined by measuring the water displaced by. the 

specimen using a density bottle and distilled water. The technique was 

used to weigh snall specimens cut form the resin Slab. Care was taken 

to avoid specimens with air voids.. The weight of the dens! ty bottle 

filled with distilled water was taken. The bottle was always dried an 

the outside. The specimen was then placed in the density bottle am 
the whole weight was taken. These results were then used f= the 

calculation of resin density (Olapter 4, Section 4.3). Four specimens 

f= each slab were analysed and the resin density was taken as the 

average of these. 

3.4.4 Test SpeclnEn Preparation 

a) Q:au@essian Test Specimens 

Four CXllipLessive specimens were obtained fran each laminate, each 10 

mn wide am 142.5 mn long as sOOwn in Fig. 3.16, acoarding to AS'lM 

standard: 03410-87 [31]. 

F= each laminate the edge 1 an was discarded in =der to min1mise 

edge effects in the laminate resulting £ran laying up. The cutting 

was carried out an a dianond studded wheel am care was taken to 
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ensure accurate alignment of the specimen. The edges were sroothed en 

a linisher first then polished down to 1200 grade siliocn carbide 

paper. Aluminium alloy HS30 end tabs were cut of dimensien (10 mn x 65 

mn) fron sheet and the edges were STOOthed en a linisher and the 

surface roughened by haM with ooarse grit paper. A 12.5 mn gauge 

len;Jth was marked on both sides of the specimen and the remaining 

areas of the specimen were roughened with ooarse grit paper. The tabs 

were booded using Araldite MY-750 epoxy resin with HY-951 hardener 

100:10 in ratio. A load was applied to the tabs to provide 

<Xilipressien force to get a good bonding. A curing period of 2-3 days 

was allowed at roan temperature. 

For rreasuring the extension through the test, strain gauges were used 

instead of an extensc:meter, due to the small size of the gauge len;:Jth. 

One strain gauge for each side of the specimen was used to eliminate 

errors due to bonding. It was essential to have a good and unifonn 

b:rld between the gauge and the specimen. A descriptien of the strain 

gauge used is as follows: 

Type 
Gauge len;:Jth 
Gauge resistance 
Gauge factor 

Metal foil/FLA-3-ll 
3mn 
120 {) 
2.12 

~ to the re<Xllilendaticns of M-Line Measura1ents Group [34], 

the follCMing procedure was used: 
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1. Degreased with rreen an a clean cloth. 

2. Dry lapped with 240 grit s11ioon carbide paper. 

3. M-Prep Canditioner-A applied and wet lapped, keep:lnJ surface wet. 

Wiped with cloth. 

4. ltans 2 and 3 repeated with 600 grit paper. 

5. Re-wet with Ca1ditioner-A. Scrubbed with colla. b.Jds \D'ltil CXle 

remained clean. Wiped dry with cloth. 

6. M-Prep Neutralizer-5 applied. Scrubbed with cotton buds keep:lnJ 

surface wet. Directly wiped dry with clean cloth. 

7. Strain gauge rerroved fron acetate with tweezers and plaoed en a 

clean glass slide, banding side down. 

S. Two terminal strips cut and aligned alC41gSide strain gauge. 

9. Cellophane tape stuck over gauge in· one wiping action, and 

raroved by liftil'YJ at 4sO to the surface. 

10. Tape with gauge and terminal strips posit1cned en speclmen and 

lifted off so that the gauge and terminal were free but the 

remainder of the tape stuck. 

11. M-Bond 200 catalyst applied in a thin and \D'lif=m coat to the 

bcrld surface of the gauge and terminal. 'lhe. catalyst was then 

allowed to dry for at lest one minute in normal ambient 

oand1 ticns. 

12. M-Bond 200 adhesive applied at the fold, fcmood by the junctien 

of the tape and specimen surface, according to M-Line 

instructicns for strain gauge 1nstallaticns [35]. 

13. The tape was rotated at 3CP an;;Jle so that the gauge was bridged 

over the 1nstallatien area. The tape surface was then wiped by a 

clean Cloth. 

14. Pressure applied by thumb to the gauge and terminal for at least 

CXle minute. 
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15. Finally, the tape was rerroved after a period of two minutes. 

This was dct1e by pu1ling it back directly CNer itself. The gauge 

and teDninal. strip were then solidly 1:x::r1ded in place. 

Wires fron the strain gauges were soldered to the tenninal. strip. 

These wires were then soldered to the wires £ran the strain gauge 

connector box (SGCB) which contained the bridge circuit. This was dct1e 

after the specimen had been l1'OUnted in the cullpLessien test fixture. 

b) Tensile Test Specjmens 

Two tensile test specimens were obtained fron each laminate, each 25 

mn wide and 200 mn long as shcMn in Fig. 3.17. This is :In accordance 

with BS-2782 specificatien, metlxxl 320E [32]. 

OJtting was carried out en a dianond studded wheel and care was taken 

to ensure accurate aligrment of the specimens in the fibre directicn. 

The edges of these specimens were then sroothed by a linisher and by 

fine silicon carbide paper. A 110 mn gauge length was marked en the 

specimen, and the surfaces at the ends of the specimen were roughened 

by hand with coarse grit paper. Aluminium alloy HS30 end tabs were cut 

(25 mn x 45 mn) fron a sheet, their edges were em:JOthed by a linisher 

and the surface roughened by hand with coarse grit paper. The end tabs 

were 1:x::r1ded to the specimen us.irg Araldite MY-750 epoxy resin with HY-

951 hardener, 10:1 in ratio. A load was then applied to the tabs 

provide cullpLession force in order to obtain a good bCIld. A curing 

period of 2-3 days was allowed at rcun tarperature. 

For measur.irg the extensien throughout the test an extenscmeter was 

used rather than strain gauges, due to the larger size of gauge 

length. Heumann [25] tested two tensile specimens fitted with strain 
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gauges and the results were ccnpared with the readi.n;Js taken by the 

extenscmeter. The rea.dings obtained by each of these rreth::Jds agreed to 

within 0.5% of the rea.dings up to a value of 2% strain. He therefore 

confinned that both rrethods of strain measuranent were accurate. 

c) Inter-Laminar Shear Test Specimens 

'l1lree specimens were cut fran each of three lOO9i tudinal strips of 

each slab with dimensions of 10 om width and 18 om length as shown in 

Fig. 3.18 and ac:::cord!ng to BS 2782: Part 3: Metrod 341A [33], maIdng 

a total of six specimens. 

The cut edges were SIlDOthed 00wn to 1200 grade siliccn cru:bide paper. 

Care was taken to keep the =rners of the specimen square. 

d) Resin Tensile Test Specimens 

Four tensile test specimens were obtained fran each slab. The 

specimens were 200 nm long and 2-3 om thick. They were fabricated 

using a steel mould and cast as rectangular pieces (see Section 

3.4.3). The specirrens were then configured into a dogbcna shape using 

a high speed rQlter (see Fig. 3.19). 

3.5 MEXlmNIOIL 'l'FS'l'lNG 

3.5.1 CalpLessive Test:Ing 

The specimens were tested in compression using the Celanese 

cc:mpressicn test fixture. A ccrrpressicn speed of 1.2 om/mm was used. 

strain gauges were used to measure the strain via an amplifier in a 

bridge circuit and load was mcnitored directly via the load cell of 

the test machine. Load and strain were fed into a chart plotter to 

produce load vs strain curves. The curves thus obtained were generally 
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linear and only deviated as the maximum load was app:roached. When 

nounting specimens, an initial pre10ad of 5 kN was given to each 

specimen. This reduced the in! tial irregular part of the load-strain 

cw:ve down to a minimum. 

3.5.2 Tensile ~ 

A servohydrau1ic test machine was used to test the specimens to 

failure. The tests were carried out at a constant rate of grip 

separaticn of 5 om/min. The load was measured directly through the 

load cell of the test machine. strain was measured with an 

ext:ensaneter which was fed via an amplifier into a chart plotter. The 

specimen was covered with. a strip of double sided tape in order to 

eliminate the effects of slippage of the extensc:meter knife edges and 

to prevent any damage being caused to the surface layers of the 

culifXJSites. Results obtained were a graphical plot of load vs strain 

to failure. 

3.5.3 Inter-Laminar Shear ~ 

An Instrcn machine was used for obta:!.n:in;J the inter-lam1nar shear 

sLteilgth of the material. The machine was fitted with a 200 kg load 

cell and geared to give a crosshead speed of 0.1 an/min and chart 

speed of 5 an/min. 

The dimensicns of the specimens to be tested were measured and the 

load obtained was read directly from the test machine's built in 

load/time plotter. Finally the specimens were checked for the 

existence of shear m::lde failure. 
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3.5.4 MiCLOSOJPic Testing 

The microscopic examinatien was carried CAlt en two levels usiIg: 

1. An optical microsoope. 

2. A scanninJ electron microsoope (SEM). 

An optical microscope was used (Olympus) to observe the fibre 

distribution in the composites and to investigate the form of 

interlamlnar shear failure in the different matrices. 

Small specimens ( 5 om lon;J) were =ted in a resin. The surfaoe was 

polished and subjected to the microsoope. The polishing of the surfaoe 

consisted of wet grinding on consecutively finer silicon carbide 

. paper. The fine scratches fron grit papers were raJDVed by usiIg a 5 

micrcn alumina wheel for GRP specimens with alunina powder and water 

as lubricant. For CFRP specimens 6 and 1 mic:rcn dianond wheels were 

used. 

Scimning Electron Microscopy· was used ( Cambridge Instruments 

Microsoope) to investigate the fibre-matrix interfacial bald and also 

the OCIlditien of failure under ocmpressive, tensile, and interlaminar 

shear. The fracture surface was cleaned ultrasonically and gold 

ooated, before examinatien, to prevent them chaJ:gin;J up in the 591. 

The SEM was used at both high and low magnificatials. 

3.5.5 Resin Tensile Testing 

To avoid fracture at the grips when testing brittle and ductile 

materials, OOg'bcI'le shape specimens were used for tensile tests. The 

J.J. machine was used to test the specimens to failure. The load was 

measured directly through the test machine and fed onto a chart 

plotter. Strain was measured with an infrared extensaneter instead of 
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a clip-on extenscmeter because the latter was rot capable of measuring 

high strains. 'l\;o marl<s were applied to the sample to obtain a 50 nm 

gauge length. A powerful light source in the follower head 

illuminated the ma:rK and detected the cx:ntrast of the reflected light 

fran a dazK ma:rK applied to a light colcured sample. 

As the sample was extended during the test, the two followers followed 

their respective gauge marks. A transducer in the extensometer 

generated a IX: voltage proportional to the separation between the 

followers and hence proportional to the separaticn between the gauge 

marl<s. A transducer output was initially zeroed at the start of the 

test and this output applied to the X-axis of the X-y recorder to plot 

a graph of load against extension. 
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'Ibis Cl1apter presents the results of the experimental work. For each 

CXllipJSi te laminate the follCMing parameters were lreaSlIred. 

Fibre Volume Fracticn 

Matrix-Resin Density 

Matrix-Resin Tensile Properties 

Canposi te Ccmpressi ve Properties 

Cl:ilipJSite Tensile Properties 

Inter-Laminar Shear St:ren;Jth. 

The individual test results are listed in AR;lendices A .B, C, 0 and E. 

The mean values are presented in Tables 4.1-4.18. (The results are 

stnm graphically in Figs. 4.20-4.50). 

The fibre volume fracticn was calculated far each laminate (this will 

be stnm later in Secticn 4.2). HcMever, since there was a variaticn 

alx:lut the mean, it was tOOught appropriate to assure a Law-of Mixtures 

relationship far the mechanical properties (tensile and CXllrpLessicn) 

over the range and rxmnalise these results to a standard fibre volume 

fracticn of 45% using the following equaticns: 

a _ a* x 0.45 
(T,C) - (T,C) Vf (4.1) 

(4.2) 



where o(T,C) = rxmnalised tensile or lXllipLesslve sueilgth 

* ° (T,C) = rreasured tensile or cx:mpress1ve suegU, 
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( 4.3) 

E(T,C) = rxmnallsed tensile or lXllipLesslve failure strain 

* E (T,C) = rreasured tensile or cx:mpress1ve failure strain 

E(T,C) = rxmnallsed tensile or cx:mpress1ve lIOdul.us 

* E (T,C) = rreasured tensile or lXllipLesslve lIOdul.us 

Throughout the followiIg section, the word 'lXlllpJSlte' will be used to 

mean "GRP and CFRP ccmposltes". 

4.2 FIBRE VOIaIE FRACl'IOO 

4.2.1 'GRP' Specimens 

For laminates oonta1n1ng Glass Fibre Reinfoxce:nent, the resin burn-off 

pr=edure was carried out (see Section 3.4.2). For each laminate two 

samples were tested. A set of results ls listed in Appendix A, Table 

A-l. The flbre volume fractlon was calculated by the following 

equation: 

1 
Vf = --=---

g P 
1 + -.Jl (C-f) 

Pm f 

3 
where Pg = denslty of glass fibre (= 2.55 gm/~) 

Pm = densl ty of resin 

C = welght of lXlllpJS! te sample before bJrn-off 

f = weight of renaining fibre after burn-off. 

(4.4) 
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The mean value per laminate is presented in Table 4.1 and was used in 

subsequent calculations. 

4.2.2 'CFRP' Specimens 

For laminates containing Carbon Fibre Reinforcement, the acid 

digestion technique was carried out to determine fibre volume fraction 

(see Section 3.4.2). 

For each laminate two samples were tested. A set of results is listed 

in Appendix A, Table A-2. The fibre vol\.Ul\e fraction was calculated by 

the follCMing equation: 

-, 
where Pc = density of carbon fibre (= 1. 81 glt..",,) 

(4.5) 

The mean value per laminate is shown in Table 4.1 and used in 

subsequent calculations. 

4.3 VOIDS VOLUME FRACl'ION 

For both ccrnposites, the method of determining the vol\.Ul\e fraction of 

voids is based on density measurements. Fron the weight of the fibres 

and the weight of the resin in a known weight of the composite 

material, the voids volume fraction was calculated by the follCMing 

equation: 

(4.6) 



where Vv = voids volume fracticn 

Wf = fibres weight fracticn 

WR = resin weight fracticn 

Pc = coup.site density. 
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The mean values per laminate f= both coup.sites are presented in 

Table 4.1, which will be used in a subsequent diSCIISS1c:n in Olapter 5. 

The mean value of voids is shown graphically as a functic:n of the 

percentage m:xlifier in Fig. 4.20. 

4.4 MATRIX-RESIN Dm8I'lY 

Matrix density was measured by means of a water displacanent method. 

Density was then calculated usirr;J the following equatic:n: 

(4.7) 

where Ps = spec:lJnen density 

Pw = distilled water density (= 19/0113 ) 

Ws = weight of speclrnen 

~ = weight of density bottle ocntainirr;J water c:nly 

~s = weight of density bottle ocntainirr;J water + specimen. 

A set of results is stx:Mn in Appendix B, Table B-1. The mean value of 

four specimens frem each sheet were then plotted as a functicn of the 

percentage of m:xlifier ocntent, as stx:Mn in Fig. 4.21. 
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The accurate resin density value f= each laminate was deduced fran 

the plotted graph and is presented in Table 4.2. Resin density was 

required in volume fraction calCUlations (see Sect:icn 4.2). 

4.5 MlI.TRIX-RESIN PROPERl'llS 

The resin tensile strengths were calCUlated frcm the highest point 

reached by the load-extension curves obtained from the test. The 

general form of these cuxves is sOOwn in Fig. 4.22. 

The tensile failure strain was then calCUlated: 

E _ ilL 
m- L (4.8) 

where ilL = extended length 

. L = the speclrnen' s gauge length. 

The resin tensile m:x:lu1us was obtained after measuring the load at 2% 

strain. 

The average results of the above properties are sOOwn in Table 4.3. A 

OCIlplete set of results is recorded in Appendix B, Table B-2. The 

mean value of resin tensile moduli, strengths results are shown 

graphically as a function of the percentage of IIDdifier o:ntent in the 

matrix, Figs. 4.23-4.24. 

The urm:x'Iified matrix had a tensile sl:Lellgth of 58 MPa and a roodulus 

of 2.98 GPa. With the addition of 20% nodifier the value of tensile 

sl:Leqth chopped to 50% of its =iginal value (see Fig. 4.24). The 

m:x:lu1us sIxlwed the same behaviour as that of tensile sl:Le~Ul. 
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4.6 c:cMPRESSIVE PROPERTIES 

4.6.1 ColpLessive Strength 

Fran the load/strain cuxves the maximum load applied to each specimen 

was obtained by reading the highest point reached by the =vs. '!he 

UCS was then calculated usin;J the follc:Min; equaticn: 

G _ L 
c - wt 

where Gc = ultimate IXllLpLessive strength (UCS) (MPa) 

L = load at failure (kN) 

w = width of spec:iJren (Il10) 

t = thickness of specimen (Il10). 

(4.9) 

The oc:rnplete sets of test results for GRP arx:l CFRP spec:iJrens are 

listed in Appendix C, Tables C-l and C-2. The mean normalised 

IXllLpLessive strength of five specimens fron each laminate for both GRP 

and CFRP are given in Tables 4.4 and 4.5. 'Ihese results are plotted as 

a function of percentage of m:x:lifier content in the matrix in Figs. 

4.25-4.28. 

The IXllLpLessive strength of CFRP specimens was observed to be higher 

than those of GRP. As the percentage of modifier increased, the 

IXllLpLessive strength decreased. With the addition of a small anount of 

m:x:lifier (5%) to GRP there was a 15% decrease in strength. With the 

addition of 20% m:x:lifier the oc:rnpressive strength sh::Iwed a decrease of 

about 50%. The CFRP spec:iJrens seemed to follCM the same behaviour in 

decrease as in the GRP, al trough the initial rate of decrease was 

greater. 
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4.6.2 Fracture Appearance 

In all CClTIpressive. tests carried out the failure occurred suddenly and 

catastrophically as compared with tensile failure. This led to 

different types of failure a=ss the range of specimens tested. 

1. Unrrodified specimens of GRP failed by splitting and kinking. 

The single or multiple kink-band structure made an angle of 700 

with the fibre axis, as shown in Plate 8. With unrrodified CFRP 

specimens the failure was by shear on a plane at about 450 with 

the loading direction, as seen in Plate 12. All failures were 

aCCClTlpanied by a clear =acking sound. 

2. GRP specimens, with small percentages of modifier «20%), 

exhibited clear narrow single kink bands. These kink bands were 

perpendicular to the fibre direction across the specimen's 

width, as shown in Plate 9. Using the same amount of modifier 

with CFRP, the failure was fibre mi=buckling on a 700 plane. 

The failures were aCCClTlpanied by a clear =acking sound, see 

Plate 13. 

3. GRP and CFRP specimens with higher percentages' of modifier 

(>30%) failed by wider single kink bands, as shown in Plates 10 

and 14. Onl~ a faint sound aCCClTlpanied these failures. 

A 700 inclination of the kink band to the fibre through the thickness 

of the specimen was observed in all modified specimens, see Plate 11. 

Table 4.18 shows the four different mechanisms of failure for both 

CClTIpOsites in which they =ed. 
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4.6.3 Calptcssive Failure Strain 

The CUllPLessive failure strain of CUlifOSites (EC) was obtained fron 

the load/strain curve. Mean normalised results are presented in 

Tables 4.6 and 4.7. A canplete set of :tesu1 ts is given in J\ppend:l.x C, 

Tables C-l and C-2. These results are plotted as a functicn of 

percentage of m:xl1fier in the matrix in Figs. 4.29-4.32. 

The failure strains were 1.26% and 1.15% for umo:lified GRP and CFm> 

specimens respectively. However, as percentage m:xl1fier increased, the 

OOllptessi ve strain decreased. With GRP, the addi tien of 60% m:xl1fier 

led to a drop of 50% in the strain value (i.e. 0.67%). In CFRP 

specimens, 00wever, a 30% additicn of m:xl1fier led to a drop of 50% in 

its strain value (Le. 0.52%). 

4.6.4 Calptessive Secant Modulus 

In the case of arr:/ disccnt1nui ty or 1'lCl"l-11near elastic variaticn in 

the load/strain CULVe, the secant iiOdulus was measured instead of 

elastic iiOdulus. 

The cullpressive secant iiOdulus was obtained by measuring load at 0.5% 

strain fron the load/strain CULVe. Then the iiOdulus was calculated 

fran the following: 

°c E =-
C EO 

C 

where Ec = cullpLessive secant iiOdulus 

0c = CXllipLessive sLtellgth at 0.5% strain 

EC = CXllipLessive strain (= 0.5%). 

(4.10) 



56 

The calculated results fran each laminate were nonnalised to 45% Vf • 

Details of mean results are presented in Tables 4.8 and 4.9. A 

oc:nplete set of results is reoorded in Appendix C, Tables C-l and C-2. 

These results are plotted as a functicn of percentage modifier in the 

matrix in Figs. 4.33-4.34. 

The results show a decrease in lOOdulus with an increase in modifier 

ccntent in the matrix. 

In GRP speciIoons, a 50% Qrop in lOOdulus was noticed with the additicn 

of 30% modifier. On the other hand CFRP speciIoons sOOwed a drq;l of 50% 

in lOOdulus with 60% addition of modifier. 

Secant lOOdulus is used f= assessing differences in uniaxial stiffness 

between culipJSi tes. 

4.7 'lnISILE PROPERl'IES 

4.7.1 Ultimate Tensile Sb:a:yth 

The l1I'S (OT) was calculated usin.;! the point of greatest load supported 

by the specimen durin.;! the test (obtained fran load/strain curves). 

0T was calculated as follows: 

(4.11) 

where L = maxinrum tensile load. 

The mean normalised tensile strength results of composites are 

presented in Tables 4.10 and 4.11. A oc:nplete set of results is 

recorded in Appendix D, Tables D-1 and 0-2. These results are plotted 

as a function of percentage modifier in the matrix, in Figs. 4.35-

4.38. 
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The average tensile strength of unrrodified GRP specimens was 978 MPa. 

This fell to 512 MPa with a 60% addition of m:xlifier (Le. a de<::rease 

of'" 48%). 

In CFRP specimens, ixlw'ever, the average tensile strength was 1392 MPa. 

This fell to 898 MPa with 60% addition of m:xlifier (Le. a decrease of 

35%). 

4.7.2 Fracture lIppearanCe 

During the test, loud cracking noises were heard in unrrodified GRP 

specimens; this was due to a gradual failure, starting at a low load, 

near the edges of the specimen. This was pri= to specimen tensile 

failure. The appearance of the failure was brush like. This is s!xJwn 

in Plate 15. When increasing the percentage of m:xlifier the tensile 

failure load was reached before the cracks spread across all the 

specimens, see Plate 16. 

In unrrodified CFRP specimens, failure was sudden and catastrophic. It 

was observed that the specimens failed by transverse cracking with few 

longitudinal cracks, Plate 17. With higher modifier content the 

failures resembled the modified GRP failures. Plate 18 shows a

typical example. 

4.7.3 Tensile Failure Strain 

The tensile failure strain of canposites was obtained directly fron 

the load/strain curve. The average normalised results are presented in 

Tables 4.12 and 4.13. A canplete set of results is recorded in 

Appendix D, Tables D-1 and D-2. These results are s!xJwn graphically 

in Figs. 4.39-4.42. 
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With GRP speclmens, a large scatter was observed. The highest failure 

strain was in umodified specimens and the lowest was in specimens 

with 60% addition of modifier. The CFRP specimens exhibited 

considerably lower strains than the GRP specimens. Yet a clear 

descending curve was observed with 11 ttle scatter in direct CXIIparlsc:n 

with the GRP results. 

4.7.4 Tensile Secant Modulus 

The analysis of tensile secant nodulus was obtained in the same way as 

the culipLeSSive nodulus (see Section 4.6.3). The average oonnalised 

results are represented in Tables 4.14 and 4.15. A ccrnplete set of 

results is recorded in Appendix D, Tables 0-1 and 0-2. These results 

are sOOwn graphically in Figs. 4.43-4.44. 

Urm:ldified GRP specimens had an average tensile nodulus of 43.42 GPa, 

which is equivalent to the value measured in cuupression. In nodified 

specimens a lower nodulus was produced. 

In CFRP, the· difference between tensile and cx:npressive values was 

much greater. The tensile nodulus f= unrrodified specimens being 

109.98 GPa. However, there was a very large variation between tensile 

and cullpLessive results f= nodified culip)Sites. 

4.8 INl'ER-LIIMINAR SHEAR STRENmI (nss) 

Frcm the inter-laminar shear test, a curve of load against extension 

was obtained f= all culip)Sites. Typical sets of curves are sOOwn in 

Figs. 4.45-4.46. 

The ILSS was calculated using the following equation: 



where S = ILSS (MPa) 

S = O.75F 
bel 

F = force of fracture (N) 

b = width of specimen (mn) 

d = thickness of specimen (mn) 
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(4.12) 

'I11e average rxmnalised results are given in Tables 4.16 and 4.17. A 

CCI1P1ete set of results for all tests =ied rut en the specimens is 

given in Appendix E, Tables E-1 and E-2. These results are plotted as 

a function of percentage of modifier content in the matrix, in Figs. 

4.47-4.50. 

The unmodified specimens had the highest inter-laminar shear 

sb:engths. This was true for both GRP and CFRP laminates. It was 

OClted that the ILSS for GRP and CFRP followed the same trend; an 

increase in the amount of modifier created a decrease in shear 

4.8.1 JIppearance of Failures 

All GRP specimens shJwed either single or mu1tiple shear failures. In 

unm::xtified CFRP specimens and those with a small addition of modifier 

(5%) a clear crack was seen. With higher modifier o:ntent however, the 

node of failure was the same as with GRP. 

The results of these tests give an indication of fibre matrix 

interfaoe bonding. With this information it is possible to discuss 

the node of tensile failure. 
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4.9 MICROSCOPIC RESULTS 

4.9.1 Fibre Distribution 

Samples of different concentrations of rrodifier (0%, 30%, 60%) fron 

each canposite, were examined under an optical microscope Olympus) to 

observe heM the fibres were distributed within the canposite, and to 

investigate the presence of voids. 

Within each unmodified composite, fibres were found in a good 

distribution without toe much fibre bunching, see Plates J 9 and 20 • 

Also there was no evidence of voids. 

With rrodified canposites (30%) the fibres were more bunched and there 

were rich resin areas. There was also a significant proportion of 

voidage, see Plates 21 and 22.. It was noticed that with the increase 

in percentage of rrodifier, more resin rich areas were created. This, 

in effect, led to an increase in the number of voids within each 

sample. 

4.9.2 Inter-Larninar Shear Failure 

Failed inter-laminar shear specimens were examined under optical and 

electronic scanning microscopes. 

Under an optical microscope, unrrodified specimens shcMed clear =ack 

propagation through the fibre-matrix interface, see Plate 23. CFRP 

specimens shcMed a much better bonding than was the case with GRP, see 

Plate 24. 
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Plates 25 and 26 show highly modified specimens (-30%) with good 

bonding between the matrix and the fibre. The crack propagated 

through the matrix and appeared to have branched. There WEire- clumps of 

matrix material still attached to sane fibres. 

SEM micrographs of the fibres fron the ILSS failed specimens also 

showed that the matrix in modified specimens adhered better than in 

\.lIlllOdified specimens, see Plates 27-30. It was noticed that all GRP 

specimens showed poor bonding relative to CFRP specimens. 

4.9.3 Carpressive and Tensile Failures 

It is :important to discuss the mode of failure of each canposite, and 

find the influence of the matrix on the mechanical properties ( see 

O1apter 5). 

For this reason, small pieces of failed specimens fron canpressive and 

tensile tests were examined under the SEM. 

Plates 31-32 show high magnification SEM micrographs of the tensile 

failure surface of \.lIlllOdified GRP and CFRP specimens. 

Plates 33-34 show high magnification SEMmicrographs of the 

a::rnpressive failure (shear) in \.lIlllOdified CFRP specimens, while Plates 

35-36 show the cx:Jupressive failure surfaces (fibre microbuckling) in 

Slightly modified CFRP specimens (5%). 

Plates 37-38 show the sides of failed 60% modified GRP and CFRP 

specimens, under an optical microscope. Kinking in cornpressive 

regions of fracture is visible. 



CHAPTER 5 
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Dlsa.JSSICfi 

5.1 FIBRE VOI.UIE mlICl'ICfi AND DIS'mIH1l'ICfi 
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Theoretically in a undirectional CXJlll;osite an the fibres are wen 

aligned parallel to each other. The fibres can be c:x:nsidered to be 

arranged on a square or hexagonal lattice, with each fibre having a 

circular cross-section and the sarre diameter. In practice, however, 

these ideal distributions 00 rut occur except in localised regions. 

In low Vf <X1iifXJSites, for example, Vf = 0.30, the packing is often 

very irregular; sare fibre bunchi.rYJ and large resin rich regions may 

occur. Misalignrrent of the fibres is also ITOl:'e prcI'lOl.InCed in low V f 

laminates. The i=egu1ar dispersion of the fibres may have a 

significant effect on properties such as the transverse sb:E:I~ and 

rrodulus [HUll, 18]. 

It is possible to calculate the distributicn of stress and strain in a 

a::mposite material in terms of the: 

gecmetry 

Vf of the fibres and distributicn 

elastic properties of the fibres and the matrix. 

In the =rk reported here there was a difference between the fibre 

volume fracticn of nodified and llI1!IOdified laminates; also between 

GRP and CFRP a::mposites. 'lb minimise the effect of these differences, 
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the results were nonnalised to a constant fibre voll.lIll9 fractict'l of 

0.45. 

With regard to fibre distributict'l, plates 19 and 20 show the fibre 

distributict'l in urm::xiified culipJSltes. It can be seen that there is 

nJt too llUlch fibre bunching and no evidence of voidage in the matrix. 

With llDdified CUlipJSites, 00wever, there are significant voids. The 

fibres were irregularly packed and resin rich regions occurred 

thrc:R.igtx:lut the laminate (see Plates 21 and 22). It was ooticed that 

the resin became considerably more viscous as the llDdifier additict'lS 

were increased. This caused a decrease both in the wetting process 

and also in the escape of entrapped air franthe matrix. The tendency 

f= voidage in the matrix, therefore, increased with the increase in' 

llDdifier addi tict'lS. 

The presence of voids may have affected the mechanical prql6rties of 

the OCII1pClSites. Hanoox [14] noticed a steady decline in ocmpressive 

suellgth of CFRP culip:lSltes with increasing voidage. Above 5% voids, 

the CUliflLessict'l strength is nost reduced, while the rrodulus is least 

affected. Hanoox also noted the effect of voidage an inter-laminar 

shear SUeIqI:h. This property was very sensitive up to approximately 

1% voidage. Inter-laminar shear strength decreased by about 7% f= 

each 1% voids up to a total voids Cct'ltent of about 4%. He OCI'lCluded 

that the lack of correlation between these different strength 

properties indicated that voidage has a different effect in each case. 

The percentage of voids in the resin systan studied ranged between 0% 

(in urm::xiified cc:mposites) to 2% in higher percentages of llDdifier 

(60%), see Fig. 4.20. It was noticed that with 10% additict'l of 

llDdifier, the inter-laminar shear strength f= GRP and CFRP OCII1pClSites 
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decreased by 23% and 19% respectively. Hence it is concluded that the 

presence of voids is not totally responsible or behind the drop in 

mechanical properties of the OCJ1llOSi tes. 

5.2 INl'm-LI\MINAR SHEAR STREHmI 

The inter-1aminar shear strength (ILSS) of a CXlIp:si te depends en the 

direction of the shear displacements. For a given matrix, ILSS 

depends upon the stress oooc:entration effects associated with the 

pL sence of fibres, the. voids, and the interfacial adhesion. 

In th~ modified composites the fibres are strongly bonded to the 

matrix. The ILSS will depend on the s1:reN;Jth of the matrix and the 

interface bond. If the bond does not fail there is a stress in the 

resin which is a maxinrum near the fibres. '!his stress ooncentratien 

effect results in a reductien in ILSS. As the m:xlifier additicn 

:1ncreases with a correspood1.ng reductien in the l!Ddulus and sb:eilgth 

of the matrix, the stress oooc:entratien effect decreases and the ILSS 

ooo1d also be expected to decrease. 

At low fibre volume fraction the stress concentration factor is 

relatively insensitive to Vf , but it rises rapidly when Vf is greater 

than 0.60. In the spec:imens tested the fibre volume fracticns were , 

not large enough to have a significant effect on the stress 

ooncentratien factor. 

Hanoax [14] noted the sensitivity of ILSS to voidage. Voids act as 

stress-raisers and tend to reduce ILSS. In· these experiments the 

tendency for voidage in the matrix increased with higher m:xlifier 

aclditicns. Ccosequently a decrease in ILSS was to be expected and this 
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is apparent in Figs. 4.47-4.49. However, the question has to be asked 

as to whether al.l of the decrease was due to voids. 

Frcm the micrographs of ILSS fracture surfaces it appears that the 

interfacial. adhesic:n :1mproved with higher IIOdifier additic:ns. Plates 

27-30 show this fact for 00th CXliip)Sites. 

In umodified resin ocmposites, ILSS was centrolled by 'interfacial. 

adhesic:n'. Since the urm:xlified matrix was brittle and had a higher 

yield s1:ren;Jth, the interlaminar shear cracks travelled preferential.ly 

through the fibre-matrix- interfaces. As IIOdifier additions increased, 

the matrix yield strength was red 'ced, whilst the interfacial. adhesic:n 
\ 

improved. It therefore became easier for the interlaminar shear 

cracks to travel through the matrix itself. ILSS became matrix 

controlled. The modifier allowed stress relieving processes to 

operate which reduced thermal and shrinkage sLL 66es within the cured 

CXlitpOSite as well as local. stress oc:ncentratic:ns through plastic flow. 

The general. trend of decreasirYJ ILSS with higher rrodifier add! tic:ns 

represents the cenjoint actic:n of a shift fron interface to matrix 

centrol of the interlaminar =ac:kinJ as the matrix yield sLLaq"th 

decreased, and increased local stress concentration due to the 

presence of voidage. 

The results in Fig. 4.50 show that the higher pezcentage of rrodifier 

had a weakening effect on the interlaminar shear strength. The 

percentage of drop in shear stren;Jt:h for CFRP CXliip)Sites at less than 

15% modifier additions was smaller than for the GRP composites, 

al.th:lugh the anount of rrodifier addition was the same. It is believed 

that this was due to the interfacial. adhesic:n in CFRP be:1rYJ better 



66 

than in GRP. As the modifier addition increased above 15%, the 

results sOOw that the shear strength of CFRP CUiijpS.l tes was worst 

affected. This is seen fron the sharp drq> in the curve f= CFRP in 

Fig. 4.50. It can thus be suggested that 15% rrodifier add! ticn was a 

transition point for failure mechanisms in CFRP. AI.:love 15% nodifier 

any stress ooocentraticns are relaxed by local defarmaticn processes. 

Examination of polished fracture surfaces under an optical microscope 

sOOwed the interlaminar shear crack for umrxiI.fied cunposites, Plates 

23-24. It is apparent that failure occurred by shear off the resin 

close to = at the fibre matrix interface. Shear zones have gram 

ahead of the crack and sane local interface del:xxld:irg has occurred. 

SEM micrographs of a shear fracture surface of each ccmposite are 

sOOwn in Plates 27-29. The nost significant difference is that the 

CFRP sOOws strooger adhesion than the GRP. This leads to increased 

ILSS f= umrxiI.fied CFRP. 

Plates 25 and 26 show GRP and CFRP polished interlaminar shear 

fracture surfaces at 30% modifier additions under the optical 

microscope; In both cases there is. evidence of resin adhering to 

fibres, while glass fibre f=ms relatively poor boods. Plates 28 and 

30 sOOw rrodified GRP and CFru> interlaminar shear fracture surfaces at 

high magnificaticn. 

The typical load/extensicn =-vas to failure f= both unidirecticnal 

cuiijpSites tested in interlaminar shear are sOOwn in Figs. 4.45-4.46. 

The non-linearity in the cuiijpSltes is due to the properties of the 

resin. With flexible resin matrices sane visooelastic = plastic flCM 

occurs. The extension at failure of the CUiq;nsites appears to be 

related to those of the matrices sOOwn in Fig. 4.22 and especially f= 

GRP. 
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Further discussion on tensile and compressive failure strain for 

composites and their dependence on the matrix properties will be 

included in successive sections. 

5.3 TmSILE PROPERTIES 

5.3.1 Tensile Modulus 

From the distribution of stress, the elastic properties of the 

CXllifOSites material can be calculated. For unidirectional CXllifOSites, 

the simple rule of mixtures can be used to calculate the nodulus of 

the CXllifOSites for given fibre and resin matrix rroduli: 

where Ec = CXllifXlSite elastic rrodulus 

Ef = fibre elastic nodulus 

Fm = matrix elastic nodulus 

5.1 

The rule of mixtures is important because of its simplicity which has 

led to its widespread usage and because it does not require 

determination of the less readily known prql6rt1es of CXllifXlSites such 

as effective fibre pull out length at a break, or the statistical 

function describing the distribution of weak points. 

It is assumed that all the fibres behave elastically in tension up to 

the fracture strength. However, epoxy resins have non

linear load-extension curves, see Fig. 4.22 and may undergo 

considerable visooe1astic defonnation before fracture. 
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In this work the tenn nodul.us has. been used to describe the elastic 

stiffness of the CU1lfOSites, calculated by taking a secant of the 

stress-strain curve as described in Section 4.7.4. 

The results sOOw that the nodul.us of rrodified specimens obeys the rule 

of mixtures. However, as the matrix lIOduli is small in oanparison 

with the fibre lIOdulus, the change in lIOduli of the matrix has little 

effect on the lIOduli of the CUllfOSite. 

The stress-strain curves for all specimens were initially linear 

elastic but became ocn-linear as failure approached. lis the nodifier 

increased the CUllfOSltes showed nore n:n-linearity. This was due to 

the change in matrix nodul.us and resul tin;;J reducticn in local stress 

ooncentration. 

In CFRP culifOSltes small nodifier additions (Le. 5% and 10%) resulted 

in a small improvement in tensile moduli with respect to the 

unmodified samples. This increase can be attributed to the brittleness 

of the unmodified matrix being removed. Initially the modifier 

allowed a stress relieving prcx::ess which reduced tbmnal. and shrinkage 

stress within the cured composite as well as local stress 

ooncentrations, through plastic flow. It is suggested that carbcn 
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fibre canposi tes were nore greatly affected than glass because the 

difference in ooefficient of thermal expansicn between the carb:n 

fibres and the matrix resulted in much higher thennal stresses than 

was the case with glass fibres. The increased adhesicn due to the 

nodifier additicn also could initially lead to an increase in the 

m:Jdul.us of the cuiip .... sites. 

In general the GRP and CFRP composites showed similar rates of 

decrease in lOClduli, as can be seen fron the results in Fig. 4.44. It 

was thus obseJ:ved that the decrease in lOCldulus of matrix had a similar 

effect on GRP and CFRP and that this effect was to only lower the 

m:Jdul.us of the cuiiposites by a small 8lTCl\.mt, as predicted by the rule 

of mixtures. 

Fig. 4.23 stx:lws the matrix tensile m:Jdul.us as a function of rrodifier 

additicn. The umodified matrix had a tensile lOCldulus of 2.98 GPa, 

while with a 60% addition of nodifier the lOCldulus had chopped to 0.17 

GPa. Fran the rule of mixtures equaticn 5.1 and for laminates with 

0.45 fibre volume fracticn, this decrease in resin lOClduli will result 

in a decrease of 1.5 GPa in composite modulus. This decrease is 

insignificant in comparison to the original composite modulus 

magnitude, which was of the order of 110 GPa for c:rnP and 43 GPa for 

GRP. 

Thus it can be concluded that the m:Jdul.us of the CUlifOSites under 

tension was controlled by fibre and rx:>t matrix stiffness. 
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5.3.2 Tensile Strength 

Fran an analysis of the tensile strength of the various fibre-resin 

matrix systems used in this worlc, the tensile strength of CXliipJSites 

was found to decrease as the modifier addition in the matrix 

increased. A little scatter was expected in tensile properties as 

discussed in Secticn 5.3.1. The results are p:csented in Figs. 4.35-

4.37. 

In the tensile tests the fibre failure m:x:le preOCm1nated. The main 

parameters which affect the tensile sueugth are: 

Fibre tensile strength 

Interface adhesicn 

Resin tensile strength 

Voids 

As sh:Jwn in Tables 4.10 and 4.11, and Fig. 4.37, the average tensile 

SUet>;jt:h of umodifiedGRP specimens was 978 MPa and this decreased by 

48% at 60% rrodifier add! ticn, while in umodified CFRP specimens the 

average tensile strength was 1392 MPa which decreased by 35% at 60% 

. modifier additicn. The rate of decrease is sh:Jwn in Fig. 4.38. With a 

snall arramt of modifier additicn, 5%, GRP specimens showed a sharp 

decrease about 23%.in tensile strength. CFRP specimens showed a 1% 
> 

decrease at 5% modifier addition. This was evidence of a better 

interface adhesicn in carbon fibres. However, as the percentage of 

modifier increased, >10%, a gap of approximately 10% retenticn between 

the two CXliipJSltes could be clearly seen. A similar observaticn has 

been n::>ted with ILSS and tensile failure strain results (Sections 5.2 

and 5.3.3) which suggests this to be a general phetlClllellCU. In general 

the ultimate tensile strength of all CFRP CXluf03.ites was higher than 
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<>RP. 'l11is is due to the fact that the carI:x:n fibres have a IlUJCh higher 

st:rerY;Jth than the glass fibres. 

SEM m1CLographs of the fibres fron the interlaminar shear failure, 

Plates 27-30, sh:lwed that matrix adhesion in both rrodified culi£X)Sites 

is greater than in unm::xll.fied culi£X)Sites. In both rrodified CUIp:>sites 

there was evidence of resin remain:1n;l' adhered to the fibres, although 

this was rrore apparent in the case of carI:x:n fibres. 

Fran an analysis of the tensile st:rerY;Jth of the various fibre-resin 

systems used in this wmk, together with a ocmparative consideration 

of the interlaminar shear strength failure results, the relative 

adhesion of the fibre-matrix interface has been ascertained. While 

glass fibres show less matrix adhesion than carbcn fibres, it is also 

clear that umDdified resins produce culi£X)Sites with less adhesion 

than do the m:x:l.ified resins with respect to the fibre systans used in 

this wmk. However, the lower adhesion formed by umOOified resins 

does not rEisult in weaker culi£X)Site st:rerY;Jth. '!he reason for this is 

the large reduction in tensile st:rerY;Jth of the matrix (see Fig. 4.24). 

In umDdified CUllfXosites (brittle matrix) the matrix had a higher 

yield sLtength. When the tensile load was awlied parallel to the 

fibres, the fibres bore the major part of the load, and the matrix 

takes only a snall pLCJlXllUon. The matrix fractures before the fibre 

and then all the load is transferred to the neighbouring fibres, but 

canplete tmloading does not occur until final fracture. As m:x:l.ifier 

addition increased, the matrix yield st:rerY;Jth was reduced. When the 

fibres fracture the load transfers to the matrix and this cannot 

support the load, so that the matrix fractures when the fibres 

fracture. 
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Tensile sueIlgth is particularly sensitive to the pL9s9Ilce of voids. 

The increasfn;j' addition of m::xllfier increases the 8\TOl.!I'lt of voids in 

the composites. Higher modifier addition hinders the escape of 

trapped air £ran the matrix resul tin;J in nore voids. The presence of 

voidage tends to increase the local stress concentration. This may be 

part of the explanation of the poor tensile SU6lgUl results with high 

modifier. 

It is clear that any factors that affect redistribution of load fran 

fibre to matrix influence tensile strength. 

5.3.3 Tensile Failure Strain 

The tensile failure strains of the ClCJlP)Sites are presented in Figs. 

4.39-4.41. In all cases as the modifier is increased the tensile 

failure strain decreases. Fig. 4.41 sh::Ms that the tensile failure 

strain of all GRP speclmens is higher than CFRP. This is due to the 

fact that the carbon fibres have a much lower· strain to failure 

(1.44%) than the glass (3.37%). 

The response of the composite depends on the relative strain to 

failure of the matrix and the fibre. When the tensile load is applied, 

and the strain to failure in the fibres is greater than in the matrix, 

Ef > Em' the matrix takes only a small pLq;xJrtion of the load assuming 

the fibre lOOdulus is greater than matrix lOOdulus, Ef > E\n. When the 

matrix fractures the transfer of load to the fibres is insufficient to 

cause fracture provided it is still possible to transfer the load to 

the fibres. The load on the laminate can be increased until the 

* * fracture strength of the fibres is reached. At this point 0 c = Of Vf , 

as shown in Fig. 5.51. 
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This theory can be applied to the umDdified GRP cuii[XJSites, since the 

failure strain of glass fibre used in this work is 3.37%, while the 

failure strain of the umDdified matrix was 2%. In the case of carbcn 

fibres the failure strain was 1.44%, which is lower than the matrix 

failure strain. 

M:xiifier additions have the effect of reducing the elastic tTOduli of 

the matrix. Therefore the ultimate tensile suegU. of the CUii[XJSltes 

is reduced as discussed in Section 5.3.2. 

When Em > E f , the fibres fracture before the matrix. The load 

transferred to the matrix is very large and canrx>t be· supported, so 

that the matrix fractures when fibres fracture. 

of*Vf + om' (l-Vf ), Fig. 5.52. 

* In this case ° c = 

This theory can be applied to all rrodified GRP CUii[XJSi tes and CFRP 

CUIi[XJSites. (Since a small addition of rrodifier increased the strain 

to failure of the matrix, and this in turn reduced the mechanical 

properties of the culi[XJSi tes) • 

The decrease in tensile failure strain was 33% in GRP samples with 60% 

rrodifier added to the matrix, and 44% in CFRP with the same percelltage 

of rrodifier added. Fig. 4.42 sOOws percentage retention of failure 

strain in both composites. The percentage of retention decreased 

gradually with increase of modifier. At lower values of modifier 

addi tions, pe=entage retention is the same for both composites. 

However, as the percentage of modifier is increased (>5%), a gap of 

approximately 10% retention opens between the b.u curves. This same 

behaviour was observed earlier in tensile suegU. (Fig. 4.38). The 

decrease in tensile strain at failure was aoocmpanied by a decrease in 
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tensile strength. The m:x:rulus of the COlipJSl te h:Mever obeyed the :rule 

of mixtures and stn.Jecl little decrease. 

Working with different fibres in different matrices, Hahn [23] 

observed that the compressive failure strain increased with the 

tensile failure strain. He concluded that this same defect mechanism 

may operate in compression as well as in tension. The defect 

sensitivity in CCIIlJr9SSive buckling however, ~d be less in tens1cn. 

A correlation between collp1ession and tensien failure strain for both 

CCI\llOSites is shown in Fig •. 5.53. Linear regress1en analysis was 

performed. One feature that stands out is that the tensile and 

compressive failure strains for both composites were reduced by 

reducing the stiffness of the matrix. 

5.3.4 Failure Mechanism 

'lW::l main types of tensile failure modes were obseLved in this WOLK, as 

shown in Plates 15-18. 

When the CCI\llOSite is loaded the stress in the fibres is related to 

the stress in the laminate by: 

where CC = stress en the laminate 

Of = stress on the fibres 

° = stress en the matrix m 

5.2 
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As the force was applied lcn;;Ji tudinal =acks caused by shear stress at 

the interface appeaied in the bulk of the specimens and propagated 

rapidly alcn;;J the fibre-resin interface to occupy the oc:mplete length 

of the specimen. 'Ihis deb::lnd:in;l was followed by prcn:lUI'lCed audible 

signals of cracking as fibres pull-out, usually starting at the 

specimen ecge and p:ropaga~ = the entire width. This caused 

total destructicn of the laminate and the force drop. 

In the unrodified GRP specimens tested, deb::lnd:in;l occurred throughoot 

the gauge length. 'Ihis was evidence of a weak interface bond. Brush

like failure is typical of unidirecticnal GRP tensile failure with 

fibre pull-out. 

When a lXllipJSite is loaded and the load increases, a fibre fracture 

will cx:x::ur at Cl1e of the serious flaws or imperfecticns. When such a 

fibre breaks, the stress in the vicinity of the broken fibre is 

disturbed substantially so that the axial stress iri the fibre vanishes 

at the fibre break and gradually builds up to its undisturbed stress 

value due to shear stresses be:!Ig transferred across the fibre matrix 

interface. The =ac:k:in;J of fibre and matrix can cx:x::ur before ocmplete 

separation of the fracture surfaces, hence brush-type fractures. 

Failures of this nature have been observed recently by Heumann [25] 

and many other WOI:kers, see Plate 15. 

Plate 16 sOOws failed rrodified GRP specimens. There is a Significant 

difference between m::dified and unnodified specimen failure. There was 

less deb:rlding in m::dified specimens and the urs was reached before 

interface cracks propagated through the specimen. When modifier 

additicn increased, the matrix yield strength was reduced, whilst the 

arrount of interfacial adhesicn increased. Therefore when a fibre 



76 

fractured the load was transfe=ed over a greater distance to 

surrounding fibres and ultimately because the average stress =ied 

per fibre was reduced, the tensile strength of the composite was 

reduced. The specimens showed small clumps of resins and fibres 

intact, while the main failure was brush type. 

An observaticn of a typical urm::xlified CFRP failure pattern is shown 

in Plate 17. This <X:Ili(XlSite failed by fibre breakage with failure 

surfaces roughly perpendicular and parallel to the direction of 

load:iD;J .with little debonding. It is therefore believed that certain 

am::JlIDts of fibre failure do occur in urnodified CFRP <X:Ili(XlSltes before 

final catastrophic failure, am::JlIDtInJ to mciny small groop failures 

which then link UP at the point of ultimate tensile failure. 

SEM micrographs of the tensile failure surface for both unrodified 

CXlli(XlSites are shown in Plates 31 and 32. '!here is evidence of weaker 

adhesicn in the glass fibres wimessed by the finer fibre separaticn 

which occurs, while Plate 32 shcMs good interfacial adhesicn in the 

fracture surface of an urnodified CFRP specimen failure. 

In CFRP laminates with higher modifier ocntent, Plate 18, clebonding 

occurs but still fibres clump together. The process of failure in the 

carbon fibre reinforced specimens appears to be simpler. The lower 

yield strength of the matrix allows some debonding between fibre 

bundles by shear. The fracture of modified CFRP specimens falls into a 

category sarewhere between umodified GRP failure and unrodified CFRP 

failure. 
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5.4 c:nIPRESSIVE PROPERTIES 

5.4.1 Carpressive Secant l-bdulus 

The secant rrodulus represents an approximation to the stress-strain 

relationship which, for ITOSt canparison purposes,is quite valid. It 

is used for assess:lnJ differences in stiffness between CCllipJSites with 

different matrices. 

The average results of CClupressive secant rroduli for b:>th CXlllpJSites 

are presented in Fig. 4.33. They sb:M straight parallel lines which 

indicate that as the percentage of iOCldifier increases the rrodulus 

decreases. 

There was a significant difference in the secant rrodulus results for 

glass and cartJon reinforced matrices. Fig. 4.34 stows the rate of 

decrease in CXlllpLessive rrodulus for both CCllipJSites as a function of 

percentage of iOCldifier. At anall trodifier additions, the cartx:n fibre 

CXllipJSites were affected more than glass fibre CXlllpJSites. At 10% 

iOCldifier addition, CFRP CXlllpLessive rrodulus decreased about 18%, while 

the GRP decreased about 6%. 

The ccmpressive troduli for b:>th CXlI~ites were ccmpared with tensile 

rroduli, see Section 5.3.1. Unm::Jdified GRP specimens had a ccmpressive 

secant rrodulus of 43.42 GPa and a similar tensile secant m:x'Iulus value 

(Le. the stiffness in CXlllpLession and tension was the sarre). The 

variation between tensile and CXlllpLessive values in umcdified CFRP 

specimens was much greater. The stiffness in CXlllpLession was 47% lCMer 

than in tension. This is due to the fact that cartx:n fibres have a 

lCMer rrodulus in oanpression than in tension as dis()ljssed recently by 

Harper and Heumann [37]. 
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The lXJllpLessive noduli for both rrodified lXJlip:)Sites proved to disobey 

the RCM (:rule of mixtures). This is srown in Figs. 5.54 and 5.55. The 

variatien in llOdul.us between tensile and CCJlllL"ElSSive increases as the 

pe:rcentage of rrodifier increases. This is due to the fact that the 

failure mechanism under tension is oc:rnp1ete1y different to that in 

lXJllpLessien. Defect sensitivity in buckling being a major factor in 

lXJllpLessien failure. 

Hahn and Williams [24] in their =:rk obse:rved that the lXJllpLessive 

nodulus of ca:rbon reinforced oc:rnposites is nore dependent en the resin 

modulus than is the tensile modulus. They also observed that the 

lXJlip:)Site tensile nodulus is greater than the lXJllpLessive llOdul.us for 

a resin llOdul.us value less than 5 GPa. Above 5 GPa the difference in 

lXJllpLessive and tensile noduli was n:>t as great. In this =:rk the 

unmodified matrix had a resin tensile modulus ~ 3 GPa. As the 

rrodifier peroentage increased the resin tensile nodulus became less 

than 1 GPa. Therefore the observed differences in moduli, in the 

carbon fibre reinforced sanp1es, supp:):r"l Hahn and Williams' f~. 

The lower canposite nodulus in oc:rnpressien rather than in tensien can 

be explained by the following facts: 

i) .the fibres themselves are less stiff in lXJllpLessien than in 

tensicn 

U) the fibres themselves are not perfectly aligned within the 

laminate; the initial misalignment and cu:rvature of the fibres 

may inp:lse dispLop;>rlional1y high stress en the matrix, locally 

pushing the matrix into the n:>n-1fnear range at an early stage 

of loading 
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Hi) different thermal eKpanSicn COUld cause thermal <Xlllplessive 

stresses in the fibres = in exLIsls causes buckling of the 

fibres. However calculaticn using Im:Jwn ooefficient of thermal 

expansion f= the fibre and the matrix sh::M in this case> that 

such stresses are low and not sufficient in thanselves to cause 

failure. 

'!be node of failure observed in all GRP specinens was kinking due to 

fibre buckling. Urm:xlified CFRP specimens stxJwed a shear node fron the 

rough failure surface, but as the nodifier was added the node of 

failure chan;Jed and stxJwed a similar attitude of kinking, see Secticn 

5.4.4. A SEM micrograph of a surface failure of CFRP with 5% nodifier 

is shcMn in Plate 35. O1aracteristic steps associated with fibre 

roicrobuckling are clearly visible. Therefore it can be suggested that 

as the nodifier increases the matrix is not a good suppo:r t to the 

fibres and fibre buckling occurs very easily. '!his results in a low 

m:xfulus and resultin;J lower <XllipIessive sLIegU. which is observed 

widely in this work. 

5.4.2 CalipIessive Strength 

'!be <XllipIessive strength results of Ix>th <Xllposltes are shown in Figs. 

4.25 and 4.26. GRP and CFRP results stxJwed similar scatter, 00wever, 

this was not larger than found by other WOIkers. 

A a::rnpariscn of the <XllipIessive strength of both <XllifXJS.ltes is shown 

in Fig. 4.27. 

'!be average oanpressive strength of GRP in an umodified matrix was 

488 MPa with a fibre volurre fracticn of 0.45. '!his is shown in Table 

4.4. All results in the table are markedly lower than tlx)se of Olaplin 
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[15] which he obtained from extremely carefully made specimens. 

O1aplin's <X1l1pressive strength.result was 950 MPa f= a fibre volume 

fracticn of 0.60. 

In the case of CFRP <X1'pJSites, the <X1,pressive suagU. stDwed the 

same trend as with GRP menticned earlier, the results are shown in 

Table 4.5. '1l1e average <X1,pressive suagU. of unnodified specimens 

is 602 MPa f= a fibre volume fracticn of 0.45. This is much lONer 

cx:mpared to the results obtained by Hahn and Williams [24] and by 

various other workers [12,16,19,25]. 

The lONer <X1,pressive strength observed in GRP and CFRP <X1'pJSites in 

this work can be explained by reference to the manufacturing 

techniques and lONer volume fracticns. 'nlese points are discllssed in 

nore detail later in this secticn. 

In Fig. 4.27, the <X1'ipLessive strength of both unnodified and slightly 

modified CFRP composites is higher than those of GRP specimens. 

However, as the percentage of modifier increases the compressive 

strength of both <X1,pJSites starts to ooincide. The initial higher 

<X1'ipLessive suagth of CFRP <X1,pJSites with respect to GRP <X1'pJSites 

is due to the high fibre strength of carbc:n and better txnding with 

epoxy resin. 

Fig. 4.28 shows the percentage retenticn of <X1'ipLessive suagU. as a 

function of modifier content for CFRP and GRP. The compressive 

strength CUIVeS f= both <X1'pJSltes ooincide. 
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The 1cngitudinal cunpxessive ~ is deperrlent on many. factors 

including the fibre and resin properties, the interface b:lnd st::ren;Jth 

and void content. Any factor which leads to a reduction in the supper l 

that the matrix and the surrounding fibres give to the fibre to 

prevent microbuckling will lead to a reduction in cunpxessive slLellgth 

[19,24]. 

The scatter observed in this work was not unexpected; composite 

materials are notorioos f= it when tested in CUllpression. Neither 

was its reduction with higher modifier additions. The principal cause 

is a reduction in matrix modulus caused by matrix p1asticisaticn. 

These IlDr9 ductile matrices allowed plastic flow and stress relieving 

processes to operate which lessened any local stress ooncentraticins. 

The interfacial adhesion :IJnp:roved with higher IICdifier additicns, 

whilst the mechanical properties decreased. In the case of GRP the 

weak adhesion in unm:xlified matrices allowed fibre cleb:lnding and thus 

easier kinking of the fibres. However, the hard brittle matrices 

initially tended to support the fibre but once they had kinked the 

composite failed by splitting and cracking due to transverse 

expansicn~ As the IICdifier additions increased there was a shift fron 

interface to a matrix controlled failure process. The soft, ductile 

matrices offered little suppoxl f= the fibres and kinking occurred at 

low strain enexgies. 

Early the=etical treatments of failure are based on one suggested by 

Rosen [1] in which failure is attributed to fibre instability 

(buckling), within an essentially elastic matrix. HcMever, in the case 

of undiIectional CFRP, agreerrent was particularly poor (Ewins and 

Potter [36]). 
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Ewins and Ham [12] suggested that, while fibre instability oould 

cause failure, a nore usual I!Dde of failure for carlx:n fibres in an 

epoxy matrix, particularly at or below roan temperature, was one 

~ on the cx:tiifllOessive ~ of the fibres themselves. It 

was suggested that shear failure occurred when initiated at fibre 

flaws. While the fibre strength daninated trode, sets an upper bound on 

oatpreSSive strength, it cbes l'X)1; preclude the occurrence of other 

failure modes at lower stresses under different circlDnstances. 

Hanoox [14] suggested that poor ILSS and high void content can depress 

the oatpreSSive strength substantially and it is possible that these 

factors might also reflect a'change in failure mode. Increased 

voidage in the matrices decreased their cx:tiifllOessive sLreuJU" Hanoox 

found that 15% of voids in the cx:titpOSltes decreased the cx:tiifllOElS$ive 

strength by half. The voidage increased with high percentage of 

modifier. Voids may have also intro]uced e.vr:ess1ve fibre misaligrDlElllt 

into the specimens. 

Matrix stiffness, especially shear modulus, is a major parameter in 

stability analysis. With IJI'lIOOdified CFRP cx:titpOSltes the failure trode 

was shear. As the matrix stiffness decreased the mode changed to one 

of fibre instability. F\.trther modifier additions and corresponding 

reductions in matrix modulus are likely to result in a rapid reduction 

in cx:tiifllOessive strength. Ewins and Ham [12] sI'x:Med that a moderate 

temperature increase will cause sufficient reduction in matrix 

stiffness to allow instability modes to daminate and compressive 

strengths to be substantially reduced. 
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The variatioo in ocmpressive st::ren:Jth with percentage m:xllfier, sh:Jwed 

a similar relationship to that found for tensile strength and 

interlaminar shear stren;Jth. 

5.4.3 CwpLessive Failure Strain 

The average CXliipLessive failure strain results for both CXliipJSltes are 

~ted in Fig. 4.31 plotted vs the percentage of m:xllfier OCIltent 

in the matrix. By observatioo a curve is nore suitable for the CFRP 

results, while a regressioo line is better for GRP results. 

The same analysis used previously in obtaining rate of decrease was 

applied to the CXliipLessive failure strain results. It can be seen (by 

ccmparisoo of Figs. 4.32 and 4.42) that there is a similar behaviour 

in CXliipLessioo and in tensile failure strain for GRP OCtiipJSites. The 

oc:rrpressive failure strain of the CFRP CXlip;:sites does rot sh::Jw as 

much fluctuatioo as the GRP rut OCIltinuously decreases. 

At a 10% modifier addition, both composites showed a similar 15% 

decrease. As the ilOdifier increases the cartx:n fibre OCtiipJSites were 

more affected. This is due to the greater interfacial adhesion 

improvement in carbon fibre composites compared with glass fibre 

OCtiifX)Sltes. (This does l'Xlt appear to such a great extent in tensile 

failure strain since they fail by a totally different mechanism). 

The basis of Rosen's OCtiipLessive st::ren:Jth model for unidirect:.iooal 

fibre CXliifX)Site materials was that microbucklinJ of fibres occurs 

throughout the composites. If this could begin to occur before 

failure, then the modulus of the composites would certainly be 

affected. Buckled fibres would result in lCMer cx:mposite nodulus than 

straight fibres. Fig. 5.56 represents results of the CXliipLessive 
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failure strain as a function of the square root of the matrix-to-fibre 

m::xiulus ratio. It is seen to be fairly proportional. This oonfonns 

with the equation predicted by Rosen [1] and Hahn [241, (i.e. 

cunpressive failure strain is proportional to the square root of the 

matrix-to-fibre m::xiulus ratio). 

where eo = cullpLessive failure strain 

Fm = matrix rrodulus 

Ef = fibre m::xiulus 

5.3 

In Plate 37, the side of a failed modified GRP specimen clearly sOOws 

kinking induced failure over one wavelength. Plate 38 shows the 

failure side of a high modified CFRP specimen. More localised 

buckling failure than GRP is apparent. If failure does not follow 

immediately, buckling may spread along the fibre axis. Sirice the 

carbon fibres have lower tensile failure strain than glass, the 

modified CFRP fails imnediately after buckling causing low strain 

results and CCl'IpLeSSive strellgth. Umodified CFRP failed in shear 

without buckling, resulting in higher strain. Buckling induced 

failure became nore evident with low m::xiulus fibre in softer matrices. 

5.4.4 CulpLessive Failure Behaviour 

In this ~ there was a transition fran CrIe node of failure to 

arother across the raDJe of specimens tested. '!he kinking failure 

mechanism was observed in both composites. The kink-band usually 

occurred on a plane at an angle to the direction of loading. All the 

CUllpLession specimens failed suddenly witlDut warning. 
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The failure rrode observed in unm:xiified (;Rp specimens is shown in 

Plate 8. The fibre k:!nJd.n;J/splitting sho:Mn was typical. of all GRP 

cullposltes. The 7rP plane of the single or multiple kink-band fracture 

appeared 1:0 be a characteristic of this type of failure. 

Plate 9 shows the failure node in a GRP specimen with 20% additien of 

nodifier 1:0 the matrix. The kink-band pattern CCI1Sists of a narrow 

single band, oriented at approximately 9rP 1:0 the directien of the 

applied load. In the specimens with higher ITOdifier content (i.e. 

60%), the kink-band was wider and near the end tabs, and approximately 

at 900 to the specimen axis (Plate 10). In all modified GRP 

specimens, kink1ng also, occurred through the specimen thickness. A 

typical. example is shown in Plate 11. 

This type of kink-band failure was also obs&ved in nodified CFRP 

specimens with> 10% nodifier add! tioo (see Plate 14). It is ooocluded 

therefore that the 7rP kink-band is rx:rt: a functioo of fibre parameter, 

but is a characteristic of this type of failure. Heumann [25] 

recently observed the _ same type of failure in vinyl ester GRP 

cullposltes made by similar wet lay-up techniques. 

Plate 12 shows an unm:Jdified CFRP specimen. The rrode of failure was by 

shear en a plane at aI:xJut 4s<' with loading direc:tic:n. SEM micrographs 

of the fracture surface, shown in Plates 33 and 34, ooofinn this type 

of failure. 

As the modifier addition slightly increased (Le. <lOt), the 

OCIT1pr9SSive strength decreased, probably due 1:0 a decrease in the 

contributioo 1:0 strength of the matrix. As the nodifier increased and 

the matrix nodulus decreased at sane critical percentage of nodifier 
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the failure IIOde charY;Jed to one governed by fibre instability. '!be 

fracture surface appeared to be at 7cfJ to the axis of load:!n;J (Plate 

13). 

An SEM micrograph of the fracture surface of a 5% modified CFRP 

specimen is sl'rMn in Plate 35. It revealed steps in the fracture 

surface also typical of microbuckling. Clearly several planes of 

fracture are formed and the transmission of this type of failure 

through the cross-section takes place at an angle to the specimen' s 

cross-sectional plane. A high magnification SEM micrograph of 

individual fibres on the fracture surface of a 5% !IOdified CFRP, sl'rMn 

in Plate 36, supplies clear evidence of fibre microbuckling. This 

suggests that the microbuckling of fibre starts with buckling of a 

Single fibre and progresses with additional fibres as the damage 

propagates. Similar behaviour was confirmed by adns and Hain, when 

they raised the temperature of the CXllipJSite to reduce the matrix 

stiffness. 

In CFRP specimens with greater than 10% modifier the fibre 

microbuckling did rot lead to actual fracture of the specimen. Instead 

kink bands fonred as already described in GRP. 

It can be oc::n;,luded that in all the GRP CXlllp:sites and !IOdified CFRP 

CUIijp3ites studied in this work, failure took the farm of kinking, or 

microbuckling. Kinking involved the formatian of a regular kink band 

pattern oriented at 7cfJ or less than cx:P to the directian of the 

applied load. While microbuckling fracture involves large post

buckling deformation of the fibre in which multiple or single fracture 

occurred due to the high bending strains. 
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The failure sequence involving both the above mechanisms for 

undirectianal CUltpJSites is prCJpJSed as follows. As the cullpLessicn 

load is increased, the weakest fibres, or the fibres that have the 

least lateral suppJL l because of a free boundaLy, poor fi.bre to matrix 

bond, or voids fail first. The failure initiaticn may also be due to 

the stress ooncentration introduced by test hardware. 

The behaviour observed by Chaplin [15] was very similar to that 

observed in this work. His proposal that kink bands initiate at 

defects and propagate fran them to cause total cullpressive failure, 

appears to offer an acceptable ac=unt of the observed behaviour. 

O'laplin proposed that the formation of kink bands arose £ran a shear 

instability in a volume of material. He considered a shear 

instability of the type shown in Fig. 2.7a, I<.iU.ch gives the same 

theoretical results as Resen's [1] shear instability IlDdel (in-phase 

1lDde, shown in Fig. 2.lb), in a band of material inclined at an anJle 

to the cullpression axis. Neglecting the effects of any chanJes in 

axial stress and conSidering only the effects of shear rotation 

within the band, O1aplin suggested that the volurretric strain within 

the sheared band is given by: 

~ - Oos(a-T) 1 
~vol - a - 5.4 

where Evel = volumetric strain 

T = ~ strain 

= kink band anJle. 
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Therefore, for a >0 the volumetric strain will initially be positive, 

returning to zero when T = 2a. This volumetric strain argtD1l9I'lt is 

dependent en assumiI¥;J that as the shear deformatien increases the 

orientatien of the kink: band and the length of fibres within it 00 not 

change. 

In a unidirecticnal fibrecuiifXJSite under axial cullp1essien, cooe 

there has been any significant arrount of interfacial failure, then 

there will be little resistance to a large positive volumetric strain. 

However, if transverse expansien is restricted in any way, then the 

expected effect of this constraint would be an inc1ease in CUiipLesSive 

sLtellgth. There is therefore a limit set en the axial cx:rnpressive 

displacement associated with a shear failure in terms of the 

inclinatien of the kink band, and the associated maximum shear 

strain equal to 2 a (= T) • 

Us~ notched specimens, O'laplin demonstrated that cuiipLessive failure 

can propagate frc:m a pre-exi~ defect throogh the formatien of a 

kink: band. The sequence of events in such a failure was as follows: 

i) Shear deformaticn in a band of material which increased, but 

without a change in the orientatien of the band itself. 

U) As deformatien increased considerable ~ of the fibres at 

the boundary of the band. This often resulted in fibres 

fra~ at the boundaries. 

Ui) As deformatien increased further, the adhesicn between fibre and 

matrix broke (bm. As this interlaminar failure 0CCULTed after 

fibre ~ it was arrested at the boundaries. 
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Once in! tiated the kink bands often propagated very rapidly thraJgh 

the specimens. The va,rying am:runts of damage assxl ated with the kink 

band mechanism may be explained in terms of strain energy 

oonsideraticn. 

An unnodified matrix (brittle), stores rrore strain energy prior to 

failure than a (ductile) highly modified matrix, by virtue of its 

higher yield strength and stiffness. Upon failure this energy is 

released. If the level of strain energy is high, the kink band 

mechanism may n:rt: oonsume it all. The excess elletgy manifests itself 

as clearly audible longitudinal resin craCking, surface layer 

delaminaticn, etc. As the matrix properties decreased with higher 

modifier additions, so the strain energy decreased. As modifier 

additions increased specimens tended to sIXM single kink bands thraJgh 

their thickness rather than the multiple kink bands across their 

widths. This was noticed in GRP composites. In the case of CFRP 

cullp'JSites with modifier additions, specimens again tended to sIXM 

single kink bands without fibres fracturing. This trend simply 

reflects the pLqJLessively lower strain energies associated with the 

fOLJllaticn of kink bands at higher modifier additicns. 

It may be true that it is n:rt: easy to marrufacture a specimen which is 

totally free of defect. In practice, imperfection in the fibre 

alignment always exists and such regions fOLDl a failure rrucleus by 

undergoing a k!nking pLOCeSS [10]. 

In this work the method of preparing GRP and CFRP laminates, was the 

marrual winding pLOCeSS and itllpLegnaticn with resin which resulted in a 

certain am:runt of fibre breakage and misali91"ellt. The reascn Wny the 

Rosen [1] predicticn of strength appears to be so high is because it 
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CCI'lSiders the <Xllq;nsite to be made up of perfectly straight, aligned 

fibres. Lager and June [8] found good agreanent to Rosen's theory 

when they mul tipHed the results by a oanstant reducticn factor, when 

us:in;J two kinds of epoxy resin (i. e. hard and soft). 

Piggott and Harris [16] observed very similar behaviour in specim3ns 

when the same resins were used as a matrix f= <Xllq;nsl tes reinf=oed 

with c:arbcn and glass fibres. QRP <Xllq;nsites failed in a brittle 

manner in two halves with a s:in;Jle transverse =ack, when a fully 

cured resin matrix was used, while GRP specim3ns exhibited multiple 

kink bands. With a just gelled matrix the behaviour sI'x:Jwed localised 

narrcM kink bands through the thickness, which had also been noted by 

O1aplin previously and was apparent in this \>Ork. 

The fibre roic:robuckl:in;J in CFRP <Xllq;nsltes under <Xlllplessicn has been 

noted by Yasushi [38] • He ocnfinned the fact that the time and 

t:al1;lerature dependence of <XlllpLessive stren;Jth in unidirecticnal QRP 

is the same as the visooelastic behaviour of the matrix epoxy resin. 

He also CXB1Cluded that the lcngitudinal <XlllpLessive SUEligth of CFRP 

was cbn:inated by the defonnaticn properties of the matrix resin, as 

illustrated in the waLk reported here. 



CHAPTER 6 
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The use of glass fibres and carlxn fibres with a variety of epoxy 

resin systems can provide much infonnation on the cunpressive failure 

JOOchanisns in fibre ocmposi te materials. The work presented in this 

study indicates that there are tI«> kinds of failure which can be 

clearly distinguished. Kinking-iIUllced failures and shear-induced 

failures. Further specific conclusions are described below. 

1. The tensile secant moduli for both modified and unmodified 

culifXlSites d:Jey the rule of mixtures. '!he cunpressive m:Jdu1i 

disobeys the ReM. 

2. The CUIp:lSite cx::mpressive l!Ddulus is rrore depelldent 00 the resin 

m:Jdu1us than is the tensile l!Ddulus. This is due to the fibre 

being less stiff in oc:mpressioo than in tension due to OOckling. 

An additional reason is that under compression the initial 

misaligrrnent of the fibres may impose high local stress on the 

matrix, thus pushing the matrix into a ocn-linear range at an 

early stage of loading. 

3. The stiffness of unrrodified GRP CUip:lSites in cunpLession and 

tension was the sarre, while the stiffness of unrrodified CFRP 

CUiifXlSites in cunpression was 47% lower than in tensioo. 

4. M:xlified and unrrodified CFRP CUlifXlSites had a higher tensile 

m:Jdu1i than similar glass reinforced CUlifXlSites. This variation 

is due to the fibre lIOdulus itself. 
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5. Generally tensile, CXlllpLessive and inter-1aminar shear sLtellgth 

decreased with increasing percentage m:xlifier in the matrix. 

6. The matrix properties had a significant effect on the CXllpLession 

behaviour of the composites during increasing matrix 

p1asticisation. They controlled both the CXllpLessive sLtel"JU. and 

failure behaviour observed. 

7. Interfacial adhesion improved with higher IlOdifier additions, 

whilst the matrix properties decreased. Adhesion was better with 

carbon, cx:mpared with glass, f= all the matrices. However, these 

differences did rot have a significant effect on st:ren;Jth when 

cx:mpared to other matrix properties. 

8. The tensile and ocmpressive strengths of the CXlll£XSites with 

urm:xlified brittle matrices was interface OCI'ltrolled. As the 

m:xlifier addition increased there was a shift £ran interface 1::0 

matrix OCI'ltrolled failure. 

9. The tensile failure appearance f= urm:xlified GRP was brush-type. 

The m:xlified GRP showed less debc:.I'lding and the lJl'S was reached 

before interface cracks propagated through the specimen, 

therefore only parts of the failures were brush-types. Umodified 

CFRP failed by =ack propagation, both transverse and parallel 1::0 

the direction of. loading. The m:xlified CFRP specimens failed by 

l1Ull. tip1e =acking parallel 1::0 the loading axis but was rot as 

brush-like as the urnodified GRP. 
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10. The tensile strength of CFRP showed a 1% decrease with 5% 

m:xllfier addition, while GRP showed a 23% decrease. 1his was 

believed to be due to the better interface adhesicn in cartxn 

fibres. 

11. Fibre misaligrment defects had the nost significant effect in 

highly modified composites, reducing compressive strength 

considerably. Such defects are a considerably nore important 

factor in canpressive as ccmpared with tensile failure. 

12. In GRP o:tltpJSites the only general o:tllpressive failure mechanisn 

was kinking. The degree of this varied across the range of 

specimens tested. The arrotmt of damage associated with failure 

decreased progressively with modifier addition. Initially 

multiple = single kinking, splitting behaviour at 7cP to the 

fibre axis was ooted and this gradually changed to a single kink 

band 9cP to the fibre axis. 

13. In the CFRP systems studied, three different mechanisms of 

CllIIpLess!ve failure occun:ed. Umodified CFRP failed by fibre and 

matrix shear. With modifier increases the matrix modulus 

decreased and at sane critical percentage of m:xllfier «10%), the 

failure Il'Ode changed to one governed by fibre instability (fibre 

microbuckling). At higher m:xllfier >10% the fibre microbJckl.ing 

did nJt: lead to actual fracture of the specimen, instead kink 

bands formed. 

14. The best CllllpLessive sLLellgths were exhibited by urm:xiified CFRP 

CllltpJSites in which shear failure occurred. In this Il'Ode sLLegUl 

was limited only by fibre properties. 
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15. Voidage increased with percentage of IIOdifier in the matrix. 'lhe 

voids acted as stress-raisers and oc:ntributed to the reducticn in 

CUlipJSlte properties but were not solely resp:rlSible. 
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TABLES 



TABLE 4.1: MEAN VALUES OF FIBRE VOLll'lE FRACl'IctI. 

% M:Jd Spec N:> 

0% - 1 

0% - 2 

5% - 1 

5% - 2 

10% - 1 

10% - 2 

20% - 1 

20% - 2 

30% - 1 

30% - 2 

40% - 1 

40% - 2 

50% - 1 

50% - 2 

60% - 1 

60% - 2 

44.4 

43.4 

46.9 

46.0 

40.8 

40.3 

47.2 

41.0 

45.4 

42.0. 

46.3 

44.2 

48.1 

41.2 

45.2 

43.0 

42.7 

45.8 

45.8 

44.4 

40.7 

48.2 

44.9 

54.3 

51.6 

55.1 

49.3 

51.6 

49.3 

50.7 

50.3 

50.4 

vvoids (%) 

0.71 

0.95 

0.93 

1.06 

1.55 

1.26 

1.95 

1.78 

100 



TABLE 4.2: MEAN VALUE OF MATRIX RESIN DENSI'lY 

Laminate 
% t-txtifier 

0% 

5% 

10% 

20% 

30% 

40% 

50% 

60% 

1.123 

* 
1.118 

1.080 

1.094 

1.087 

1.063 

1.060 

Dedllced Value 
m (gan-3 ) 

1.127 

1.121 

1.116 

1.104 

1.093 

1.081 

1.070 

1.058 

TABLE 4.3: MEAN RESULTS OF MATRIX-RESIN PROPERTIES 

Laminate aT (MPa) aT (%) Er (GPa) 
% t-txtifier 

0% 58 1.95 2.98 

5% * * * 
10% 40 8.20 2.00 

20% 30 14.35 1.39 

30% 21 16.30 0.88 

40% 15 34.41 0.58 

50% 11 33.90 0.30 

60% 9 36.40 0.17 
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TABLE 4.4: NJRMALISED cx::MPRESSIVE S'l'REN3l'H, GRP 

Laminate o c (MPa) Retentic:n 
% M:xlifier (%) 

0% 488 100 

5% 412 84 

10% 355 73 

20% 257 53 

30% 206 42 

40% 171 35 

50% 168 34 

60% 96 20 

TABLE 4.5: NJRMALISED cx::MPRESSIVE S'l'REN3l'H, CF1U' 

Laminate Cb (MPa) Retentic:n 
% M:xlifier (%) 

0% 602 100 

5% 519 86 

10% 404 67 

20% 313 52 

30% 212 35 

40% 203 34 

50% 162 27 

60% 109 18 
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TABLE 4.6: . OORMALISED a:MPRESSIVE FAILURE STRAIN, GRP 

Laminate £0 (%) Retention 
% M::Jdifier (%) 

0% 1.26 100 

5% 1.09 87 

10% 1.04 83 

20% 1.11 88 

30% 0.83 66 

40% 0.92 73 

50% 0.81 64 

60% 0.67 53 

TABLE 4.7: OORMALISED CXMPRESSIVE FAILURE STRAIN, CFm' 

Laminate £ 0 (%) Retention 
% M::Jdifier (%) 

0% 1.15 100 

5% 1.16 100 

10% 1.00 87 

20% 0.67 58 

30% 0.52 45 

40% 0.46 40 

50% 0.44 38 

60% 0.34 30 
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TABLE 4.8: NJRMALISED CD1PRESSIVE SECANl' MXlULUS, (;RP 

Laminate EO (GPa) Retenticn 
% M::xllfier (%) 

0% 43.04 100 

5% 39.86 93 

10% 40.54 94 

20% 26.38 61 

30% 21.41 50 

40% 20.65 48 

50% 19.81 46 

60% 13.42 31 

TABLE 4.9: NJRMALISD CD1PRESSIVE SECANl' MXlULUS, CFRP 

Laminate EO (GPa) Retenticn 
% M::xllfier (%) 

0% 58.54 100 

5% 52.36 89 

10% 47.95 82 

20% 46.68 80 

30% 34.97 60 

40% 38.26 65 

50% 33.73 58 

60% 27.89 48 
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TABLE 4.10: N:>RMALISED TENSILE STRI'GiT, GRP 

Laminate aT (MPa) Retenticn 
% M:ldifier (%) 

0% 978 100 

5% 754 77 

10% 761 78 
20% 698 71 

30% 672 69 

40% 609 62 

50% 577 59 

60% 512 52 

TABLE 4.11: N:>RMALISED TENSILE S'l'REI'Gl'H, CFRP 

Laminate aT (MPa) Retenticn 
% M:ldifier (%) 

0% 1392 100 

5% 1382 99 
10% 1211 87 
20% 1236 89 

30% 1091 78 

40% 1035 74 

50% 985 71 

60% 898 65 
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TABLE 4.12: NJRMALISED TENSILE FAILURE STRAIN, GRP 

Laminate ET (%) Retenticn 
% M::ldifier (%) 

0% 2.37 100 

5% 2.04 86 

10% 2.11 89 

20% 2.14 90 

30% 1.97 83 

40% 1.74 73 

50% 1.78 75 

60% 1.58 67 

TABLE 4.13: NJRMALISED TENSILE FAILURE STRAIN, CFRP 

Laminate "r (%) Retenticn 
% M::ldifier (%) 

0% 1.44 100 

5% 1.21 84 

10% 1.14 79 

20% 1.16 81 

30% 1.04 72 

40% 0.96 67 

50% 0.90 63 

60% 0.80 56 
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TABLE 4.14: KlRMALISED TENSILE SECANl' KI:XJLUS, GRP 

Laminate Er (GPa) Retenticn 
% M:xtifier (%) 

0% 43.42 100 

5% 36.06 83 

10% 39.52 91 

20% 33.37 77 

30% 37.50 86 

40% 38.48 89 

50% 35.79 82 

60% 33.62 77 

TABLE 4.15: KlRMALISED TENSILE SECANl' KI:XJLUS, CFRP 

Laminate Er (GPa) Retenticn 
% M:xtifier (%) 

0% 109.98 100 

5% 117.04 106 

10% 115.57 105 

20% 107.14 97 

30% 95.19 87 

40% 105.67 96 

50% 109.73 100 

60% 108.84 99 
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TABLE 4.16: r-oRMALISED INl'ER-LAMINI\R SHFAR S'I'REN1rn, (;RP 

Laminate ILSS (GPa) Retenticn 
% M:xtifier (%) 

0% 48.29 100 

5% 38.78 80 

10% 37.32 77 

20% 34.49 71 

30% 28.58 59 

40% 23.27 48 

50% 25.17 52 

60% 15.49 32 

TABLE 4.17: I-ORMALISED INl'ER-LAMINI\R SHFAR STREI'Gl'H, CFRP 

Laminate ILSS (GPa) Retenticn 
% M:xtifier (%) 

0% 56.26 100 

5% 52.40 93 

10% 46.17 82 

20% 32.71 58 

30% 24.95 44 

40% 23.07 41 

50% 24.03 43 

60% 15.81 28 



TABLE 4.18: MACRO-STUDY OF FAILURE MECHANISM FOR COMPRESSION 
SPECIMENS 

% Fibre 
M:ldifier Reinforced 

0 GRP 

0 CFRP 

5 GRP 

5 CFRP 

10 GRP 
10 CFRP 

20 GRP 

20 CFRP 

30 GRP 

30 CFRP 

40 GRP 

40 CFRP 

50 GRP 
50 CFRP 

60 GRP 
60 CFRP 

Failure Mechanisn 

Spli ~/ldnId.ng (tru1 tiple or 
sin;J1e kink-band) 
Fibre and matrix shear failure 

Spli ~/ldnId.ng (tru1 tiple or 
sin;J1e kink-band) 
Fibre shear failure <n fibre 
microbucklin;J 

Kinking (sin;Jle kink-band) 
Fibre microbuckling 

Kinking (narrow single kink-
band) 
Kinking (narrow single kink-
band) 

Kinking (narrow sin;Jle kink-
band) 
Kinking (narrow single kink-
band) 

Kinking (narrow single kink-
band) 
Kinking (narrow single kink-
band) 

Kinking (wide sin;Jle kink-band) 
Kinking (wide single kink-band) 

Kinking (wide single kink-band) 
Kinking (wide single kink-band) 

Angle 
Across 

70 

45 

70 

70 

70 
70 

70-90 

70-90 

70-90 

70-90 

90 

90 

90 
90 

90 
90 
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F.IGURE ~.1: ROSEN~S ANALYTICAL MODEL FOR THE COMPRESSlVE STRENGTH OF UNIDIRECTIONAL 
REINFORCED FIBRE COMPOSITES XFrom Ref 1) 
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FIGURE 2;2: THE COMPRESSIVE STRENGTH OF GLASS REINFORCED 
EPOXY COMPOSITES AS PREDICTED BY THE ROSEN 
BUCKLING MODEL (From Ref 1.) 
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FIGURE 2.4: STRESS-STRAIN CURVES FOR FIBRES AND MATRIX AS 
PREDICTED BY HAYASHI (From Ref 7) 
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THE:COMPRESSIVE STRENGTH vs FIBRE VOLUME FRACTION 
CURVES FOR GLASS/EPOXY COMPOSITE BY ROSEN AND 
HAYASHI (From Ref 7) 
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FIGURE 2.6: THE COMPRESSIVE STRENGTH OF BORON/EPOXY COMPOSITE 
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FIGURE 2.8: TENSILE STRESS~STRAIN CURVES FOR SMC-R25A, 
SHOWING THE EFFECT OF RUBBER TOUGHENING OF THE 
MATRIX ON THE STRESS AND STRAIN BEHAVIOUR OF THE 
COMPOSITES (From Ref 20) 
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FIGURE 2.9: PIGGOTT'S CONSIDERATION OF INTERFACE AND MATRIX 
FAILURE AS A RESULT OF SINUSOIDALLY BUCKLED 
FIBRES (From Ref 22) 
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TABLE A.1: INDIVIDUAL FIBRE VOLlME FRACI'ION RESULTS FOR GRP 

% 
M:ldifier 
Spec. No 

0-1/1 
0-2/1 

0-1/2 
0-2/2 

5-1/1 
5-2/1 

5-1/2 
5-2/2 

10-1/1 
10-2/1 

10-1/2 
10-2/2 

20-1/1 
20-2/1 

20-1/2 
20-2/2 

30-1/1 
30-2/1 

30-1/2 
30-2/2 

40-1/1 
40-2/1 

40-1/2 
40-2/2 

50-1/1 
50-2/1 

Ws 
before 

bu:rn-off 
(g) 

1.3355 
1.2852 

0.9071 
0.7760 

0.8073 
0.9584 

1.2370 
0.7228 

1.1040 
1.1099 

0.8822 
0.7383 

1.2616 
1.0209 

0.6557 
0.6949 

0.6513 
0.9913 

0.7253 
1.1210 

1.3153 
1.3091 

1.5500 
1.0785 

1.4040 
1.4844 

(Ws+Wcr ) 
after 

bu:rn-off 
(g) 

61.0120 
62.2430 

60.7461 
15.5848 

14.9835 
15.6981 

64.3770 
16.8448 

61.9895 
61.9719 

14.6522 
61.8000 

14.4717 
63.9017 

62.5449 
15.4487 

19.0520 
14.7764 

62.6228 
62.9270 

64.4257 
62.9905 

64.5975 
64.2821 

62.3513 
61.0975 

Wcr 
after 

burn-off 
(g) 

60.1553 
61.4150 

60.1058 
15.0839 

14.4448 
15.0580 

63.4517 
16.3439 

61.3086 
61.2187 

14.0900 
61.3536 

13.6252 
63.2116 

62.1374 
15.0243 

13.6248 
14.0893 

62.1577 
62.2380 

63.5252 
62.1187 

63.6000 
63.5620 

61.3671 
60.0861 

(g) 

0.8567 44.2 
0.8280 44.5 

0.5703 42.4 
0.5009 44.4 

0.5387 46.9 
0.6401 46.9 

0.8278 47.2 
0.5009 44.8 

0.6809 41.3 
0.6732 40.3 

0.5622 41.5 
0.4464 39.8 

0.8465 46.9 
0.6901 47.5 

0.4075 41.5 
0.4244 40.5 

0.4272 44.9 
0.6871 45.9 

0.4651 43.4 
0.6890 40.6 

0.9005 47.4 
0.8718 45.8 

0.9975 43.0 
0.7201 46.0 

0.9842 49.4 
1.0114 47.2 
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Table A.1 Continued 

% 
M::ldifier 
Spec. No 

50-1/2 
50-2/2 

60-1/1 
60-2/1 

60-1/2 
60-2/2 

Ws 
before 

burn-off 
(g) 

1.1828 
1.1647 

1.1200 
1.4875 

1.1658 
1.1676 

(Ws+Wcr) 
after 

burn-off 
(g) 

63.9183 
62.8369 

14.8225 
63.2091 

44.3482 
15.8812 

Wcr 
after 

burn-off 
(g) 

63.1720 
62.1086 

14.0898 
62.1959 

43.6074 
15.0990. 

Wog 

(g) 

0.7463 
0.7283 

0.7327 
1.0132 

0.7406 
0.7822 

Note: These results are calculated fron equations 4.4 and 4.7. 
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(~) 

41.3 
41.2 

44.2 
47.0 

41.9 
45.7 



TABLE A.2:. INDIVIDUAL FIBRE VOLUME: FRACl'ICN RESULTS FOR CFRP 

% 
M:xiifier 
Spec. No 

0-1/1 
0-2/1 

0-1/2 
0-2/2 

5-1/1 
5-2/1 

5-1/2 
5-2/2 

10-1/1 
10-2/1 

10-1/2 
10-2/2 

20-1/1 
20-2/1 

20-1/2 
20-2/2 

30-1/1 
30-2/1 

30-1/2 
30-2/2 

40-1/1 
40-2/1 

40-1/2 
40-2/2 

Ws 
before 

acid dig. 
(g) 

0.8412 
1.0538 

1.1189 
1.0027 

0.8126 
1.0497 

1.2446 
1.1719 

0.8622 
1.0828 

1.2830 
1.1358 

0.8468 
1.1690 

0.9820 
1.1263 

0.8918 
1.1457 

0.9396 
1.2270 

0.7355 
0.7673 

0.8667 
1.2652 

(Ws+Wcr) 
after 

acid dig. 
(g) 

37.7290 
37.8496 

37.9517 
37.8813 

35.3757 
35.5145 

35.6105 
35.6272 

37.7400 
36.5470 

40.5158 
36.6961 

35.3827 
37.9609 

37.9205 
38.0120 

37.8490 
36.7077 

35.5337 
35.7599 

35.3691 
35.3882 

37.8535 
36.7424 

Wcr 
after 

acid dig. 
(g) 

37.2766 
37.2673 

37.3052 
37.3043 

34.9118 
34.9017 

34.9095 
34.9645 

37.2852 
35.9763 

39.7405 
36.0113 

34.9170 
37.2662 

37.2685 
37.2653 

37.2795 
35.9765 

34.9048 
34.9362 

34.9133 
34.9112 

37.2690 
35.9749 

(g) 

0.4524 
0.5823 

0.6465 
0.5770 

0.4639 
0.6128 

0.7010 
0.6627 

0.4548 
0.5707 

0.7753 
0.6848 

0.4657 
0.6947 

0.6520 
0.7467 

0.5695 
0.7312 

0.6289 
0.8237 

0.4558 
0.4770 

0.5845 
0.7675 

( :I.) 

42.0 
43.5 

46.0 
45.7 

45.2 
46.5 

44.2 
44.6 

40.8 
40.7 

48.5 
48.0 

42.7 
47.2 

54.2 
54.5 

51.6 
51.6 

55.0 
55.2 

49.3 
49.5 

55.3 
47.9 
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Table A.2 (continued) 

% 
M:xlifier 

Spec. No 

50-1/1 
50-2/1 

50-1/2 
50-2/2 

60-1/1 
60-2/1 

60-1/2 
60-2/2 

Ws 
before 

acid dig. 
(g) 

0.7857 
1.0345 

0.9324 
1.3351 

0.7759 
1.0471 

0.8461 
0.9785 

(Ws+Wcr ) 
after 

acid dig. 
(g) 

37.8317 
37.0783 

35.7007 
38.1274 

35.4214 
36.6416 

35.5326 
35.5639 

Wcr 
after 

acid dig. 
(g) 

37.3755 
36.3899 

35.1209 
37.2619 

34.9319 
35.9770 

35.005 
34.9335 

(g) 

0.4562 
0.6884 

0.5798 
0.8655 

0.4895 
0.6646. 

0.5276 
0.6304 

Note: These results are calculated fran equations 4.5 and 4.7. 
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({.) 

45.0 
54.0 

49.3 
52.1 

50.2 
50.4 

49.4 
51.4 



Laminate 
% Modifier 

0 

5 

10 

20 

30 

40 

50 

60 

1.2938 

0.7776 

1.1729 

0.9634 

1.1289 

1.1283 

1.3191 

0.6960 

TABLE A.3: INDIVIDUAL VOIDS VOLUME FRACTION RESULTS 

Wwo 
(gm) 

81.0915 

81.0690 

81.0772 

81.0714 

81.0720 

81.0773 

81.0980 

81.0695 

Ww+s 
(gm) 

81.6455 

81.4217 

81.5985 

81.5026 

81.5810 

81.5753 

81.6402 

81.3745 

1.75 

1.83. 

1.81 

1.81 

1.82 

1.79 

1.70 

1.78 

14.4702 

15.8054 

13.7167 

14.4213 

14.4439 

16.3440 

14.4176 

20.8745 

Wcs 
after 

burn-off 
(gm) 

15.3068 

16.3511 

14.521 

15.0950 

15.2516 

17.1352 

15.2865 

21.3689 

0.8366 

0.5457 

0.8043 

0.6737 

0.8077 

0.7912 

0.8689 

0.4944 

Note: These results are calculated fr~m equations 4.6 and 4.7. 

0.4578 

0.2319 

0.3683 

0.2897 

0.3212 

0.3371 

0.4495 

0.2016 

Voids 
% 

0.71 

0.95 

0.93 

1.06 

1.55 

1.26 

1.95 

1.78 



TABLE B.1: INDIVIDUAL Ml'.TRIX-RESIN DENSIT'l RESULTS 

% 
M:xiifier 

spec. No 

0-1 
0-2 
0-3 
0-4 

10-1 
10-2 
10-3 
10-4 

20-1 
20-2 
20-3 
20-4 

30-1 
30-2 
30-3 
30-4 

40-1 
40-2 
40-3 

50-1 
50-2 
50-3 
50-4 

60-1 
60-2 
60-3 

(g) 

1.191 
0.742 
1.191 
0.632 

0.504 
1.113 
1.135 
0.752 

0.888 
0.919 
0.739 
0.705 

0.581 
0.657 
0.558 
1.177 

0.768 
0.769 
1.126 

1.065 
0.653 
1.014 
0.721 

0.941 
1.081 
0.653 

(g) 

148.259 
148.250 
148.166 

22.402 

148.169 
148.170 
148.184 
148.227 

148.223 
148.208 
148.218 
148.212 

23.064 
148.158 
23.060 

148.198 

148.196 
148.182 
148.170 

148.180 
148.166 
148.191 
148.176 

148.169 
148.162 
148.175 

Wwo.-s 

(g) 

148.391 
148.330 
148.290 

22.432 

148.218 
148.306 
148.317 
148.309 

148.311 
148.299 
148.273 
148.264 

23.109 
148.221 
23.120 

198.272 

148.250 
148.240 
148.276 

148.260 
148.198 
148.264 
148.203 

148.235 
148.252 
148.184 

Note: 'n1ese results are ca1culated fron equaticn 4.7. 
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1.125 
1.122 
1.116 
1.128 

1.CYT7 
1.139 
1.133 
1.122 

1.110 
1.110 
1.080 
1.080 

1.082 
1.106 
1.121 
1.067 

1.076 
1.082 
1.104 

1.081 
1.052 
1.078 
1.039 

1.075 
1.091 
1.014 



TABLE B.2: INDIVIDUAL 'MA.TRIX-RESIN' TENSILE TEST RESULTS 

% 
M:Jdifier 
Spec. No 

0-1 
0-2 
0-3 
0-4 

20-1 
20-1 
20-3 
20-4 

30-1 
30-2 
30-3 
30-4 

40-1 
40-2 
40-3 

50-1 
50-2 
50-3 
50-4 

60-1 
60-2 
60-3 
60-4 

30.17 
29.76 
29.36 
29.94 

19.42 
19.71 
20.47 
20.38 

19.28 
20.99 
19.29 
18.76 

28.35 
28.40 
28.78 

18.77 
20.39 
20.03 
17.86 

18.30 
18.35 
18.39 
21.20 

Max load 

(N) (MPa) 

1950 65 
1650 56 
1700 58 
1580 53 

620 32 
590 30 
580 28 
570 28 

420 22 
395 19 
368 19 
412 22 

450 16 
392 14 
425 15 

215 12 
208 10 
192 10 
200 11 

135 8 
180 10 
130 7 
180 9 

Failure 

Strain 
(%) 

2.00 
2.00 
2.00 
1.80 

17.60 
20.60 
11.20 
8.00 

13.60 
15.20 
13.60 
22.80 

38.00 
30.03 
35.20 

36.80 
39.60 
33.20 
26.00 

26.80 
43.20 
31.60 
44.00 

load at 
2% Strain 

(N) 

1950 
1650 
1700 

* 
590 
580 
540 
500 

340 
345 
338 
350 

350 
285 
350 

125 
113 
110 
115 

65 
60 
60 
75 

YClUI'q'S 

M::ldulus 
E (GPa) 

3.25 
2.80 
2.90 

* 
1.50 
1.47 
1.32 
1.27 

0.88 
0.82 
0.88 
0.93 

0.62 
0.50 
0.61 

0.33 
0.28 
0.28 
0.32 

0.18 
0.16 
0.16 
0.18 

~oo 



TABLE C.1: INDIVIDUAL CXMPRESSIVE TEST RESULTS FOR GRP 

% CSA Max. Load UCS 

M:ldifier (om2 ) P (kN) (MPa) 

Spec. No 

0-1/1 22.87 12.76 558 
0-2/1 22.73 9.82 432 
0-3/2 23.04 10.42 452 
0-4/2 22.92 9.96 433 
0-5/2 22.74 10.88 478 

5-1/1 22.96 9.96 434 
5-2/1 22.39 9.58 428 
5-3/2 21.79 10.03 460 
5-4/2 21.79 8.98 412 
5-5/2 21.66 8.39 387 

10-1/1 23.08 7.59 329 
10-2/1 22.75 8.10 356 
10-3/1 23.44 8.29 354 
10-4/2 22.98 6.39 278 
10-5/2 22.99 7.51 327 

20-1/1 22.23 6.42 289 
20-2/1 22.10 4.58 207 
20-3/2 23.87 5.21 218 
20-4/2 23.83 6.68 280 
20-5/2 23.90 5.03 210 

30-1/1 22.57 5.38 239 
30-2/1 22.24 4.42 199 
30-3/2 23.65 4.60 195 
30-4/2 24.02 4.02 167 
30-5/2 23.60 4.44 188 

40-1/1 22.79 5.19 228 
40-2/1 22.66 4.09 181 
40-3/2 22.49 3.07 137 
40-4/2 22.97 4.04 176 
40-5/2 22.85 3.01 132 

Failure 

strain 
(%) 

1.20 
1.18 
1.20 
1.29 
1.20 

1.15 
1.25 
1.24 
1.08 
0.85 

0.95 
0.87 
1.02 
0.95 

* 
0.87 

* 
1.00 
1.20 
1.10 

0.52 
0.60 
1'.00 
0.90 
0.90 

1.02 
* 

0.80 
0.95 
0.85 

44.4 
44.4 
43.4 
43.4 
43.4 

46.9 
46.9 
46.0 
46.0 
46.0 

40.8 
40.8 
40.8 
45.0 
45.0 

47.2 
47.2 
41.0 
41.0 
41.0 

45.4 
45.4 
42.0 
42.0 
42.0 

46.3 
46.3 
44.2 
44.2 
44.2 

571 
442 
473 
452 
501 

417 
411 
450 
403 
378 

370 
401 
398 
278 
327 

295 
212 
240 
308 
231 

239 
199 
208 
170 
202 

223 
177 
140 
180 
135 

Fai1ure 

Strain 
(Vfg=O·45) 

(%) 

1.23 
1.21 
1.25 
1.35 
1.25 

1.13 
1.22 
1.21 
1.06 
0.83 

1.06 
0.98 
1.15 
0.95 

* 
0.89 

* 
1.01 
1.32 
1.21 

0.52 
0.60 
1.07 
0.97 
0.97 

1.00 
* 

0.82 
0.97 
0.87 

201 

Sec. 
M:Jdu1us 
E (at 
0.5% ) 

(GPa) 

35.77 
43.19 
42.74 
47.49 
46.02 

41.70 
35.32 
40.41 
39.51 
43.35 

43.27 
43.42 
37.46 
38.00 

* 
33.12 

* 
32.19 
19.40 
20.80 

* 
17.99 
22.65 
22.30 
22.70 

19.75 
* 

20.92 
24.04 
17.90 



Table C.l (continued) 

% CSA. Max. Load UCS 

MJdifier (mo2 ) P (kN) (MPa) 

Spec. No 

50-1/1 22.37 4.83 216 
50-2/1 22.40 4.25 190 
50-3/2 23.63 3.62 153 
50-4/2 23.15 3.48 150 
50-5/2 23.45 2.67 107 

60-1/1 22.91 2.62 114 
60-2/1 22.53 2.27 101 
60-3/2 22.28 2.00 90 
60-4/2 22.41 1.40 63 
60-5/2 22.54 2.21 98 

Failure 

strain 
(%) 

1.22 
1.11 
0.66 
0.56 
0.52 

0.70 
0.72 
0.74 
0.45 

* 

48.1 203 
48.1 178 
41.2 168 
41.2 165 
41.2 125 

45.2 114 
45.2 101 
43.0 94 
43.0 66 
43.0 103 

Failure 

Strain 
(Vfg=0.45) 

(%) 

1.14 
1.04 
0.73 
0.62 
0.52 

0.70 
0.72 
0.77 
0.47 

* 

202 

Sec. 
M:ldul.us 
E (at 
0.5% ) 

(GPa) 

17.60 
16.74 
23.22 
22.76 
18.72 

17.46 
11.54 
11.27 

* 
* 

Note: These results are calculated fran equations 4.1, 4.2, 4.3, 4.9 and 
4.10. . 



TABLE C.2: INDIVIDUAL o:::MPRESSIVE TEST RESULTS FOR CFRP 

% CSA Malt. Load UCS 
M:xtifier (nrn2 ) (kN) (MPa) 
Spec. No 

0-1/1 23.24 13.36 575 
0-2/1 24.09 14.55 604 
0-3/1 23.78 14.39 605 
0-4/2 23.74 11.49 484 
0-5/2 22.56 12.69 563 
0-6/2 23.61 15.46 ·655 

5-1/1 23.32 10.88 467 
5-2/1 23.99 14.39 600 
5-3/1 23.66 9.74 412 
5-4/2 23.85 13.56 566 
5-5/2 24.06 14.85 617 
5-6/2 23.42 10.25 438 

10-1/1 23.29 8.01 344 
10-2/1 23.39 8.71 373 
10-3/1 23.59 8.23 349 
10-4/2 24.20 11.73 485 
10-5/2 23.96 9.04 377 
10-6/2 23.49 10.40 443 

20-1/1 23.08 6.57 285 
20-2/1 23.25 7.94 342 
20-3/1 24.02 7.98 330 
20-4/1 23.59 6.51 276 
20-5/2 24.02 5.93 247 
20-6/2 23.37 9.72 416 

30-1/1 23.44 5.25 224 
30-2/1 23.46 4.68 198 
30-3/1 23.85 5.22 219 
30-4/2 23.47 7.44 317 
30-5/2 23.12 5.90 255 
30-6/2 23.84 6.85 287 

Failure Vfe 
strain (%) 

(%) 

1.30 42.7 
1.30 42.7 
0.65 42.7 
1.05 45.8 
1.24 45.8 

* 45.8 

. 0.96 45.8 
0.80 45.8 
1.42 45.8 
1.30 44.4 
1.30 44.4 

* 44.4 

0.87 40.7 
0.90 40.7 
1.04 40.7 
1.14 48.0 
0.85 48.0 

* 48.0 

0.62 44.9 
0.84 44.9 
0.70 44.9 

* 44.9 
0.46 44.9 
0.80 54.3 

0.52 51.6 
0.57 51.6 
0.66 51.6 
0.75 55.1 
0.47 55.1 

* 55.1 

UCS Failure 
(Vfe=0.45) Strain 

(MPa) (Vfe=0.45) 
(%) 

616 1.37 
647 1.37 
648 0.69 
483 1.05 
562 1.24 
654 * 
459 0.94 
590 0.79 
405 1.39 
582 1.33 
631 1.33 
448 * 
387 0.96 
419 1.00 
393 1.15 
454 1.08 
354 0.80 
415 * 
291 0.62 
349 0.84 
337 0.70 
282 * 
265 0.50 
347 0.67 

198 0.46 
175 0.50 
193 0.58 
259 0.62 
209 0.39 
235 * 

203 

Sec. 
M:Idul.us 
E (at 
0.5% ) 
(GPa) 

62.40 
66.15 
70.91 
49.67 
43.55 

* 
46.35 
46.12 
53.99 
60.60 
54.76 

* 
47.47 
53.23 
42.18 
56.17 
40.69 

* 
49.94 
46.38 
47.98 

* 
45.09 
44.00 

35.76 
35.01 
29.60 
34.86 
39.65 

* 



Table C.2 (continued) 

% (SA Max.lDad UCS 
M:xlifier (nm2 ) (kN) (MPa) 

Spec. No 

40-1/1 22.94 4.56 199 
40-2/1 23.90 4.77 200 
40-3/2 22.58 4.99 221 
40-4/2 22.87 5.12 224 
40-5/2 23.39 5.95 254 
40-6/2 23.16 7.11 307 

50-1/1 22.12 3.19 144 
50-2/1 21.68 3.51 162 
50-3/1 22.35 4.49 201 
50-4/1 21.68 3.63 168 
50-5/2 23.00 4.90 213 
50-6/2 23.68 4.33 183 

60-1/1 22.46 2.80 125 
60-2/1 21.71 2.65 122 
60-3/2 23.26 2.95 127 
60-4/2 23.40 2.40 103 
60-5/2 22.31 2.35 105 
60-6/2 22.00 3.20 145 

Failure Vfe 
strain (%) 

(%) 

0.42 49.3 
0.64 49.3 
0.46 51.6 
0.50 51.6 

* 51.6 
0.62 51.6 

0.40 49.3 
0.50 49.3 
0.46 49.3 .. 49.3 
0.52 50.7 
0.56 50.7 

0.34 50.3 
0.36 50.3 
0.40 50.4 
0.40 50.4 .. 50.4 .. 50.4 

UCS Failure 
(Vfe=0.45) strain 

(MPa) (Vfe=O.45) 
(%) 

181 0.38 
183 0.59 
195 0.41 
198 0.44 
224 * 
238 0.48 

133 0.37 
149 0.46 
181 0.42 
151 .. 
192 0.46 
166 0.51 

112 0.31 
109 0.33 
114 0.36 

92 0.36 
95 .. 

131 .. 

204 

Sec. 

M:xfuJ.us 

E (at 
0.5% ) 
(GPa) 

39.24 
34.37 
41.03 
38.58 .. 
38.10 

35.08 
33.68 
34.71 .. 
38.59 
26.61 

28.05 
21.00 
34.82 
27.69 .. .. 

Note: These results are calculated fron equaticns 4.1, 4.2, 4.3, 4.9 and 
4.10 



TlIBLE 0.1: INDIVIDUAL TENSILE TEST RESULTS FOR GRP 

% CSA Max. Load tJl'S 

l>bdifier (nm2 ) (kN) (MPa) 

Spec. No 

0-1/1 54.60 55.70 1020 
0-2/1 55.59 55.04 990 
0-3/2 52.76 43.75 829 
0-4/2 53.26 50.20 943 

5-1/1 55.18 43.75 793 
5-2/1 53.45 40.10 750 
5-3/2 55.84 45.48 815 
5-1/2 54.44 41.11 755 

10-1/1 58.25 42.80 735 
10-2/1 58.74 41.20 701 
10-3/2 59.50 38.72 651 
10-4/2 58.63 38.42 656 

20-1/1 56.34 41.38 734 
20-2/1 55.25 38.75 701 
20-3/2 59.70 39~59 663 
20-4/2 58.37 36.60 626 

30-1/1 55.91 40.50 724 
30-2/1 56.27 37.65 669 
30-3/2 58.16 34.77 598 
30-4/2 58.65 35.90 612 

40-1/1 56.16 36.47 649 
40-2/1 56.29 34.80 678 
40-3/2 57.17 32.78 573 
40-4/2 57.72 34.80 599 

50-1/1 55.38 37.27 609 
50-2/1 55.22 34.76 608 
50-3/2 57.72 32.36 561 
50-4/2 59.33 31.19 526 

60-1/1 55.23 27.63 500 
60-2/1 55.75 30.31 543 
60-3/2 54.30 24.36 448 
60-4/2 55.95 29.00 518 

Failure 

strain 
(%) 

2.40 
* 

2.20 
2.28 

2.22 
2.08 
2.24 
1.88 

2.00 
1.80 
1.92 
1.86 

2.16 
2.04 

* 2.20 

2.04 
2.00 
1.74 
1.86 

2.02 
1.70 
1.68 
1.56 

1.92 
1.98 
1.52 

* 
1.66 
1.60 
1.41 
1.50 

44.4 
44.4 
43.4 
43.4 

46.9 
46.9 
46.0 
46.0 

40.8 
40.8 
40.3 
40.3 

47.2 
47.2 
41.0 
41.0 

45.4 
45.4 
42.0 
42.0 

44.6 
44.6 
44.5 
44.5 

48.3 
48.3 
41.2 
41.2 

45.6 
45.6 
43.0 
43.0 

tJl'S Failure 

(Vfg=0.45) Strain 

(MPa) (Vfg=O.45) 
(t) 

1043 2.43 
1013 * 
868 2.30 
987 . 2.39 

761 2.13 
720 1.99 
797 2.19 
739 1.84 

806 2.20 
769 1.98 
732 2.16 
738 2.09 

703 2.07 
671 1.95 
728 * 
688 2.41 

723 2.04 
668 2.00 
641 1.86 
656 1.99 

634 1.98 
604 1.66 
586 1.72 
613 1.60 

566 1.80 
565 1.86 
608 1.67 
570 * 
497 1.66 
539 1.60 
470 1.48 
542 1.57 

Note: These results were calculated frcm equaticos 4.1, 4.2, 4.3, 
4.11 

205 

Sec. 
M::ldul.us 

E (at 
0.5% ) 
(GPa) 

43.46 
* 

42.00 
44.80 

36.09 
35.74 
35.74 
36.66 

37.68 
41.11 
38.60 
40.68 

35.35 
34.66 

* 
30.09 

37.20 
39.10 
36.84 
36.84 

34.84 
41.71 
39.36 
38.00 

35.89 
31.92 
39.56 

* 
34.76 
33.72 
32.00 
34.00 

4.10 and 



TABLE D.2: INDIVIDUAL TENSILE TEST RESULTS FOR CFRP 

% (SA Max. Load urs 
M::Jdifier ~ (kN) (MPa) 
Spec. No 

0-1/1 58.74 81.15 1382 
0-2/1 58.34 77.38 1326 
0-3/2 57.88 82.94 1433 
0-4/2 57.98 75.88 1326 

5-1/1 57.85 78.91 1364 
5-2/1 58.91 81.25 1379 
5-3/2 56.68 78.22 1380 
5-4/2 58.32 82.45 1414 

10-1/1 59.12 65.26 1104 
10-2/1 58.13 62.76 1080 
10-3/2 58.66 74.46 1269 
10-4/2 58.71 77.38 1318 

20-1/1 59.34 82.26 1386 
20-2/1 59.72 76.50 1281 
20-2/2 55.63 76.30 1371 
20-4/2 57.83 79.45 1374 

30-1/1 55.83 72.50 1299 
30-2/1 56.89 71.02 1248 
30-3/2 56.42 69.26 1228 
30-4/2 57.63 79.92 1387 

40-1/1 58.71 59.63 1000 
40-2/1 57.59 62.27 . 1081 
40-3/2 55.65 70.51 1267 
40-4/2 55.68 69.76 1253 

50-1/1 54.46 62.32 1144 
50-2/1 54.93 57.18 1041 
50-3/2 57.57 58.89 1023 
50-4/2 57.91 65.10 1124 

60-1/1 52.11 59.55 1143 
60-2/1 52.95 47.03 1018 
60-3/2 56.13 57.14 1018 
60-4/2 56.84 47.53 836 

Failure Vfe 
strain (%) 

(%) 

1.55 42.7 
1.38 42.7 
1.34 45.8 
1.29 45.8 

1.12 45.8 
1.24 45.8 
1.24 44.4 
1.24 44.4 

1.14 40.7 
1.14 40.7 
1.08 48.0 
1.10 48.0 

1.25 44.9 
1.36 44.9 
1.24 54.3 
1.08 54.3 

1.20 51.6 
1.32 51.6 
1.20 55.1 
1.20 55.1 

0.92 49.3 
1.12 49.3 
1.14 51.0 
1.04 51.0 

0.90 49.3 
1.10 49.3 
1.12 50.7 
0.82 50.7 

0.96 50.3 
0.90 50.3 
0.96' 50.4 
0.71 50.4 

urs Failure 
(Vfe=O.45) Strain 

(MPa) (Vfe=0.45) 
(%) 

1457 1.66 
1399 1.48 
1408 1.34 
1303 1.29 

1340 1.10 
1355 1.22 
1399 1.26 
1433 1.26 

1221 1.24 
1194 1.26 
1190 1.02 
1236 1.03 

1370 1.25 
1284 1.36 
1143 1.03 
1145 0.90 

1133 1.05 
1089 1.15 
1005 0.98 
1135 0.98 

928 0.85 
987 1.03 

1118 1.05 
1106 0.92 

1051 0.83 
956 1.01 
92l 1.01 

1012 0.74 

1021 0.87 
909 0.81 
909 0.87 
753 0.64 

Note: These results were calculated fron equaticns 4.1, 4.2, 4.3, 
4.11 

206 

Sec. 
M:ldul.us 
E (at 
0.5% ) 
(GPa) 

107.65 
108.39 
115.43 
108.46 

118.89 
116.75 
110.87 
121.65 

119.69 
114.12 
107.08 
121.40 

118.23 
110.80 
92.88 

106.64 

93.72 
61.32 
92.64 
99.20 

108.83 
95.10 

107.82 
110.93 

124.03 
99.70 

101.76 
113.42 

113.09 
101.18 

95.44 
125.67 

4.10 and 



% 
M:xti.fied 
Spec. No 

0-1/1 
0-2/1 
0-3/1 
0-4/2 
0-5/2 
0-6/2 

5-1/1 
5-2/1 
5-3/1 
5-4/2 
5-5/2 
5-6/2 

10-1/1 
10-2/1 
10-3/1 
10-4/2 
10-5/2 
10-6/2 

20-1/1 
20-2/1 
20-3/1 
20-4/2 
20-5/2 
20-6/2 

30-1/1 
30-2/1 
30-3/1 
30-4/2 
30-5/2 
30-6/2 

TABLE E.1: INDIVIDUAL ILSS TEST RESULTS FOR (;Rp 

22.09 
20.62 
20.52 
22.69 
21.75 
20.97 

24.72 
24.44 
24.21 
25.08 
24.19 
25.19 

23.18 
23.26 
22.19 
22.40 
22.43 
22.20 

23.76 
23.57 
24.92 
22.18 
22.09 
21.51 

21.67 
22.43 
21.69 
21.87 
20.81 
22.47 

Max Load 
(kg) 

144 
134 
132 
143 
139 
132 

139 
142 
130 
139 
130 
125 

110 
107 
101 
114 
116 
108 

119 
114 
119 
84 

104 
100 

84 
88 
82 
80 
78 
80 

IISS 
(MPa) 

47.91 
47.78 
47.43 
46.32 
46.97 
46.26 

41.34 
42.70 
39.46 
40.73 
39.49 
36.47 

34.88 
33.91 
33.44 
37.41 
37.27 
36.46 

35.20 
35.54 
35.10 
27.83 
34.60 
34.17 

28.49 
28.83 
27.79 
26.88 
27.55 
26.16 

44.4 
44.4 
44.4 
43.4 
43.4 
43.4 

46.9 
46.9 
46.9 
46.0 
46.0 
46.0 

40.8 
40.8 
40.8 
45.0 
45.0 
45.0 

47.2 
47.2 
47.2 
41.0 
41.0 
41.0 

45.4 
45.4 
45.4 
42.0 
42.0 
42.0 

IISS 

(Vfg=0.45) 
(MPa) 

48.56 
48.43 
48.07 
48.03 
48.70 
47.97 

39.67 
40.97 
37.86 
39.84 
38.63 
35.68 

38.47 
37.40 
36.88 
37.41 
37.27 
36.46 

33.56 
33.88 
33.46 
30.55 
37.97 
37.50 

28.49 
28.83 
27.79 
28.80 
29.52 
28.03 
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Table E.1 (oontinued) 

% 
f.bdified 

Spec. /'b 

40-1/1 
40-2/1 
40-3/1 
40-4/2 
40-5/2 
40-6/2 

SO-l/l 
50-2/1 
50-3/1 
50-4/2 
50-5/2 
SO-6/2 

60-1/1 
60-2/1 
60-3/1 
60-4/2 
60-5/2 
60-6/2 

22.16 
23.78 
22.90 
22.62 
22.92 
22.76 

22.83 
24.11 
23.57 
24.94 
23.71 
24.04 

22.48 
22.60 
22.64 
22.21 
22.30 
22.70 

Max load 
(kg) 

71 
81 
76 
70 
70 
69 

68 
86 
81 
88 
76 
85 

52 
45 
46 
45 
46 
44 

ILSS 
(MPa) 

23.54 
25.03 
24.38 
22.74 
22.44 
22.28 

21.89 
26.21 
25.25 
25.93 
23.56 
25.98 

17.00 
14.63 
14.97 
14.89 
15.16 
14.24 

46.3 
46.3 
46.3 
44.2 
44.2 
44.2 

48.1 
48.1 
48.1 
41.2 
41.2 
41.2 

45.2 
45.2 
45.2 
43.0 
43.0 
43.0 

/'bte: These results were calculated fran equaticn 4.12. 

ILSS 

(Vfg=O·45) 
(MPa) 

22.88 
24.33 
23.70 
23.15 
22.85 
22.68 

20.48 
24.53 
23.62 
28.32 
25.73 
28.37 

17.00 
14.63 
14.97 
15.58 
15.86 
14.90 

2CB 

.. 



TABLE E.2: INDIVIDUAL ILSS TEST RESULTS FOR CFRP 

% 
M:ldified 
Spec. No 

0-1/1 
0-2/1 
0-3/1 
0-4/2 
0-5/2 
0-6/2 

5-1/1 
5-2/1 
5-3/1 
5-4/2 
5-5/2 
5-6/2 

10-1/1 
10-2/1 
10-3/1 
10-4/2 
10-5/2 
10-6/2 

20-1/1 
20-2/1 
20-3/1 
20-4/2 
20-5/2 
20-6/2 

30-1/1 
30-2/1 
30-3/1 
30-4/2 
30-5/2 
30-6/1 

22.08 
24.78 
24.32 
22.88 
24.63 
23.10 

25.54 
24.35 
23.51 
22.90 
24.62 
24.88 

24.55 
24.58 
24.24 
23.13 
23.22 
21.70 

22.70 
22.90 
23.57 
23.50 
22.90 
23.81 

22.83 
22.39 
22.53 
22.49 
22.87 
23.09 

Max Load 
(kg) 

160 
182 
177 
182 
192 
165 

174 
176 
172 
164 
178 
168 

142 
152 
148 
142 
140 
146 

98 
101 
108 
108 
102 
102 

93 
81 
86 
94 
98 
99 

ILSS 

(MPa) 

53.24 
53.96 
53.49 
58.45 
57.28 
52.50 

50.06 
53~12 
53.77 
52.63 
53.13 
49.61 

42.51 
45.94 
44.87 
45.11 
44.31 
49.44 

31.73 
32.42 
33.67 
33.78 
32.74 
31.48 

29.94 
26.58 
28.05 
30.71 
31.48 
29.92 

Vfc 
(%) 

42.7 
42.7 
42.7 
45.8 
45.8 
45.8 

45.8 
45.8 
45.8 
44.4 
44.4 
44.4 

40.7 
40.7 
40.7 
48.0 
48.0 
48.0 

44.9 
44.9 
44.9 
44.9 
44.9 
44.9 

51.6 
51.6 
51.6 
55.1 
55.1 
55.1 

ILSS 

(VfC=0.45) 
(MPa) 

56.11 
56.87 
56.37 
58.45 
57.28 
52.50 

50.06 
53.12 
53.77 
53.34 
53.85 
50.28 

47.00 
50.24 
49.61 
42.29 
41.54 
46.35 

31.80 
32.49 
33.74 
33.86 
32.81 
31.55 

26.11 
23.45 
24.75 
25.13 
25.76 
24.48 
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Table E. 2 (continued) 

% 
M:x1ified 

Spec. No 

40-1/1 
40-2/1 
40-3/1 
40-4/2 
40-5/2 
40-6/2 

50-1/1 
50-2/1 
50-3/1 
50-4/2 
50-5/2 
50-6/2 

60-1/1 
60-2/1 
60-3/1 
60-4/2 
60-5/2 
60-6/2 

21.50 
21.47 
21.89 
21.97 
20.95 
21.99 

23.07 
23.39 
23.78 
23.55 
23.42 
23.41 

21.45 
21.99 
23.04 
23.39 
22.51 
22.94 

Max Load 
(kg) 

73 
76 
81 
72 
77 
74 

69 
74 
83 
80 
74 
80 

48 
53 
55 
53 
59 
56 

ILSS 
(MPa) 

24.95 
26.01 
27.19 
24.09 
27.02 
24.73 

21.98 
23.25 
25.65 
24.96 
23.22 
25.11 

16.45 
17.71 
17.54 
16.65 
19.26 
17.94 

Vfc 
(%) 

49.3 
49.3 
49.3 
51.6 
51.6 
51.6 

49.3 
49.3 
49.3 
50.7 
50.7 
50.7 

50.3 
50.3 
50.3 
50.4 
50.4 
50.4 

Note: These results were calculated fran equation 4.12. 

ILSS 
(Vfc=0.45) 

(MPa) 

22.77 
23.74 
24.82 
21.26 
23.84 
21.82 

20.06 
21.22 
23.41 
22.46 
20.90 
22.60 

14.81 
15.94 
15.79 
14.99 
17.20 
16.15 
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