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) SYNOPSIS

A STUDY OF THE FRACTURE MFCHANICAL _
BEHAVIOUR AND MORPHOLOGY OF AN EPOXY RESIN SYSTEM

‘b‘y.’
K. Selby

The fracture and mechanlcal propertles of an epcxy
: res1n system have been 1nvest1gated as a functlon of changes-- :
in st01ch10metry and heat treatment Relatlonshlps between

the varlous macroscoplcally measured propertles and the micro-

'.scoplc characterlstlcs of the cured re51n are descrlbed. The

", 1nvest1gat10n shows that the concept cf ﬂracture surface

work, Y . measured by a cleavage technlque, is a sen31t1ve..
: parameter for mcnltorlng changes in the resin' é fracture
'propertles and that the. Irwin-Kies and Berry analyses can
provlde a more sen31t1ve monltor of‘)’than the Gurney method
1n some 01rcumstances. " The 1nvest1gat10n also demonstrates

“how the elastlc and v1sco—elast1c propertles of the reS1n can

effect plastlclsatlon at the t1p of a crack, w1th consequent

o 1mprovement in fracture toughness._ To ald the 1nterpretat10n '

. of the mechanlcal data, 2} morphologlcal characterlsatlon of .
‘the cured resin W1ll be descrlbed in whlch quantltatlve 1nfra—‘.r
'red spectroscopy, thermo-mechanlcal analys1s, solvent uptake
re51stance, chem1ca1 and 1on-beam etchlng methods have been

used.
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- PART 1 - Morphologv of Epoxv Re31ns ‘and the Relatlon between R
Morpholopv of Materials and Mechanical Behav1our

_CHAPTER 1 Introduction

B

1.1, Epoxv Resins'
" The epoxy re51n famlly of materials is very w1dely used
.1n the industrial world Typicel applications are for castinas

‘(rods, spheres, gears, bushes etc ) potting of electrical eomponents,

_encapsulating,'sealing, laminating and as matrices in ‘modern composites.* S

There are many epoxy'edhesives and they elso enjoy:considerahle use -
in civil enéineering applicationsrfor flooring; roadiand hridge
coating,'repair and soil oonsolidation.h' |

Epoxy resins~reouire chemieal-'cross-linhingi or_ouring,_a
prooessmwhich'nap be achieved hy adding a curing égent. lDiscussion |
of the various cure reactions is included later. Suffiee it to
mention.that.there-are a great:nunber.of-resin/curing.agent/edditiue_
systems in eXistence, the exact formulation used ‘being dependent on
-~ the ultin;tE“application of the }’>olyrm’—3r.(1 4) | -'f ! oo |

' Although epoxy resins have been used for'many years on

their own and, more\recently, as constituents 1n engineering comp031tes,’”‘

\

little work on the. 1nter relationship of phy81cal morphology and

phy51ca1 and mechanical_prOperties has\been done on the re81ns ‘per. se..'

A considerable body'of literéture-iS'available on the‘chemistry‘of o

epoxy resins (see reference 1 for example) and their curing agents.

Studies have 1ncluded kinetics of cross- linking and the characterisation'

l of‘the cured product by means of standardised meohanioal, electrical'-‘
: and;chemieal.tests.':What is‘missing,‘honever, is h.desoription of
the phy31ca1 morphology of a typical resin system and of the behav1our
' of the structural features comprising the resin when subjeoted to.
Stress. The work described in this the51s was carried out With the.A;V;

intention of providing such a_description of_morphology and behaviour,

- and to relate‘existing characterisation technqiues~to anyfnew




.morphological description of”a[resih,_c

. 1.2:- Properties and Morohoioév.

" The natural connect1on between morphology and propertles
whlch ex1sts in all: materlals prompts the questlon.—
| Whlch oroperty is most llkely to respond to a change in

: morphology'°.r. | | |
'Slnce morphology can be defloed at levels ranglng from the atomlc
to the supramolecular, the property_varlations that'may be:induced
by .changes io morphologytmay'require‘investigetioo ot several levels
of observation. 'Ofrprisary~interest to.many”eogioeers‘and_materieis‘1‘
scientists are the bulk mechanical ano ftactore proporties; “Since ”é

these properties are representstive'of the material in bulk and are '

of direct practical use, it was decided to monitor changes in mechanical =

and fracture behaviour as functions_ofVstoichiometric variation in
formulation and heat treatment. In oarallel oith'this;_a morphOIOgical
investigation 5y conventional chemical and physico—chemical methods
was carried out, 'Eutthetmore?-a.study of the‘resin'by.chemtcal and -
ion-beam etchiog was onderteken, together with f:actographic sno'
.crack—tip observations.

" In the following psges; a resumé of existing knowledge of';'
the morphology.ofiepoxy resins is giveo. This_ts:followed'by a brief_

'summafy of the fraoture mechanics concepts employed in this study

= .and thelr appllcatlon to polymerlc materlals.' This‘ﬁill provide a

'foundatlon upon whlch the deor mechanlcal and fracture propertles
of the resin system Epikote 828*/Ep1kure DDM* can be presented and
dlscussed in morphologlcal terms. A more detailed discussion of

fracture mechanlcs concepts is given in Appendlx 1.

- ¥ Trade names of Shell Chemical Co. See'Section 2.1;
- and 6.1. for chemical deseription. o
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CHAPTER 2 Morphologv of Epoxv Re31ns -

_2.1. Chemlcal Morph010gv o . .

R | Epoxy re51ns are frequently based upon the dl—gly01dy1
rether of*blsphenol A (DGEBA) Many varlatlons on- thls ba51c theme..
-ex1st,‘but conventlonal descrlptlons_of the generallsed'DGEBA_epoxy

moleculé employ the following chemical formula:
o. Me CH . Me

7N\ | 1 R |

- CH,— CHCHJO Ph—-C——Ph-—O—CH CHCH o-—Ph—-c-—ePh-'ﬁ'ﬁ

o . B R
Me S An Q“e
| | / N
N S . — CI4 Cli-——-(:H

2..

| Among the methods of characterlsatlon wblch have been used

(2)

“on uncured epoxies are fractlonal precipitatio

thin layer
‘chromatography(5’ 6) gel permeatlon chromatography,(7) and 1nfra-‘
(8-15)

red spectroscopy. Infra-red spectroscoPy_has also_been used

for studying eured resins.(s)'
At thie stage it would be informative. to cbnsider some
aspects ‘of the chemlstry of crose -linking reactlons 1n epoxy re31ne, |
tln ‘order to pr0v1de a ba31s for later discussion. Génerally, the B
curing agents used for these materials are of two types - catalytlc:
-.or polyfunctlonal - and curlng may be effected through the hydroxyl
or the epoxy groups on the resin molecule, Homopolymerlsatlon of 5~-
.-_the resin results from the use of a catalytlc 1n1t1ator. In the_
 case of polyfunctlonal agents, near st01chlometrlc quantltles of
curlng agent are generally used the product belng a three dlmen810nal o
tnetwork of re51n.cross—11nked-by eurlng agent.; ‘The curing agent.ﬁ. l
thus acts as a co-monomer. ' The feactiens are usually free‘freﬁ ‘e
bffpfodﬁets and-useelly exothermic. Substances eentaining active

hydrogen atoms e.g. phenols, ‘thiols, alcohols, primary and secondery‘.‘t ;

 amines and:carboxylic.acide'will act as polyfunctional curing agents., =
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Tertiary anines, Leuis'bases'and'uany acids.arelcatalysts fordresin
cure.(1_3) | |

Although the reactlon schemes suggested as explanatlons :f
of resin cure are fairly slmple in nature(_) there 1s“trenendousﬁ
'varlety'ln'terms of the formulatlon_of a_resin.system. _Simultaneous.;'
.reactions; suppression or prcnotion of:a reaCtion may'occur.‘:' | J
Additives such as mono—functional fleribilisers; plastlcisers_and B

-.v1scos1ty control agents can 1nfluence the product : An extensiuelj

. coverage of these aspects of re31n cure wculd serve no useful _
purpose here: Detailed.discuss1on of-the.chemlstry of Eplkote: i
* 828/Epikure DDM is left until 'later'(Section 12.3.). |

2.2. Physical Morphology

Very llttle work has been done on the elucldatlon of
physical norphology in epoxy re31ns. For many years the assumptlon
that a cross—llnked resin is one glant molecule, p0531b1y‘sponge~.
like in character, has been 1mp1101t in the references to mechanical -
behav10ur and its dependence on, for example, resin chemlcal structure.'.
However, a growing body of evldence suggests that a sub-unit of
structure may be 1nstrumental in making up the large mass of materlal

produced by cross- llnklng( 16-20)

In partlcular,‘the work by -
(18-20) | '

'Cuthrell . suggests that the curing epoxy has'a colloidal
nature, and that the resultlng cross—llnked mass retalns some of
.the essentlal features of a two-phase structure, i.e. a dense |
‘floccular.phase tens cf M (mlcrons)'ln'dlameter, dlspersed 1n.a
matrir of 1ess.dense.material which(reseubles the uncured resin.
Quthrell also inplied that a regular arrangement cf floccules'nay '
. he obtained 1r this is so, it is reasonable to suppcse ‘that such

a two~phase structure would 1nfluence mechanlcal and fracture

'propertles.



Floccular or globular morphologles have been the subaeot

“of. some research falrly recently.(zoa)

(21 22)

For example, amorphous

phenollc reSIns and DAP (d1-a11y1 phthalate),

lpolycarbonate, (16 17) N

o .have all. been studled and were found to exhlblt nodular structures.{ﬂ“'"

} _ The role'that nodular_structures play 1n.determln1ng the.bulk

oooof orderlng phenomena 1n epox1es, both in the bulk,(2.

properties of both thermo—plastics and thermoésetming resins is-by»;;.mf‘f
" 1no means clear._ Much of the research carrled out to determlne the e
nphy51ca1 morphology of glassy polymers has 1nvolved thermoplastlcs

'Tk'some of Whlch are crystalllsable._ (See, for example, the rev1ew by

" Gei 1(22a))., However, the ex1stence of nodular flbrllar textures in’ jddifj“;{.

(3)

”sheared reglons and crazed reglons of glassy polymers,_

0)

and 1n

the suggestlonfﬁv*

' 1nterfacla1 reglons ln comp051tes( 4) adds welght to the v1ew that

o ;'the 1nteractlon between such structural entltles is of maaor 1mportance.;53lw

Questlons left unanswered 1n some of the work already 01ted are

a35001ated with the 1ntra—nodu1ar structures and the1r relatlon to S

v cure and processlng condltlons and the response that nodular agglomeratesaf

—lexhlblt when subaect to mechanlcal deformat10n.1 It w111 be seen that
the behav1our of materlal adgacent to a crack tlp prov1des an 1ns1ght :_flﬂj
7, 1nto the morphology of the materlal | ‘ | :

| The follow1ng chapter descr1bes the bas1c parameters.of :f;1’l
V:m fraoture‘mechanlos_and;outllnes_a suitable method of measurmng,these'f:l

- parameters,
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CHAPTER-B " Fracture Parameters, and the Cleavage Technique”‘

2. ‘Fracture.?arameters
| It is nou'necessary toiconsider-the'meandﬂa.of_tuo}terms_
.frequently:encountered in fracture studies: | -
(a) Fracture surface work, (F.S. W.,)’ ).

(b) Fracture toughness, K (Crltlcal stress 1ntens1ty
factor).

The orlglnal concept of fracture surface energy is due to
Grlfflth (25) "He con31dered the energy changes that oceur when a"
cracked body undergoes fracture and deflnedY’as the work requlred
to produce unlt area of fracture surface. Hls.treatment of the -
process depends ultimately on elementary 1inear elastic stress;
analysis for the descrjption of the state of stress‘around a crack :
tip7(26) This is a-situation uhich is not'entirely satisfactory
(see Appendix 1); However, the thermodynamic approach'torthe_probiem |
femp}oyed by Griffith is still regarded as valid by many wOrkers
and-the'FSW concept, uhen'properly defined, has found considerable
. use as_a'fracture parameter-and as a material:‘constant‘;
)’ can be evaluated in a number of different;ways(27-29)
'but.the feature common.to ail methods is the energy balance inyoked.
- to estimate the work done in propagating a craok.
| ‘The fracture toughness term arises as a_natural cohseduence;

(30) The

of an anainis of crack tip stresseslperformed by‘Irwin.
' essent1a1 dlfference between Grlfflth‘s and Irwin's analyses is -
that Grlfflth con51dered the energetlcs of the whole system and

equated the loss of free. energy on crack propagatlon to the work
of fracture, whereas IrW1n analysed near—tlp reglons only, to

develop his argument;. (4 lucid account of the two approaches is
provided'by'Berry in (Bt))' The fracture toughness parameter is

found to be dependent on the geometry of the system and the mede of

fallure of thejspeclmen (see Appendix 1 and Fig. 1).- However, Kq
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)432)

can be related mathematlcally to . prOV1ded the equlvalence of

- the testlng condltlons is establlshed Varlous methods are

(33) for. evaluatlng KC, the detalls of which do not

"avallable
-concern us here.. It is found that a relatlonshlp‘between KC’ modulus

of elasticity'E;)’, end another parameter'arieinghfrom.Iruin'e'enelysis;d
Ggy exists such that | | o o

Kcz =2BY =E Gy for plane stress.

Cor KiC = iE GIC2 for plane-strain;(eee‘below) ':‘
: : T -v " - ' .
where ~~ v is Poisson's ratio.

éc"ie celled the critical strain energy releese rate. (Both-devand fl
_ Kc;ere often referred to as the 'fracture toughnesS"of a partdcular'

. meterial.y 'Y -fracture-toughness' is another term which

has beeh‘ueed.-.Unfortunately, it'is poesihle“to be misled by the

_ improper or ineppropriate use of these terme;' From the author;s‘
viewpoint; the.use of the symbol)’islnreﬁerred, representing fracturéﬁ%{;n:;
gsurface uork for'mecroscOpicelly plane strain fr%Sture. @he reeson_ijoritf

for this will become clear in section 3'2;) T4 should be noted

that KC is materlal and geometry dependent but KIC’ the lower

llmltlng value of KC as spec1men thickness increases, is regarded as '

y o,

- a material constant. (See Appendlx 1)

The fundamental crlterlon in Irwin' s.ana1y31s is that KC ' h 'd .\hf
is COnstant at fracture.-'It is the correct evaluatlon of-KCﬁuhlch cﬁc'
has been the obJect of fracture mechanlcs for many years.:’The'-__‘.ﬂij
'develOpment of new crlterla for fracture and relatlonshlps‘betweena dw
KC and these new concepts hes now hecome of paremount 1mportance,T
partlcularly in deallng with polymerlc materlals and other materlals

AWthh undergo con31derable plastlc deformatlon at the t1p of a

cracke
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©3.2.. The Influence of Plastic Deformation.

The or1g1na1 analyses of Grlfflth and Irw1n took no -
'account of plastlc deformatlon near. the tlp of a crack and relled
jon assumptlons of perfect elastlclty up to the p01nt of fracture.

(34 36) (3 )

"'However, Orowan et al ~and Irwin
plastlc deformatlon must play in crack development and produced
' modlflcatlons to the earller treatment (see Appendlx 1) ' The
detalls of these treatments are omltted here but it is necessary
to say that all real, experlmental values of)’, Go». KC or K
; obtalned from cracked specimen tests necessarlly 1nclude the effects
 of crack tlp mlcro-plastlclty._ They therefore represent the total
work done during crack growth, |

| The main contrlbutlon that plastlc deformatlon makes to
‘ the behav1our of the t1p of a crack is effectlvely to make it less
sharp and to relieve stresses in the v101n1ty of the tlp.(jz) The
nett effect is to toughen the material., In the case of rate sens1t1ve
materials, it'ds evident that viscoéelastic prccesses may markedly

affect the toughness of the material.

3.3; The Cleavage Technique _

A'useful.method of-evaluating)’or KC or GC emploYs an
:experlmental system which fractures a pre-cracked SpeO1men in the
‘openlng mode of crack advancement (Flg. 1;)r‘ Whlle pure: cleavage

(32 37)

on a mlcroscoplc scale is rarely, 1f ever achleved the term

cleavage is used in a generlc sense to descrlbe this mode of fallure.- '

- The gecmetry of the test plece determlnes the exact form of mathematlcal

treatment'of therresults. A general energy balance analys1s_by,.

(28) (27)

a treatment by Berry, _and a method.

(‘9)

rlrwin and Kies,
'presented by Gurney have all’ been used in cleavage tests to

(38 44)

evaluate fracture parameters.

recognised‘the role'that'_f E
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:V_:In the author s work, all three analyses have been used(44)
| establlsh whlch 1s the mo t approprlate for monltorlng morphologlcal .
Z‘ehanges in epoxy resins. The analyses are descrlbed in Chapter 7. |
L - In essence, “the cleavage test cons1sts in propagatlng a
_crack through a materral in such a‘way that 1ts d1rect10n of motlon

*1s-contr011ed. The parameters load, crack 1ength, spe01men end

deflection and_(1n.recent years)‘near—tlp crack 0pen1ng dlsplacement"‘

_(C 0.D. )fare.measured during the‘test' Control of the crack direction N

~is usually achieved by maehlnlng grooves along the 81des of the :
. spec;men (Flg.-2.). ::

~ Before eonsidering'the:cleavage technique in detail, some

fracture studies on'polymers will be briefly mentioned.
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- CHAPTER 4 Practure Parameters Avplied to the Studv of Polymer
! Morphology

‘4.1._ General Comments

(45)

Berry has prov1ded an excellent rev1ew of the general

problem of fracture in polymerlc glasses. In partlcular he dlscusses o

the appl1cat10n of the Grlfflth theory, the 1nherent flaw concept
the 1nfluence of eXperlmental conditions on fracture propert1es,
-the s1gn1f1cance of fracture parameters, craz1ng,'characterlstlcs

of fracture surfaces and mechanlsms of fracture as. well as tlme

dependent fracture. Many dlfferent-polymers have_been_lnvestlgated.'

using classical fracture mechanics techniques and the more modern

plastic-zone analyses (see Appendix'1) Polystyrene; polycarbonate

'and poly (vlnyl chlorlde)(4 ) have all been investigated u51ng the

Dugdale plastlc zonelanaly31sf47) as have poly (methyl methacrylate)

)(4 8)

"and poly (ethylene terephthalate_ . HoWever;_the section of _"‘
literature most relevant to the present inyestigation of epoxy

resins deals'with structural_modification by cross-linking.

4,2, Effect of Structure Modification by Cross-linking
'This aspect has some‘considerable'potential as a research

tool on account of the control that can be exero;aed over the extent

of cross—llnklng. It is surpr1s1ng that SO llttle work has been ..'

-‘publlshed on the topic.

The obgectlve has been to systematlcally vary the
.‘structural unlt' by copolymerlsat1on and/or cross-llnklng and to
correlate-these varlatlons.W1th changes 1n fracture-propertles.
“Work has been done on co- polymers of methyl methacrylate (MMA) and
ethylene glycol dlmethacrylate (EGDMA), some commer01al methyl

(50)

methacrylate co-polymers and on polyester and epoxy resins,

The.two latter‘systemseprobably_proyide.greater scope. for variation _'

in terms of resin/cros341inking“agent proportions because they

(50,51)



o relatlve to the 11near PMMA

will tolerate quite Substantiai'changes-in formulation before
becomlng difficult to cast or. machlne and are less susceptlble .f;‘
 to shrlnkage stresses than. the more llnear co-polymers.‘ (In the

(49)

case of MMA/EGDMA co~- polymers Berry was. unable £0 produCe a B
-materlal w1th >107 dlmethacrylate because of shrlnkage cracklng)
. Fracture surface work )( , Can be decreased in MMA/EGDMA ‘-‘
(49)

and’ can be made to decrease Wlth _
increased‘crossflinking. Polyeeter/styrene.cross-linked s&stenscso)f
'.againkshow an.overali‘reduction'in)VCOmnared toithe'linear-nolyester;t
“but:a- sllght 1ncrease 1n)’on 1ncre381ng styrene content up to about |
' 50%: by weight is observed
“Althousgh a great deal of wcrk has been carrled out on n

the mechanlcal behaviour of epoxy resins and comp051tes, 11ttle has -

~been reportedVconcernlng_varlatlons of fracture.propertles in unfllledd
' ._re51ns. In.narticular, the use of stoicniometry as a'ﬁarianle.in |

ufracture 1nvest1gat10ns has only.been covered very br1efly,(51)'
'w1thout,reference to the morphologlcal reasons for changee in j'
uaiues of Y . 'Fracture eurfaceAwork andtfracture‘toughneesavaluee
_are-avariable for etoichiometric unfilled'resin;,however.(so-ss)f
_ Inrgenerai, the unfilled'resine'have not'been‘regardedfas.tougn'
materials,‘auitable for use on'theirtownzin'etructural hewbeTa, . -
' TypiCal values of fracture surface work for unfilled epoxiee Aré'
25-200 Jm 1f - N o | .

The reason for u31ng crossellnklng to study fracture.a'

obehav1our is based on the ev1dence (see (45)) that the maJor ”
contrlbutlon to measured.f'values is the energy expended durlng

deformatlon of materlal adaacent to the crack tlp.l It 1s loglcal

to expect a. systematlc varlatlon 1n fracture propertles if the



- 16 =
deferuation processuéan'be.modified:iﬁ a'eontrolled manner;.‘iu
view of the eaaeiwith Which‘the-crosslink—ageuf; ifs prdportien'r

oftthe total, and the eure schedule-cau be-varied in epexy resins
IW1thout presentlng 1nsurmountable fractlcal dlfflcultles 1t is
V‘expected that epoxy Systemo can prov1de controlled structures for
fracture mechanlcs and fracture mechanlsm 1nvest1gat10ns. Also,
the work descrlbed above has establlshed that fracture and mechanlcal
parameters can be used. to monltor morphologlcal changes in polymers.. 
:(Includrng changes 1nduced by processzng(45)).‘ With these points |

"in mind, the use of fracture parameters as'engineering and characterisation

aids is a logical ccurse of action.




'_'-:_17 -

CﬁA%?ER 5: .Aiﬁé énd Jusfifiéatgéh of ?résent‘Work l-{:

| 5.1f i o _

_ From what has Beén ﬁfifteh in Chépférsi1-4, it is evidenf-.
‘ thét there is a:need ndt only‘to relate tfadifidnéilchemicél |
charadtefistfgs oflepoxy resins‘to their mgchénigél behaviqur;ﬂbut.‘.'
éisb'fd.estéblish neﬁ relatioﬁshiﬁs'between.the.cheﬁicé; gnd:physica1¥
désgriptions.of'fhe ?eéiﬁé; '$he mechahical’ﬁehaviqur of ény materiélb“
ig.fundamentally'detéfmined b§ ifé‘chemical-idéntit&._.Hdﬁevér,,it" 
HiS'We}i.knéwn that prdcéssing gonditibns are‘a'majér factdf'in_:
determining the fiﬁal proﬁefﬁiés and.pefforméﬁce in prdctiée.' Ifa

a morphplggical entity exisfs in epoxy fésiﬁs which_can respond
“._to mechanicgl forces, it would'bela najor step forward if this_ehtity 3
could bé'identified and mqnitored:in'SOme way and used for‘thef.
effective_rationaiisétion of property variations. Apart ffoﬁ_ 
aidiﬁg'ﬂnedescripfion'bf nechanical behaviouf of fhe resin alone,
such‘informétion may'prove-to be valuabierin_the composites field;l
. Wheré matrix/second bhase‘intéraétion plays suéh an imfortaﬁt fﬂle.
| Part 2 df'thié thésis 6utlines'fhe'ekperimentai work

carried out and lays the foundatien for preSenting results,



PART 2 - Experlmental Dotail

‘CHAPTER 6 Product1on of Cured Epoxv Res1n and In1t1a1 Testlng

6.1, Raw Materlals

The re31n used for thls partloular 1nvest1gat1on was
Eplkote 828 a commer01al d1-g1y01dy1 ether of blsphenol A (DGEBA
”see section 2.1.). The reS1n has a molecular. welght (quoted by
manufaoturer) of approx1mately 370 Thls value of MW means that
n inrthe*generalisedlepoxy.nolecule has a value between 1 and 3;.
The orosslinkingfagent was 4—4'-diamino;diphenjl-methane‘(DDM),;which;:"

has the formula.

.HZ_N —Ph—,CHz--f-Ph—N H2

_DDM is also known as 4 ,4'-methylene dianiline (MDA) The nominal
st01ch10metr1c proportlons for this system are 27 parts DDM per

100 of resin (by welght) The term 'parts DDM* “is used throughoutt'.
thls text and 1ndlcates the welght of DDM used, per 100 welght unlts

of resin, for the m1x1ng of the orlglnal oastlng compounds.

‘ 6;2} Preparatlon of Cured Slabs_and Specimens
Various ratlos of re31n and DDM:were mixed and eured.as
indioated iﬁ Table I. Resin at 353°K (eooo) and DDM at 383 K o
‘(110 C) were. mlxed and de-gassed prlor to castlng into steel moulds,
The moulds had been pre-heated to 373 g (100 C) after the applloatlon','-‘L
t of a 51llcone release agent  After castlng, the moulds were replaced.
1n the curing oven. The temperature of the curlng mlxture was
Imonltored by a thermocouple 1nserted through the top of ‘the mould
and dipping Just under the upper surface of the llquld re51n.::i

(Consequently, a small length of thermocouple was sacrlflced for .

each cast). On‘completlon of the approprlate oure cycle,Jthe mould
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j was alloWed to cool, in st111 alr, to room temperature before removal _':'”'

of the sheet of cured resin. The point of. castlng was. usually
reached within 960 seconds (16 mlnutes) of the start of m1x1ng. o

Tapered double—cantllever—beam cleavage test pleces were

machlned from the 006m thlck sheets of resin, the geometry of the

' test plece belng deflned in Flg. 2. (For convenlence, these speolmensl

~ are referred as TDCB spe01mens)
| .Ten51on and compress1on test‘pieces were also:maohined'i f
Afrom the cured re31n. Thelr geometrles are deflned in Flg. 3.
Excess material was utlllsed in characterlsatlon studles descrlhed p
' 1n_Chapter 8. B -
further details‘concerning the machiningIOPerations'are
given in Appendin 2, H | | |

6.3, Initial Tests

In order to establish that materlal produced by the above
method was of'adequate quallty and homogeneltv, a series of tests |
was done'which involved simple procedures and which could be relied
.upon to prove the sultablllty of the mater1a1 and the method of
productlon. For thls purpose, tensile Young s modulus was chosen
as'a'sultable parameter. Also, some fracture tests were carr;ed
out in order to‘show that the fracture surfaoe work7perameterjnas
capablerof differentiatingibetween.resin formulations-of-varlous
.DDM content. .Details ofithehtesting andfcaloulation procedureSi;
are glven in Chapter 7, and Append1x 4, | "

The results of these early tests are’ 1ncluded 1ncthe more

exten31ve resumé. of results, in partlcular in Flgs. 9 and 11 fltl

h-ls sufflclent to note here that both the tens1le Young s modulus and .f_'

.ffracture surface work (measured by Irw1n—K1es or Berry s method)

varlatlon w1th1n a glven formulat1on wag qulte small In the worst

' cases ~8% variation for modulus measured,at .O17mms 1‘-(0.1mm. min 1)
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crosshead speed and ~49% varlatlon for 7’were recorded. Both parameters
were also capable of dlfferentlatlng between formulatlons contalnlng
dlfferent amounts of DDM. It was concluded that batch reproduc1b111ty-
was adequate and that mechanlcal test parameters, Wthh oould monltor
varlatlons, were avallable.

Havlng establlshed that the materlal oould be produced

of mechanlcal pr0pert1es and moxphologlcal charaoterlsatlon was

started., The testing methods employed are descrlbed in. the folloW1ng

two chapters.

conS1stent1y and monitored adequately, a more exhaustlve 1nvest1gatlonf_=
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" CHAPTER 7 - Mechanical and Fracture Test Methods -

7;1.. General Comments

For the reader.s conrenlence, tne mechanlcallparameters
measured durlng thls work are llsted below and - test methods are
given later in the Chapter. |

(a) Fracture surface Work,?’, and plane straln fracture

'toughness KIC '
- (b) ‘Tenslle Young's modulus, Ei.:
(e) Comnressive Young's modulus, Eé’
(a) Compres31ve proof stress (17)

(e) Tens11e strength (U T. S. or fracture stress)

A{f) Deformation characteristics, particularly in . =
compreSS1on Details of these particular parameters
" are given in the relevant sections on results and

dlscus51on.

(g) Crack tip observations'and fracture surface examination. :

The majority of:the;abovelparameters.were investigatedn
as functlons of s | N -
(i) St01ch10metr1c ratio i.e. 828/ﬁDM ratio,’

.(11) _Cure.cond;tlons.‘ (Temperature and time),
(iii) Testing rate,
in order to assess‘the response'of the morphology of the resln to
_process1ng var1ab1es and mechanlcal service condltlons.
. The loglc behind ChOOSlng DDM content as a magor varlable'
has already been’ Outllned in Chapter 4. .The reasons for monitorlng
:.changes in cure: cycle are stralght forward Ifzthe curing resin isl-

subaected to varlatlons in thermal treatment 1t is p0551ble that

‘dlfferent extents of reactlon w1ll preva11 Thls in turn mlght affect'

: mechanlcal pr0pert1es. Cop1ous 1nformat10n on the effect of cure
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“cycle for a variety.of resin'systems.is ataiiable.(1) Houerer;
it was con81dered necessary to establlsh the extent to whlch
variation can be 1nduced in 828/DDM for confldence in 1nterpret1ng
.other data collected durlng thls study. The influence of testlng
‘speed on the measured pr0pert1es of v1sco-elast10 materlals is an -
1mportant point to consider in the assessment of a materlal'
performance, It Was therefore considered adv1sable to acqurre
,'some information on the rate sensitivity of at least ‘two parameters'
Y'and Ege S . '__:Q | . : '.k_ -
- A1l mechanlcal testing was carrled out on an Instron TTM
(floor model) machlne. - All tests were conducted at room
temperature. Further details are given in the folloWing:sections.
T.é}. Measurement of Fracture Surface Work and Plane Strarn Fracture
Toughness :

7.2.1.f Test P;eoe Deseription

Two forms of.the double cantilever bean'(DCB)-cleavage
=test piece are.illustrated in Fig. 2. |

(a) the"parallel test piebe

{v) the tapereu test-piece (TDCB).

The essentlal dlfference between the two geometrles is that

their compllanoe load?unlt deflectlon) v, crack length characterlstlcs 1

are dlfferent. The parallel DCB spe01men has a non—llnear compllance

v, crack length'relatlonshlp'whereas the TDCB geometry prOV1deS a

'_:1inear plot It is this plot whlch is of paramount 1mportance to

'_the calculatlon of)’ GC or KC by Irwin-Kies- equatlon. An

C advantage of both the DCB and TDCB spe01mens over many other fracture j.u

toughness test conflguratlons is that they w1ll allow several datum

-p01nts per spe01men to be ea511y obtalned Hence there are statlstlcal o

'advantages in us1ng DCB or TDCB spe01mens.

7.2.2. Berry's Analysisg of DCB Svstems
By invoking beam theory and pOStulatlng that the deflectlon '

behaviour of a DCB_test plece ‘conforms to an:equatlon of the form




f =‘(aofn) )
where f = load applied to free ends of oantiieoef beans
a ;_coﬁstanfl: | |
n = coostant 
‘c = crack 1ength

5/2— end deflectlon of one half of the DCB spec1men,

(27)

_ Berry has establlshed that plots of log f/& - ¥. loge
and of fd/w v.e (w belng the w1dth of the crack plane) should be;
-llnear.' From the slopes of the two graphs, a value for')’can be

obtained.

‘o

'-_)/3 = slope 1 ¥ slope 2
EiEE—

7.2.3.  The lrwin-Kies Equatioh

One form of the equation developed by Irwin and Kles(zs)
is:
_ 2 .
2y = 6y = ££. @R

- 2w ‘de

where R is the oompliance of the specimen. Thus, if a plot ofr
R v..c is drawn.for any speeimen geometry, itsrsiope at a.parficular
value of f and ¢, (and hence a.pafticplar valae of R and c) oan_be
measured and}’kxu1be evaluated. It‘is to be noted that a linear

plot of Rv, ¢ would be advantageous. - To a first'approximation;

(56)

the equation

de . \®>  'n/ EB

l ﬁhefe- " h half helght of the complete DCB: spe01men

N

' gross thlckness of the spe01men :

-defines.such a:sitﬁation;' Thus, if ‘the bracketted'term'remains constant,
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so does dR/dc. Thls last equatlon, deduced from: 51mp1e beam theory,'—

- defines a cubic proflle, but in practice 1t is found that a stralght— o

edged, tapered test piece w111‘produce an'approx1mately'11near R'v.
cfplot. It is the approx1mate proflle whlch was employed durlngr’
ethis.study. It should also be noted that for constant G fanlure
at constant load would be- expected for TDCB spe01mens, (Flg. 4)

Tal2od, Guznev g Ana1181s

" The area under a load-extension curve obtzined from a

DCB fracture test represents the amount of‘elaStic‘and piastic work

done durlng the loadlng and rupture of the spec1men to a crack o
| | ' (29) |
, length C. Gurney has p01nted out that 1f the component of

area correspondlng to crack propagatlon is measured and converted

'by d1v1d1ng this energy value by the fracture surface area., The
51mp11c1ty of the method makes 1t very attractive for fracture
_studles._ However, there are situations when theimethod can glve

(44)

.rlse to mlsleadlng results. This point is‘considened in more

detall in Chapters 9-and-12.

7.2.5. Fracture Tests — Procedure
For fracture toughness or ) calculations, the following

parameters were measured.

'(5) 'Force, R o | :_ o | N,
(h)"drOSshead novement, .h' . .m
(e) Crack‘length,: - m
n(d) 'Crack'surface width, o a '?' m
d(.) Area under force—defleotion graph.h:_m2;:.

All fracture toughness tests were done on the Instron

machlne us1ng a CTM load cell of 0=-4905N capac1ty ' The h1gh sens1t1v1ty

‘range for 1oad measurements was used in some tests (when fallure.
1oads were less than ~v5ON) Crosshead speed was varied. accordlng

to the partlcular 1nvest1gat10n, but most work was done at O17mm 5

e accordingly to an energy value, then a figure fox')’can=be obtained

1
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.(O.1mm.min-1). Crosshead movement was measured from the chart
record ('Y axis as mounted in the maehlne) by applying the approprlate
. was measured either: :

|
\
factor to allow for the chart/crosshead speed ratlo. Crack length j“ o
(2)  during the test, when a contintous tearing mode
‘of propagation was‘prevaient,'by ebserVing-the
movement -of the crack tip between graduations on
.the'specimea and using a chart evenb-marker to-
indicate the approprlate force-deflectlon—crack |

length datum point.

or A :(b) after the test, when 'erack Jumplng phenomena - o
allowed the p051t10n of the crack, at varlous ' o | ' :f
stages of the test, to be located by arrest marks' - o _ -
on the fracture surface. A wooden rule was found ' ‘
to be adequate for crack length measurement in. these ' o |

circumstances, (See section 11 2. ) : ‘ ' ' o
 Fracture surface width was measured, using a micrometer

(a) in several places on specimens which failed in a

stable manner (continuous tearing)

(b) at arrest p01nts, and at least one intermediate ' |
p01nt per crack-gump, for spe01mens which failed

in an unstable manner. _ o R i
Areas under‘force—deflectien graphs; for.Gurney‘s analysis, — _i
_were calculated from the general'reiation?

Area of trlangle ABC = ﬁ ab sin 0 S S | - I
where the- cap1ta1 and sub-case 1etters have the usdal aathematlcal ‘
VSignificance. (The linearity of the loadwextensien‘curves generated:. ‘
_during:fraetare tests.which'aiioreduthe'use.of.the'above fermuia

t_for area,_is'discussed‘in sectioﬁ_9.2.1.). | | -

- Pre-cracking of specimens prior to testing was achieved re

by clamping.the specimen in'a'viee so that approximately .050 m
- (measured from the loading end) projected., A single-edged razor

" blade was then'tapped into .the end of the specimen until a sharp




natural'crack,‘.OE-.OSm long, formed. - A1l tests were conducted at

room temperature.

7.%3. Tensile Fracture and'TenSile'Modulus Tests -
Tensile testing was carried.out ueing'ASTM'h638;7ta as

a gui.de. Actual sﬁecime'n dimensionediffered' from'those in D638' .
but the essential features of the test plece shown in Flg; 3 are
'Slmllar to the type 2 Spec1men described by ASTM. For modulue |
-measurements, an Instron G11-57-M-A (O 107) straln gauge extensometer
. was used, over a load range of 0-2000N and at crosshead Speeds of

O17~.17mm s~ (O.1~10.0 mmrmln 1), accordlng to. the 1nvestigation.h
-Modulus testing was done in two ways (a) by a 51ngle application

of the 1oad'and (b) by repeated applications separated by 608
pericds. of relaxatlon and recovery (see sectlon 9.2. 2 and Append1x4). i

"All tests were done at room temperature and the FRM load cell wasg

- used,

Tod, Compression Testing'

| ASTH D695—69 was used ae a basis for the coupre551on testlng:
However, the slendernees ratlo of the 5pe01mene was approx1mately
- one half of that recommended in the ASTM standard (Fig..j). This
.enabled a greater_number of specimens to be obtained from each slab
of resin, | | | |

Compreesive moduli and 1% proof stressee‘were‘calcuiated'

after correcting for'machine deflection at thehteet.loade: (See
also Appendlx 4) Th1s correctlon was obtalned 51mp1y by perform1ng
a. compre531on 'test‘ ‘without a epe01men. The‘resultlng deformatlon -
(equivalent chart length) at the_requlred load Was‘eubtracted'from
' thehindicated deformatdon for the real test | Correctione were‘afplded
to both the normal and the relaxatlon/recovery technlques (see

sectlon 9.2.2.) for measurlng compre531ve modulus. A GRM load cell




was used70ver;the range 0-20000N ferwtests to.ultimate failure.

For measuring modulus by the'rélaxatioﬁ/recovery‘method, theﬂo;zooo .

range was used.

‘7.5. Crack Tip*and.Fracture Sﬁrface Obserratiohsu

T.5.1. In—51tu Cleavage Tests on a Projection Mlcroscone '

| In order to study crack t1p processes in: detall a small
cleavage'apparatus (Flg. 5) was de51gned whlch enabled m1nlature
DCB spec1mens to be fractured wh1le belng v1ewed on a Relchert ff
progecthn mlcrescope.” The small- spec1mens were hand-made w1th the ‘
“aid of a junior haeksaw and a groove.was'cut-ln one face only,
allowing the Qpposite‘faee to ﬁe viewed threaéh'the miereseope.
Some specimens were polished ﬁer'polishedfand etcaed priof to testing.
A wedge‘load was.applied'to the‘pre—erackedrend'of'the.specimen.
'aﬁd photographs of the crack tip were taken at rarlous straias;

Results of these experlments are 1ncluded in Chapter M.

7.5.2. Fractographv

B Optical- scannlné-electron aﬁd transmlsslon-electron
mlcroscopy were all employed at some stage in order to exanine -
fracture surfaces.- A Reichert projection mlcrescope was‘used for ;
 optical methods Iand_ the Cambridge Instruments Stereoscan and the
E,M.6 machines were used forlscanningfand.tranSmlssion:elecfrOn,

. methods respectively.
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CHAPTER 8 . - Characterisation-of Cured Resin

8.1.‘~General COmments

in outline of the methods of‘characterisat:ion einplOyed
is glven in’ this Chapter Infra red spectroscopy, thermo-mechanical =
‘rana1y51s, solvent uptake den51ty, chemlcal and 1on—beam etchlng have
been used to obtaln a broad view of the characterlsatlon problem..

8.2, Infra red Spectroscopy

8.2.1. Productlon of Spe01mens

(57)

Standard potassium bromlde discs containing particulatel

epoxy samples were produced in -the follow1ng manner. The sample_.

- was filed off a port1on of the bulk materlal (us1ng a clean needle
flle) into an agate mortar.  Approximately Bmg. of materlal was‘
requ;red for dispersion in spectrosc0pic grade KBr. The pre—dried 8

" KBr and sample were mixed (without milling)'and pressed into thin‘
discs in a conventionalldie—set. The discs were subsequently stored .
in a dessicator. It was discovered dnring the early trials.that |

Ca satlsfactory dise could be made without mllllng the sample. In

fact, it was sometlmes observed that a more cloudy d1sc was produced

when the constituents.had been subject to comminution by ball milling.

. The diVersify‘of.mechanical pr0perties exhibited by.tne resin'

"formulations was seen to affect the degree of comminuation of tbe

‘ as-filed resin. For‘this reason;_adequate dispersion“wifhin the

disc was more easily achieved in the more brittle resins,

8.2.2. - Spectroscopic Analysis
Two 1nfra~red (I—R) spectrophotometers have been used for - . .. . R
 this study. Initially, samples were analysed in a PyeeUnlcam SP2OOG

(by.eourtesy of the Instltute of Polymer Teehn010gy at Loughborough)..j
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The need for quantltatlve data across the whole range of I-R wavelengths‘,i o

was the deciding factor in favour of an SP2OO model (by courteay of

: 1‘Chamlstry Department atlLoughboroagh). The‘SP2OO enablod a_slngle

~ trace to be obtainod without iﬁtarrupting“the aoanfat.anf'ataga'aa&.
it waa'c0nsidered:advisable'to maintain thé anaiysis coﬁditioaa aé-
unpértﬁroed as possiolé.: All the I—R data quoted in thls the31s was
obtained from traces made on the SPZOO model Nomlnally 1dent1cal
h treatment of materlal durlng sampllng, dlsc maklng and’ storage was

. eosurod.b | |

Quantitative data was obtained vy the;baseline.doasit&

method(58’59); ‘

are shown in Fig. 6.

8.3, Thermo-mechanicalVAnaIVSis |

| A DuPont#94t.thormo;oechahioal anal&Sér‘(TMA), linked'to a
- model 900 thermal analyser, was used in the péﬁetrometer mode, iﬁuil_.
‘glab t@ickneas'(.OOGm) ﬁasta cohvenient sample height and specimens
were-cut:rrom the cured'slabs‘so that.the face.which hada'contact with '
tha'penetrometer'probe was a cast surface. tHeating'rate was maintainedré
at 33K o~ (20°C min™') (nominal) and a penetrometer load of .010 kg
- was used in each case.--At the.transition temperature of toa aaterial.
under'test aﬁ inf1axi0n or a sharp changerin~slooo of the‘penetrometer
.dlsplacement V. temperature curve 13 obtalned._ An example of a b
penetrometer curye is shown in Fig. 7§' It should. be p01nted out that
tthé.t?én51£i°n5 reforrod to'are'not naoessarlly glass-tran31tlona.

"-8.4._ﬁSolvent Uptake

The solvent uptake or solvent sorptlon behav1our of the varlous

: re51n/DDM formulatlons was 1nvest1gated by 1mmers1on of a small SP601men D

cut from the'bulk materlal,-ln the appr0pr1ate‘solvent; At selected

A typical I-R trace and the principle of the'measurément'
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times after immersion, the:samples:were'remoredrfrom'the'solvent dried
ou tissue.and weighed immediately All solvent uptake tests were.
performed at room temperature in screw-capped sample bottles, one
speclmen per bottle.‘ The.spe01mens were usually rectangular in sectlon,
hav1ng two as-cest faces and weighing approx1mate1y 0002 kg before
_1mmers10n. Several organlc solrents were used,}lncludlng methylenep"“
chloride, acetone andtetrahydrofuran{‘ | - - .
_8.5. Densitx" |
A limited number of-density measurementshwere made by the |

Archimedes'(lmmer31on in water) method.

8.6. Etching Methods -

8.6.1. Philcsophy of Etching

In view of the paucity of informatiou with regard to etching
‘of‘polymers for characterisation‘purposes it is worthwhile consldering '
the philosophy behind'the adoptioh of etching as a characterlsatich
method.

.Etchlné of polymers hes not received uery much attention‘
from the polnt of view of characterisation, Methods which hame

(60-62). ‘acid etchlng(63 64)

and gas discharge etching(66.72)._.lt had

beeh used include solrent etching,
‘alkaline hydrolysis(65)
:been considered by the author that a complete ‘picture of mechanical g
behav1our in relatlon to morphology could not be. obtalned w1thout some
effort belng applled to the determlnatlon of phy51cal morpholOgy.;.. LY
: The‘appllcatlon of_etchlng in metallurglcal.research 1s w1dely knowh l
_and its value as a characterisation tool cannot be over-emphasised;
APolymers;.howerer,iproride a particularly aauuting prospect.uith..
.least of the problems in epoxy resins is. thelr extremely good
[chemlcal reslstance. Agaln, the lack of knowledve of physlcal
morpholovlcal characteristics in- these materials meant that the
lnvestlgatlon had to be qulte wide in scope, in order to separate

artlfacts from rellable, real 1nformat10n.




8.6.2. Etchlng Methods
. Two methods of developlng an etched surface were used,.

(a) chemlcal etchlng in chromlc and mlxtures of chromlc,-f

phosphorlc and sulphurlc.aclds.

(b) 1on*beam etchlng.

The 1on—beam method was speclally developed fOr thls Work L

and.- employed apparatus des1gned and built orlglnally w1th1n the Department ht

'.of Materlals Technology by Mr. D. V. Tomk1n5(73) and modlfled by the ;.U
author and Tomklns. : | o ‘ - '

Both methods of etohing have.proved.to behof-conSiderableh.”
value in the 1nvest1gat10n of phy51cal morphology of epoxy resmns.

8.6.2.1. Chemlcal Etchlnp

Chemical etchlng of epoxy re51ns has been carrled out
prev1ously by Cuthrell(18 201
2+ The method used in therpresent study was that of 1mmers1ng ‘the
samples in the etching fluld under. a_reflux condenser.‘ A.var;ety of
mlxtures of chromic; phosPhoric and sulphuric‘acids were used, at &
number of temperatures between 343 and 373 %, Time of'immersion-was :
| 'varled between 120 and 28. 8 ks and several dlfferent surface pre-h

treatments were considered.

8.6.2.2. - Ion-beam Etching

2

Ion bean technlques for etchlng materlals have been 1n use o

(74 78)

. for some con31derable tlme However, very littls work has

. been publlshed on the effect of ion bombardment of polymerlc sollds

The apparatus used conslsted essentlally of a hollow anode' fufu

'glow dlscharge ion gun from Wthh a beam of 1onlsed gas molecules could

‘be extracted._ A canal aperture cathode was used to direct a colllmated.f

“beam towards the-target mount. The material to be-bombarded was locatedlf'

.on the”mount.; The condltlons of bombardment could be altered by means

of the followlng varlables.

His conclus1ons were outllned in Chapter; o

(66 72)




gun poteﬁtial (0-10kv),
(b) idéntify of BOmbarding ipﬁ,,
(c). bea@ current,
(d) speéimeﬁ témpératﬁré.‘
(d) was ingorporéfed as.a direct result of ‘the work garried-;-”'
- out on-the epoxy resin sys%em; Its_impoftange is élarifiéd‘iﬁ Qhéﬁtef:
0. | |
Fig. 50 shows the generai érfahgeﬁent of the specimen_ﬁouﬁf

in‘its final forﬁ. (See also‘sectidn 10.5;2.);
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‘ PART 3_\- Results and Dlscuss1on :

'trled to establlsh trends and report observatlons as brlefly and
succlnctly as pOss1b1e and to reserve crltlcal analyses untll a’
general discussion in Chapter 12, However, 1t has been necessary, 1n

sone areas, to make critical comments or outllne a modlflcatlon to

a test procedure in crder to malntaln contlnulty.-

In the 1nterest of clarlty of presentatlon, the authcr has,:'
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" CHAPTER 9 - Mechanlcal and Fracture Propertles of Eplkote
: ‘ 828/Ep1kure DDM - IR o

9.1. General Comments
For convenlence, the propertles con81dered in thls Chapter

are dealt with in ‘three sectlons : The flrst 1ooks at the effect of o

resrn/crossllnk agent ratlo on the mechanlcal and fracture propertles, o ;?

the second examines the effects of changes 1n cure cycle and the

i thlrd reports on the testing ~ rate sensitivity of the system,;

. Examples of_thehmethods-of evaluating fracture'surface“work,)/-,

and Young's moduli are given in Appendices 3 and‘é. At‘thelend of;the
Chapter some comnents, on the regults reported in the preceediné'sections;p .

are made,

9.2. Effect of ReSin?DDM Ratio on Practure and Mechanical Properties
All samples conS1dered 1n this sectlon were cured for 3. 6ks
- at 373 % and 7. 2ks at 373 448 K (see table 1).

- 9.2.1. Varlatlon of Fracture Surface Work, )’ with DDM Content

- The data obtained from TDCB-tests_is typified by.that in
tables 2 to 5 and Flgs. 8 to 14. It can be'seen frOm the data that .
the expected behav1our of the TDCB fracture toughness speclmen i.e. d‘
failure at constant load over a considerable range of crack lengths;.
“is-observed and that a 11near relatlonshlp ex1sts between compllance,
._R, and crack length, ¢, within the range_of.lnterest.‘ (See also B
Appendir'Sj talues'of}/tére deternined using'the'eouations.given
11n sectlon T 2 by substltutlon of the apprOprlate values of load
(f), E—, and crack plane w1dth (w) in Irw1n—K1es' equatlon (sectlon-

7 2.3.) or by substltutlon of g lgg g 2 ) (- slope 1 in sectlon 7 2 2 )h:‘

'and —%F%?‘lﬂ) (ﬂ slope 2 in sectlon 7 2.2. ) in Berry s equatlon.' Thef. '
relevant erergy term for Gurney s analys1s, as mentloned 1n seotlon

T4 2 4, was obtalned by measurlng the area under the load-extens1on graphd

and u31ng a multlplylng factor approprlate to the croeshead dlsplacement
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_ rate, the chart speed used on the Instron testlng machlne and the full
scale load callbratlon-for the‘test.t Worked examples for all threel

‘methods are glven in Appendlx 3

The 1oad-exten51on graphs for the spe01mens consldered 1n'F

' tables 2 to 5 are shown in Flg. 8; Comparlng these graphs wlth the_
1deallsed forms 1n Flg. 4 it is ev1dent that the spec1mens behaved :“,
in a. llnear elastlc manner.' The use of a trlgonometrlc formula fcr
neasurlng area under load—eyten51on curves is therefore Justlfled.
It was noted that the load—exten51on graphs for all re31n/DDM ratlos'ftff
were llnear up .to the crltlcal load at each crack Jump. In a very

" gmall number of cases there was a ?levelllng' of the load prior:to_
rapid propagation (see Figthaofor an example'of this behaviOur), but |
this was most likely associated with:slow.crackladvanceVrather than
a gross yleldlng or creep phenomenon. This is illustrated by the'
ohservation that the extrapolated load dlsplacement graphs did not
show a p051t1ve dlsplacement at Zero load Any creep in the specimen
arms Or near loadlng p01nts would be expected to give rise to a p051t1vej‘, )
shlft (along ‘the dlsplacemert ax1s) of the load dlsplacement graph. |
Also, the speclmens whlch did show a levelllnﬂ—off of load were always.
those conta1n1ng 20 parts DDM They tended tc fall by very small
unstable 1ncrements in crack length or by stahle “tear1ng" or by a .
combination;ofrboth. This tendency to.stable crack grcwth would glve
rise to a'flattening of the load-extens1on graph‘near‘the "average

'propagatlon 1oad.

Tabulatlon of all the 1ntermed1atc data- derlved frcm prlmary'
data, generated duzlng fracture testlng would requlre ‘far nore space
ffthan could be senslbly allocated in thls thes1s. The examples chosen | _5'

| typlfy the behav1ou1 of the Systern, homever, and it is hoped that

.'the reader flnds them adequate from the 1llustrat1ve v1ewp01nt.
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tAppendix é.includes all primary fracture test data.
A peak in the)’ Ve DDM curve was ev1dent the maXimum value
occurring at about 35 parts DDM (fig, 15); All‘resins containing .. .
~ greater than 20’parterﬁM exhibited}unstahle.crach propagation”ouringff\':
testing'i,e}'the crack increasee‘in-length'byfsuddenLjumring"ana |
:suhsequent.arrest at“a'new‘noSitionxalong‘the‘Crack line.’ As'mentioned::'h
above,’ material containing 20 parts DDM failed primarily in a stable ‘
‘:manner, for craok 1engths between approx1mately .03m and OBm.I There
- was a, marked increase in the length of a given crack-Jump as )’increasedr:-
'uThis led to fewer'crack-gumping events per speCimen_as the toughness L
: increased.‘ The statistical'effect:of this behaviour is oonsidered_ﬂ-ﬁ-
in Appendix 3.
| -The differences in propagation behaViour were, seen to markedly' -
.affect the variation 1117'as a function of DDM content, according to
the method of evaluating )’ _ This is clearly shown in ﬁig. 15;'hIt
is worth noting the Similarity between the trends in T'Values obtained
from the Berry and Trwin-Kies analyses. This should be compared with'
the relative insensitivity of the:Gurney analysis.as a functioniof
DDM content. Appendix 3 contains:fl‘urther information concerning the
three methods of'ewaluating')’.
. SummariSing the fracture tests showed that the resins
containing different pr0p0rtions of DDM were significantly different.
in fracture surface work terms. It was therefore p0331b1e that some
'morphological change was Occuring as DDM content was varied The-:
efforts to-define the nature of such changes are desoribed in Chapter -:
.10.:_ o § o :
NOTE:. .Because the IrWineKies analySis involves only one graph
and- is able to distinguish between resins, on a fracture surface _:
work baSis, subsequently quoted values of Y should be recognised_ L

as values obtained from Irwin-Kies' equation).
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' 9.2,2, TenS11e and Compress1ve Young's Modull, ET.and B and General
Tensile Behaviour T .

Eq and Ej, were‘measnfed in’ two ways:
(a) . by uninterrupted, constant_orossheed_speed'testinéra
(v} by employing'a oyolic, stress relaxation/recovery
technlque where the’ crosshead 1s stopped (see polnts :. :
B and Ry in Flgs. 16 and 17) at the ‘maximum and ' ‘
mlnlmum loads 1n a series of crosshead dlsplacements.'
© The two extremes of load are made to approaoh each
other until the relaxatlon (from the maxlme) and the -
reoovery‘(from the mlnlma) balenoe:each other, The 'h
_ modulus test.proper'then‘proceeds as normal, within .

the limited load range dictatéd by the final cycle,

(79)

This method, it is c¢laimed, - gives results which

are more representative of the elastic component of

behaviour in visco-eiastio materials.

Typical, worked examples of evelueting the nodnli are
given.in Apnendix 4; .The approptiate'load extension cnfves'relsting
to these particular specimens are gshown in Ftés. 16‘ano 17. These :
curves also exemplify the behaviour of the different.resin fofmuletions '
as described in section 9.2.5.-and later in thie sectiont | .

Whlchever test method was used the’ general trend in
" moduli wes the‘same. Low DDM content material (20 parts DDM) always
had a hlgher value of B than all other formulatlons and the general
"~ form of the E v. DDM curve 1ndlcated that materlal of near-st01oh10metrlc
(1.e. 1ntermed1ete) composlt;on possessed the.lowest moaulus.'
. Intefmediate compositions were also the'nost viscoéelestic‘in nstune}f
This 1s most olearly evident, for ‘the ten311e mode, if the load~
extension curves shown in Fig. 16 are‘compered.. Relaxatlon .
at points'R1.is‘greetest‘for 27 parts DDM. - If the COmpres51ve
tests are. compared agaln for low and 1ntenmed1ate resin comp051t10ns
(flg. 17), a 51mllar conclus1on is reached. There is also a notable
m_dlfference in yield behav1our; whlch is more‘fully oonsidered in

sections'9.2.4;'snd 9.2.5. . A shallow increase in E was noted for -
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:  resins in the range 27~4d parts hﬁM..:These modulus'varlations'are
shown in Figs. 18 and 19 . | |

The occurrence of the hlghest modulus at 20 parts DDM -
was not expected since it had been assumed that 1ncreased DDM i

content was synonymous Wlth 1ncreased oross-llnk denslty and hence,r

1ncreased re31stance to- elastlc deformatlon. It is worth notlng that:pqi

'_E values from relaxat1on/recovery tests exceeded those obtalned from
unlnterrupted tests. It should be borne in mlnd. however, that ) |
different 1oad ranges (1n the case of EC) were. used for the two
methods. | |

Table 6 summarises'the tensile.andisome compressive
characterlstlcs as a functlon of DDM oontent. Note that two of the
' 20 parts DDM specimens fractured prlor to any load drop or dev1at10n
from linearity, whereas all other tensile speclmens exhlblted
" deviation from linearity. Also, a maximum load followed by a

load—drop, was evident only at 20, 35 and 40 parts DDM. Typical

tensile load exten31on curves are shown in Fig. 20 (Since.no

extensometer was used for these tens1le tests no scale has been

included in Fig. 20. The'curves are, however”useful for comparlson); |

9.2,3.‘ Plane Straln Fracture Toughness, KIC
_ Values of Ko computed from the data on)’(Irw1n—K1es)u

~and E are plotted v. DDM content in Flg. 21, (The factor 1—v )

in the equation relating X, E and G has been 1gnored for the purposes-

'of the calculatlon (see sectlon 3.1, ) because - llttle error, is
'introduced, assuming Vj;.B:for_thermosets) The peak 1n)’ at
" approximately 35'p'arts"DDM ils'retained in the KIC v. DDM trend,

even though E is less for res1ns conta1n1ng->20 parts DDM.- |
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9.2.4. Yleld Stress and 1% Proof Stress (Compress1ve)

Values of yleld stress and. 1% proof stress (see Appendlces _.

4 and.5) are shown in Fig. 22. Not all of the resins dlsplayed a
oharacterlstlc yleld p01nt 1n compress1on wh1ch was assoc1ated Wlth‘
.a drop in load. The nomlnal st01ch10metr1c comp051t10n (27 parts

K DDM) did not show any yleld drop 1n compres51on.- It was found'
that 1% proof stress was a more sens1t1ve functlon ‘of st01chlometry
_than yleld stress wasr o l

9.2.5. Qther Deformation Characteristics

In order to complete the picture of compressive deformation. =

v. DDM content some unconventlonal' parameters were evaluated

" These are. 1nd10atedl1n Fig. 17 (p01nts R1) and Flg. 23, Flrstly,.
the"compressibility' (Fig. 23) of the standard .006 x .006 X .O12m.'4
sample‘after the.yleld region‘(or.point“of:inflexion on.the loadé
_extension curve)_was measured, This parameter ls.effectively”the
post-yield compressive strain that can be‘tolerated by the_sample
pr1or to ultimate fallure.' It is”expressed, in Fig.'24, as'nm-of
recorder chart,. The results 1ndlcated a minimum value of post- |
yield compressiblllty at sto;ch10metr1c‘compos1t1ont Secondly, p‘
the actual value of the drop in'load'at"yield'was measured .The',“'

'dlfference between the 20 parts DDM mater1a1 and the rest was

,qulte remarkable.‘ (See also seotlon 9 2 4, ) The yleld character1st1c.

‘of the low 'DDM samples was qulte narked (Flg. 23) The resins .
oontalnlng 27 40 parts DoM, whlle they showed a greater propen51ty c

: to yleld sharply at h1gher DDM contents, aid not eXhlblt a sudden o

o onset of gross plastlc deformatlon (Fig. 25).

' Thlrdly, durlng the relaxatlon/recovery method of measurlng

"-gﬂcompress1ve modulus, 1t was noted that the ‘near st01ch10metr1c

resins behaved in a more v1soofelastlc manner than those at the .

two extremes of DDM content. This hehaviouriis illustrated in Fig., 24



- 40 -“
as.the_relaiation:(in Newtons);”from"an initiai-COmnressivelload'of"
1800N, which'occurred in anés;' (Thls perlod of tlme was chosen for'
conuenlence durlng the modulus test rather than for sPe01flc
stress relaxatlon studles).»-Load extension curves for the-res;ns ::,F
of extreme DDM contents Were more iinearlthan those of dntermediete :
comp031t10n also. - ‘ “ | |
Flnally, the occurrence of shear bands‘at eppr0X1nateiy
450'to the compression axis uas observed-ln'some spec1mens.j The
bands were usually essociated With stress raisers such as discontinuities 2
'ialoné a uerticel‘edge cf the semple.' It was uos51ble to generatc o |
guite sharply defined bands by compre351ng a specimen w1th a hole
drilled through it. All compositions of resin'behaved in this -way,
"slthough there was a tendency for intermediate compositionS'tofacquire
1ess well defined:shear.houndariesr The 'barrelllng tendency,‘whlch
- is a common feature in compress1on testing, was also less ev1dent

for intermediate compositions.

9.3. Effect of Variations dn Cure Cvcle

"9.5.1. Extended Cure Time at 448°K
Méteriel for this investigation was of stoichiometric
-composition, cured 3.6ks at 373°K then 7.2ks 373—4480kefollowed
by a maximum of'5.76ks extre cure_at 448°%K., - The reason'for carrying'
out extended cureiet 4480K;was the'uncertainty (atEthe time)fof “
the extent of reaction in stoichiometric materiel.cured-for the-noninalb
3.6ks at 373 g plus 7.2ks at 373—448 K.

Ten51le modulus, K or and trans1t10n temperatures (by

I

TMA - see Chapter 10) showed no 31gn1flcant varlatlon with extended

cure time at 448 Ok within the range 0-5. 76ks (Table 7) ~ Based on

the statlstlcal ev1dence in Appendlx 3, there was a sllght upward

trend 1117' waever, thls trend was not well establlshed in comparlson_.”
w1th the changes 1nduced by DDM content varlatlon. The){ values_

have been included in Fig. 26.
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9.3:2. Effect of Varvlng Gel Temperatnre t
. For this series of casts, the pre heat temperature of
the steel“mould was held at 323, 333=or 348 K prior to oasting.h
Three oompos1tlons were 1nvest1gated 20 27 and 40 parts DDM
After 3 6ks at 323, 333 or 348 K, the customary 7. 2ks, heating _
within the appropriate temperature range to a maximum of 448 O -
wasrcarried ont. The term gel temperature' therefore refers to:
the.initial stage.of thegcure cycle. I | 8
) k’ﬁfhe'variation inf?'with gel temperature was rather largert
than the variation w1th extended cure tlme at 448 K but the |
variatlons taken as a whole were not very great (Flg. 26) Again,‘
based on the ev1dence presented in Appendix 3,“the variation of
with'gel temperatnre_was significant. Other neohanical properties
investigated did not correiate with changes in )'l' Compres31b111ty,
relaxation characteristics, compresslve and tens1le moduli were
lunable to dlfferentiate between re51ns gelied at the four temperatnres
in a manner which-was consistent with wariations in fractnre‘snrfaoe't
work,7(Figs. 27 and 28), Yield drop in compression (Fig. 27b) was -
.the oniy parameter which showed.some correiation with,y'andﬁthis )
-was only observed_at 20.parts DDM. |

9.4, Bffect of Varying Testing Speed -

Bo thY and KIC

were‘re&nced'in talne.hy testing at"fasterr
.crosshean rates, despite an increase in Ei;(Figs.=29'and130).tLFig.t31;
indicates that this is-trne of all oompositions between 20-andt4d
parts DDM although there 1s no ¢lear connection between the % change‘
'1n.7'w1th crosshead speed and other meohanical oharacteristlcs;_

The discrepanoy between values ofY obtained by Gurney’s

method and those obtalned by Irw1n-K1es analys1s was smaller at

hlgher crosshead'speeds, (Flg.'29). Also, the_orack Jumps occurring



et higher teéting retes were smaller than et low rates;

The tens1le strength of the st01ch10metrlc resin tended
to increase at hlgher testlng rates, (Flg. 32). There was_anji‘
Laccomp&nylng tendency for the scatter in’ tensile strength values
o dlmlnlsh at hlgher rates, although thls was not the case for Y

T

- 9.5, Comments on Mechanlcal Behaviour

or &

It is evident from the results presented in this
Chapter that changes in resin st01ch10metry have a marked effect
on the mechanicel and fracture behaviour of Eplkote 828/Ep1kure DDM
_Changes in initial cure temperature and post_cure time at 448 K
(17500)'do not appear to drastically affect ﬁeehanicel_end fracture
properties. | |
As one might'expect.for a viscb-eléstic material 'the
rate of testlng does affect the value of a particular prOperty
_The most 1nterest1ng result, however, ‘is the observatlon that 1531n

containing less than the nominal st01ch10metrlc amount of DDM

behaves in a less visco-elastic manner than other resin comp031tions.

The lew_DDM material also has a higher Young's modulus in tension

and compression. On the basis of an assumption that an increase

* in DDM content resﬁlts in a more highly cross-linked material;ithis"

behaviour is difficult to understand.
The following Chapter describes'experiments designed to
determine the reasons for this apparently‘anomaloue behaviour,

as part of the general investigation of epoxy reein merphologj.
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CHAPTER 10 - Morphological Characterisation

10Qt;h General Comments e

' In this Chapter the results of some conventional
cnaracterisation studiesywiil‘be'describec, alonganith tne resuits*f
of etchlng 1nvest1gatlons The effects of DDM content and . changes
in cure cycle are not covered separately because thls would not

enhance_the presentatlon.of the results,. Unless;otherwlse_stated,

resins were cured 3.6ks at 3730K plus'7.2ks at 373-448°K. - S

10.2. Thermo-mechanical Analysis .- -

The range of'transftion temperatures determined as.a'
-fuﬁétion of DDM'content is shown in'Fig; 33, - The presence of.at
1east two distinct trans1tlons in the’ 353 K-443 %k (80-170°C) razge
at low and- hlgh DDM contents but only one at 1ntermed1ate comp081t10n,
is one p01nt to be noted The other observation is that the
‘st01ch10metrlc resin exhibited a transition at.hlgher temperatures
than the rest of'the formulations.

The effect of cure cycle on thermo—mechanlcal behav1our

has not been reliably establlshed because of dlfflcultles W1th the
apparatus at the tlme of testlng (and of wrltlng) However, the

TMA evidence avallable suggests that 1ow and hlgh DDM content

. materials are more slgnlflcantly affected by changes in gel temperature

than st01oh10metrlc re31ns are, (Flg. 34) | It must be emphas1sed
that at the time of wrltlng the rellablllty of this set of results
is not establlshed Consequently, they play no part in later
dlscus31on and, 1f substantlated ‘are’ not llkely to alter’ any maJor

conclusions drawn..

10.3. Soivent-Untake and.Densitv

.Fig. 35 summarlses the general tehav1our of three of .
tne resin formulatlons when 1mmersed in three dlfferent organlc
solvents.;'It can be seenjthat_the st01ch10metrlc composltlon'ls =
least affected bjfsolvents; an indication tnat.the material‘is.
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chemicélly;mGSf fully éufed éf that.coﬁposition;:‘it.is'wqrth ;  -
mentioning thét for 'some appliéations a materiai with high
_solvehf resistance is desifable;.J_However, thét mgteriai does not
necessarily poésess optimﬁm 6ﬁérélllpropert1es;

The behaviour of.the low DIM contenﬁ'méteriél; camﬁaféd
to the others, is illustrated in Fig. 36. The raté'of.uftake'is |
considerablj highgr in the low DDMiccn£eht.reéih. L | |

The effect §f varyiﬁg gel‘teﬁpérétufélqn sblveﬁt?u?f#ke
characteristics of two reSins (20 and 40'parts DDM) is shbwn iﬁ
Fig. 37. There:ig‘no apparent COrfeiatibn'bétWeeﬁ rate of ﬁptake.
and gel témperature., | | | B

Density variation as a function of DDM content is shoﬁn_
in Fig. 38. The séatter:is.very large, but thers is a tendency for
intermédiate compogitioﬁs to Be less densé than the othefs."

10.4. Infra—red Spectroscopy

The absorption bands of interest (1,2) in this system
are at: . | | |

(a) .9180m—1, attributed tg fhe eboxy ring,

(b) 111Ocm-1, ether linkages formed during cure,

(c) '81OCm-1, assqciatéd with para-subétituted—CH2 on the

Epikote 282 benzene ring, A :

(d)'IBBOcm-1, aésoéiaféd'witﬁ.thé-ﬂHé group ig DDﬁ,-

(e) 1O4Ocm-1, alkyl-aryl ether linkages present_in'l

 cured - Epikote 828.

(£) 3300-3600cn” associatéd.with-OH groups;

The band ét 1040(:'111“1 was uged as an interﬁal'referénée
so that the various absorption levels in differenf.spécimens:coﬁid 
be directly:compared:  (The' alkyl-aryl ether does not become involved .
in the cross;linking_reactioné'and can théreféfe acf as'a baseline
or coﬁparator for abébrptibn éf othér.freéuenéiés).

Figs. 39-4I summarise the I-R data for matérial cured

3.6ks at 373%K and 7.2ks at 448°K. The data in Fig. 39 provides




RETR
an estimate:offthe.likely.error.inﬂtne;methos; ‘The noints.plotted
" on the ABBO/A81O (absorptlon ratlo) scale represent relatlve
amounts of re31n and DDM as measured from I—R traces, at known
ratlos of reS1n/DDM The second graph 1n Flg. 38 represents the
residual epoxy content of the cured materlal. A steady-lncrease
in'conversion of epory.to other specaes,witn:increasing DbM content; R
is indicated. . o o L
 Fig. 40 shows the variation in the mumber of ether -
1inkages formed on‘curing;}reiatire to.the:number of_alkyl-aryif
ether bridges present in the sample. An increase in ether iinks
is observed which starts to tall of f at about 35 parts DDM.,
Flnally, Flg. 41 shows how the relatlve absorbances

at 35300m and 1110cm - varied as a functlon.of st01chaometry.
The whole rangelof values has been shown in Figt‘41 to illustrate
the relatirely high scatter in the results. There is, howeﬁer; a
_recognisable'trend in that the resinsfcontaininé 30-35.parts DDM |
'have a greater—OH/ether ratio than the other comp051t10ns. There
also appears to be a sharp change in thls ratlo near the st01ch10metrlc'
composition., | | o |

| The infra_red metnod Was'unablerto”differentiate between:
resinS'wnich hadfreceived}different neat;treatments By.waytofh"

[

varying‘gelytemperature;'

10.5. Chemical and Ton-beam Etching.

10.5.1. Chemical Etching

Essentlally two kinds of result were obtalned by
'chemlcal etchlng of all comp051tlons.: These are shown in Flgs;-'
42 and 43. It was found to be experlmentally dlfflcult to obtaln  ."
an.evenly attacked surface‘whlch revealed features like those in
Fig. 43. In some cases a fllm of material obscured the feature and -
in others, colours prov1ded enhancement of ccntrast Attempts to‘r'

'show that the features in F1g.‘43 mlght_be_due-to,the contraction
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of’a'SWOiien'surface"iayer proved to be inconclusive. Slow‘cocling,‘
_water‘quenchlng and 11qu1d nltrogen quenchlng of the etched

artlcle 1mmedlately after removal from the etchlng fluld dld not

.. produce con51stent varlatlon in the sige of‘the feature._ Stereoscen )

'cbservatlon of the etched surfaces (e, g Flg..44) revealed the.
presence of craters and hlllocks but d1d not serve (cn 1ts own) to
'prove the valldlty of the struotures. A further 1nvest1gat;on‘~
.was required befOre-the'vaiidity of the result shoﬁn iﬁ Fig;:42
couid be established. | |
This ccmtrised of'etcﬁiug some.of the(material that.had

been used for mechanical tcompression)-teeting. _It.wae reesoudeie_
to argue that a structural entity would‘respond tc gross mechanical
deformation.f'Therefore, material which had been ccmpressed.beyond

the yield point was etched in chromic acid.'-ThefreSult_is shown

in Fig. 45. It is obvious from Fig. 45 that there is a feature‘which7”

responds to mechanical deformation.' The dlstortlon was not ev1dcnt
in specimens stralned to below the yleld p01nt or in reglons remote
~from the strain bands ;n rermanently deformed spec1mens. (Shear
band contour ig responsible for the focusing problem in Eig. 45).
Similar evidence.of_defdrmatiou is iliustrated_in Fig. -
.46; which is an etched region of rapid creck propagation dnta-TDCB
facture surface. .Tce influencerof the groovefcutting wheet’ceu be
seen from the degree of distortion of features near'the edée ef
the specimen. ‘Proof that the distortion was not produced during".d
fthe fast fracture process is prOV1ded by the follow1ng observatlon
. The orientation of the distorted features_correlated wrth the_dlrecticn
of.rotation of the'cutter;' The‘method of slot cuttihg uou}d result

"in oriented features cn_both_sidee of the fracture surface, in




- opposing senses. . This was seen to be the case,e'ThusLched .
orientatdon was not created by a fast-fracture event.
: Further evidence'for the‘existence-of structurai'

features An. the re51ns 1s glven 1n sectlon 10 5 2

The effect of surface prentreatment on the characterlstlcs ff{;'ﬁ7

"of chemlcally etched surfaces wa.s 1nvest1gated by etchlng as cast

,h materlal, samples pollshed to dlfferent surface flnlshes and fracture.ﬂ
: surfaces._ The general appearance of the etched surface dfd not

change, regardless of. the preparatlon technlque. There'uas,'howeter; s
additional ev1dence on the material's re3ponse tolmechan1cal |

.treatment in that ‘scratch marhs on_pollshed surfaces were-assoclated S
with deformed etch—features.‘-Fig; 47_shows‘an example'of:this.

' AS;cast surfaces Were.less amenable to etching,‘possibly because :
‘of‘contamination by release agent, although_therelis no.eridence'

| gof‘such.contamination froa other results.' |

With regard to the varlatlon of etching characterlstlcs _

. _as a functlon of DDM cOntent the general behav10ur was such.that

mater1al w1th high or low DDM contents etched faster than 1ntermed1ate:f

formulatlons. This. 1s in accordance W1th the chemlcal behav1cur
- of the system 1n terms:of solvent-uptake and-TMA results. Any.
dimensionai variations in etched fea.tur‘e.s as\ 8 function df DM
l‘content was not etident. (Feature dlmenslons weref~5—15 wﬂ
s1mp1e llne-lntercept count us1ng photomlcrOgraphs was. unable.to
dlstlngulsh between the reS1ns, although there was a. sllght
lvarlatlon w1th surface preparatlon teohnlque and etchlng condftlons
'The stat1st1ca1 S1gn1flcance of these counts has not been assessed"'"
o but there is a case for further 1nvest1gat10n of etch feature s1zes.~
- A magor problem is. llkely to be the dlscrlmlnatlon between adgacent ;.;;:
features. As Flg. 47 1nd1cates, the degree of overlap or 1nter— |

dependence of features could be troublesome (1ndeed 1t was 80! ) 1n aﬂ;':




'eny quentitative assessment;' However, some help may be forthconing; -
~ if the ion-beam techniqne'desoribed in the folioﬁing section is .-
‘utilised in parallel with chemical methods, ~

10.5.2. - Ton Beam Etching

In thebinitial enperimente; the operating conditions :
for'ergon'ions'were'maintained at ﬁkv gnn pofenbiai,-BmA:gun, SR
" current, 4 x iO;snAmnz'beam_ourrent, ﬁOOs bonbardment.time.and 1.06Nm_2
~ chamber pressure. o B |

Bombardment of;a_bulk sample of 27 parts DDM poliehedﬁ
to a 1 umdiamond finish, revealed a severely wrinkled surface o
together with evidence of resgidual po;ishing damage .even at bhe
bottom of the eroded zone. -The,experiment was repeated;using.fracture__

surfaces of bulk material as the target. Surface wrinkling-of‘the

kind shown in Pig. 48, and some:evidence'of charring were produced,

to varying degrees;.at all croselink-agent ooncentrations. ?epeating_e-v
the bombardment experiments at lower gun potential and for shorter-
times (4.5kv and .BOe).produced'ion cleening of the‘surfecenwitnout
rhe.developmenb of surface features. The use of helium instead'of
argon produced essentlally 51m11ar results, except that the degree
of surface er0310n was lower in the hellum bombarded spe01mens.

. The ev1dence of charr;ng and wrlnkldng indicated that_

- high specimen surface temperatnres (poesibiy GOCOK or'above).were_ .

being achieved. A seperate experiment.was conducted in whicn a.

_ ‘bulk spe01men was wound with nlchrome wire and the w1re flash-heated
- to red—heet, in vacuo. The result was a surface wrlnklrng effect

(Fig.r49)_ver& similar, though Of_different-dimension, bo”the.'

. featnree-seen in fig. 48 | | | :

| The 3pe01men mount was modlfled toballow coollng w1th

liquid nitrogen. Bombardment was thencarried out on an epoxy

re31n cast dlrectly onto the cold flnger. The resultant surface, . a
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.-although free from wrlnkles and - charrlng, was unSultable for-‘g_
: examlnatlon due to the presence of a network of small cracks;pau PRI
"Cracks were produced in all epoxy casts (at all DDM contents)-__o‘_ ;i‘
r;upon 1ntroduct10n of 11qu1d nltrogen to the cold flnger, Intl"i

some . cases, the resln was seen to peel off the mount

To combat thls problem, 8 mlxture of carbon tetrachlorlde,,fu['h

chloroform and SOlld CO was. substztuted for 11qu1d nltrogen and

2

the spe01mens were_cast onto ‘small dluminiun discs whloh-oould,be ‘

- held against the.coid finger by means of e'screw cap (Fig.VSO);

o Uslng this arrangement reprcduc1ble results were' obtained, by

'careful attentlon to coollng and bombardment tlmes, w1th samples
hav1ng res1n/DDM ratios between 100/20 and 100/40

The reSults of these experlments are typlfled.by Frgs.'e
51 and 52. They represent areas 1mmed1ate1y adaacent tolthe,central'e
eroded'zoner. it.appears from these miorographs"that”either ab
surfaoe layer_is present or that.excessive'bombardment has“occurred
in some areas{ However, the most 1nterest1ng-result is that |
.bombardment has produced regularly structured er0s1on zones (see
Fig. 52). The terrace—llke features in Fig., 52 were not observed
in the four samples'of resin ccntaindng only‘éd parts'ﬁbh demceptl
_1n one area, where the contour of the spe01men surface would have

presented a shallow angle of 1ncldence to the beam. Ten samples

contalnlng 27 parterDM or'more, showed-ev1dence of terra01ng afterf'_ﬁ;_if

cryogenic bombardment.

'Materiallfrom the same castings as thefmeohenioai'test;'
speclmens was also bombarded using the cold flnger arrangement
For example, Fig. 53 chows' the effect of bombardlng a. thln pOllShed ‘
sectlon (~1 mm thlck) of 27 parts DDM materlal. There is a j -

51mllar1ty between the features of Flgs. 52 and 53, Agaln, an.aslcast;:-:
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'surface (Flg. 54) Whlch was.taken from the menlscus at the tcp‘ ;'f_.'_ ;"'f',
of a slab shows.dlscreet areas of attack after ion bombardment..:“: | .
The influence of mechan1cal deformatlon durlng surface
preparation was also seen in some 1on—bombarded spec1mens._ Some_‘
j‘areas of Flg. 53 1nd1cate llnear arrays 81m11ar to those seen on-
scratched, chemlcally etched materlal )
‘The con51stency of the 1on etching‘proceae fer'rerealing
| ‘features in the thln sections from bulk materlal was not a8 good ash
one mlght de31re.‘ Sometlmea; qulte heavy er031on~was achleved w1th
. short bombardment times and occa51cnally a wrinkled product was
obtained., -In the latter cases it was possible’ to attrlbute the
wrinkles té poor thermal contact with the cold Pinger. The
peripheral clambing effect may have created an arched specraen;,
thus reducing the_effective ccoliug ccutact arear
However, the balance of available evidence is_in-subport
of the situation d‘escribed abov.e and 11lustrated ih Figs. 51 and 52."'
A most strlklng observatlon from thls work 1s the 51m11ar1ty
between the chemlcally—etched material deplcted in Flg 47 and that
shown in Fig. 51
The CrOB/Heb etch'produees features (at all resin comp051t10ns)‘
whichtare-very like those.prcduced by'a_'llght' ion etch.
terracing and sub—structural features obtained by,lon_bombar&ment‘ _
‘have nct yet been tuilyfinvestigatedf The author'feeie that it te :
~in this area that ‘more meanlngful 1nformat10n concernlng the - -

morphologlcal characterlstlcs of the resins. may be forthcomlng.

HaV1ng establlshed by two 1ndependent paths, that there e

is a morphologlcal entlty of 1nterest, 1t was necessary to con31der

“how thls entlty related to the fracture prccess. The follow1ng
Chapter prov1des some ev1dence of a 11nk between the deformatlon

of the features descrlbed above and crack tlp processes.
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1'.‘:CHAPTER " - 'drack'Tip'and-Fracture Surfade'Characteristics g

11.1 Inms1tu Cleavage Tests on the Pro1ecuon Mlcroscope |
(See also sectlon 7. 5 1. ) ‘ )

- The maln observatlon from thiS‘work'was'that'considerabie_h“
.'bluntlng occurred at the crack t1p in res1ns of 27 to 40 parts DDM."

- The 20 parts DDM materlal would not accommodate 31gn1f1cant straln .,s:wf_,u

- at the crack t1p prlor to sudden.propagatlon, "(The dlscontlnuouss
manner'in which.the crack‘propagated in 20 parts DDM'resin'is ap.
ldlrect”result of changes in straln rate andISpe01men geometry,
“compared Wlth macroscoplc (20 parts DDM) TDCB spec1mens)
The dlfference.between the resins was also manlfested

in the shape of.the zone'of deformation near'the'crack'tdp. The
tougher resins. exhlblted surface zones of deformatlon whlch were
qulte extens1ve in the dlrectlon perpendlcular to the plane of the
,crack (Flg- 55) The appearance of a ‘tough tlp' was that of an
‘extenS1ve1y dlmpled surface, comblned w1th g8 blunt tip. - The 20 parts
DDM re51n, however, was 1ess extens1ve1y deformed close to the -
. tip, although a region of deformatlon, extendlng some dlstance
towards the open end of the crack, could be seen near the arrest
;ocatlons (Flg. 56)f- Thls reglon wasg, .conflned to_a narrow,W1dth
.in the direction perpendicular to the plane;of'the crack, andxhas_;nl
some interesting features'associated_with it'uhich are described inh
section 11.2. A narrow fish;tail.geometry.was seen ahead of the‘
arrest‘point in éQ'parts DDM material and no crack biuntingIWas ;
observed prior to rapid propagation{f. -

| Etched sPe01mens prov1ded some 1nterest1ng obseruatlons
of the movement of materlal around the crack t1p prlor to sudden
propagatlon. Flg. 57 1ndlcates how the crack can progress durlng

siow growth in a_tough resin. ‘Thls part;cular spe01men 8 surface




' had not responded well to the chromlc a01d etch tIt”was:an”as—cast_.:
surface, see sect10n_10.5.1.). However, deformation bands, in the
vieinity of the crack tip were observed. -It-islworth noting_that
the'material hridginé the'tho crack'faces in Fig. 56 was ouite-
visco -elastic.: It:was“possihle to see the"slou movenent'of the

flap of material Just after 1ts detachment from one of the crack

faces. A s1m11ar effect was noted when the experlment was done on j_."

:an etched 20 parts DDM sPec1men. Fig. 58 indicates. multiple 'bridging
in the reglon of an arrest location in thls material. In th1s case,'
the partlally detached flaps were formed on deceleratlon of the |

_crack._ | | i

The effect which etching may have had on the.response
of the surface regions is difficultfto estimate.“However, the
lbehaviour of the etched materiai near crack tips is reminiscent
of craze.nhenomena in thermoplatics. It may‘be that the.hostile
env1ronment to which these spec1mens.were subJected degrades the
crosslinked resin to the point where it behaves more like & thermo—
plastic, when stressed after etching. |

The response of a polished and pre-cracked cleavage -
Specimen to etchfné‘in'chromic acid is shoWn in Fig; 59. - in this
1nstance, the materlal has etched successfully and has- provzded
ev1dence of. the dlstortion of structure around the crack tip 1n

- the same manner as the material in compress1on tests hast r

11,2, Optical and Electron Fractography 3

' Examination of hoth large'and‘small cleavage.test nieces

on the prOJectlon m1croscope and in the S.E.M. prov1ded 1nformatlon ,'L'

on . the behav1our‘oflthe crack front. The essentlal characteristics |
- of ailrfracture surfaces studied are shown in Figs. 60—62..-In Fig.
60 it is seen that the region which is crescent-shaped has &

'considerably rougher surface than the'majority of_the.fracture surface,
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The 20 parts bDM'specimens.did not'hare these.verr rough.sones;
Arrest locatlons were, however, v1s1b1e in some spe01mens of low;;-ii'
i DDM content (Flg. 62), partlcularly ‘the small DCB samples, wherel'
unstable propagatlon was moTe frequent '
The size of the rough zones in- the TDCB spec1mens was_

found to be a functlon of DDM content and in fact correlated very

: well w1th 7’and K d values (Flgs._63 and 67) The rough zone szze h: ;‘:”ih?

(and its varlablllty) also. decreased as testlng speed 1ncreased

as the data 1n Frg. 63rshows. The ex1stence of the crescent—shaped :
rough.zone.leads to some amhlguity,about the value‘of crack'length‘f:
that should be‘ad0pted in calculating fracture parameters. Houever;ftt:
the 51ze of the zone relatlve to the requlred accuracy of crackw

length measurement meant that any amblgulty 1n crack—length determlnatlon

: was masked by the 1nfluence of DDM content or testlng rate. Th1q

p01nt is further cons1dered in. Chapter 12, in relatlon to the measurement

of fracture toughness by compllance methods (see sectlon 12.2.).‘
Other points of 1nterest on the fracture surfaces were:
(a) the multiplicitj of'fracture planes within the rough zone.

(b} the exlstence of curved features, usually emanatlng from the
rough zone (layer llnes) and linear features which occurred '
at random locations within the smooth area of propagatlon.

These.were sometimes associated'with air bubbles or‘inclusions;

(¢c) the sharp angular dlsplacement between rough and smooth reglons

on the advancing side of ‘the rough zone.

{d) the 'brushmarks'(ao) which were present throughcut‘the‘fracture N

surfaces at all DDM contents. (SeefFig.i64'background markings).'yd,

:itOne:particularlydinteresting ohservation in 20 parts
.DDM materlal was the trlangular feature 1llustrated in Flg. 62.
These were rarely geen out51de the reglon near the arrest locatlon. o
:In fact ‘the zone of deformatlon shown in Fig. 56 corresponded
. to the area contalnlng the trlangular features.: Stereoscan.'

tobservation (Fig. 64) of these features showed that they represented




._: a minor bifurcation of the_creck piaﬁeﬂ chasioﬁaiiy, a pp;é.qr""'
inclusion  site wes aSSociated with-them,-ss seen ih'Fig; 65 3:

Transm1sszon electron mlcrographs taken of 31ngle stage

i (carbon) and two-stage (acetate-carbon) repllcas of fracture surfaces —

.. were Certalnly no more 1nformat1ve than stereoscan observatlons.

In fact the production of a.replica from the'smoother areas wasi:' i

- a difficult“proceSS'andfit was considered an uneconomic’ exercise .

in terms of return for effort and tlme. It Was therefere'deeided*
S .

not ‘to proceed with an’ ext hsive study u31ng transm15810n technlques.'

Flg, 66 shows_the trensmlssron electron mlcrograph equlvalent.of

Fig'. B4,

.l \\\




CHAPTER 12 [ Discussion

12.1.. General Comments

The‘main:aim of this.chapter'is £c7aéa¢ﬁgtr5té relatton; a

ships between the mechanlcal and fracture data’alreadp presented

crack tip behaV1our and the morphologlcal characterlsatlon of the

resin, However, 1t rs necessary to comment in some detall on the

results of the fracture tests before any correlatlons are establlshed j'f]i;ff“f
: between propertles and: morphology.i Tt 1s essent1al to clarlfy the ‘

meanlng of the fracture parameter measured in order to understand : h ,,h'_”:"
its relatlonshlp to the other parts of his work. - A tsiltf-_af-*

12.2 Comparlson of Fracture Surface Work,Y , Values obtained bv
' IrW1n—K1es' Berry g and Gurnev S Analvses

e

In prlnClple, the three analyses should glve the same .

in th1s context is therefore a prOpagatlon value.' It is well

establlshed(81 83)

l

result, prov1ded that the crack propagates at constant speed. Y : p't h ‘ ,1
. o .‘
that‘?'can_vary:W1th crack speed., For %
materials which fail in a stable mamnner during a TDCB test, it |
‘is to be erpected‘that-all threeLanalyses‘would yield.the same»ralue'_ h._f7h_ :
cf'r'because crack speed does not vary*in:such circumstances; aThis'i 'Lﬁﬁ;ff‘ ?
was confirmed for 20 parts DDM, where prcpagatlon was . prlmarlly l
contlnuous. (Unstable behav1our was seen at very short crack 1enéths;‘: }'l-
nThe:stability of” the system at very short=craok lengths 1s llkely :'-;'1dfttgrf‘
~ to be different from that at intermediate crack lengths-since,the ‘ utd. :rf:'¢ ‘

geometry of the spec1men deviates from the 1deal The effectlve )

'loadlng rate will then be 51gn1f1cant1y dlfferent) . ;1'h_ﬂ ‘..f;.fff‘.'-‘

If the stablllty condltlons for the TDCB test are not
satlsfled by the material at.a glven rate581) unstable cracklng
w111‘occur.' Therefore, ‘the mater1a1‘w1ll haVe'been subjeCt to -

varying crack speeds during & crack jump.'rThe;area-under;curve'
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method of.Gurney wlll.then prorlde an undeflned mean value.of )’

The range of crack speeds durlng unetable propagatlon W1ll 1nf1uence
the Welghtlng of thls mean value. The methods employlng crack SR
,lnltlat1on loads, however, would be- expected to agree under crack
.Jumplng‘31tuatlons;: Crack Jumplng has been _observed prev1ous1y“'

(53 54,84) ( 5)

durlng DCB tests on epoxy resins

(43)

_and poly(vinylchloride).

’ polyurethanes
and, as mentloned prev1ously, is relatea
to the epe01men geometry, the type of testlng machlne employed

~ the testing speed, ‘and the 1dent1ty of the materlal ‘ The p0851b111ty ;'
_that crack tunnelllng (the crack leadlng in the centre of the crack
plahe,.see section 11.2.) results ‘in higher r'values by‘compllance ‘
methods is not considered important for TDCB epecimens. Thia.ls
because of the linear‘relafiohship between compliance and_cracké
_length} lt is not'foseible,fo over—estimate.dR/dC for TDdB speciuehsr‘
merely:by under—estimating crack length. It is p0331b1e to do 80 -

when using parallel DCB specimens. The reason-is that the parallel R

specimen exhibits a non-linear compliance v. crack length relationship =

and a value of dR/dC:must be”determined at a‘particular crack

length and load'for evaluating>(tw'Irwin—Kies'.equation;_ If

crack lengths are measured durlng a stable test varlatlons in
tunnelllng_behav1our may glve rise. to under—estlmates of crack

© . length. - Gurney's method, however,_uses differences 1n_crack length_.:
for area measurement when calculatiug'y'} ‘Therefore, prorided'a'
;near;eauillbrium.fuunelling.slfuatich has developed in stableﬁ'.

. eracking, a more realietic value of)’ ma& be obtained_lfaGurheyFe“a
'_method is employed. | |

| 'I'he fracture data for Eplkote 828/Ep1kure DDM systems

are in accordance w1th expectatlons as far as. the methods oflevaluat1on‘

of‘)’ is concerned It is reasonable that the two analytlcal methods

'(Berry s and Irw1n-K1es') should agree more closely because they |
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emfloy data from equivalent s1tuat10ns., The averag1ng caused by
appllcatlon of Gurney 5 method, and the fact that the 'area flgure:
is helow the '1n1t1atlon flgures at all compoaltlons means- thath-:;f
L'care must be taken vhen interpreting. area-under—curve reSults or
when comparing them w1th)’ values for other materlals whose rate

-

sens1t1v1ty of)( may be grossly dlfferent Mal and Atklns have -

(81)

_ recently p01nted Out that 1t is p0531b1e to stab111se a test

: s1tuat10n with the a1d of external stablllsers such as adhes1ve

tape or the use of‘comp031te test pleces. It-1s-therefore‘pOSSlblelfjfffJlJDJ

to employ Gurney s method for materlals whlch normally fall in an
. unstable manner. 1n TDCB tests, prov1ded the specimen is modlfled
to.induce stablllty. With regard to the work reported here, the._
unmodlfled TDCB ‘specimen has proved to be qulte satlsfaotory. _In‘
fact, its very susceptlblllty to unstable cracklng was 1nstrumental
in suggestlng some of the studles of mechanlcal behaV1our reported
in earller Chapters. Know1ng that.Y can vary W1th crack speed
‘(an immediate‘iﬁpllcatlon from unstable cracking in TDCB tests)-
and knowing'also that the resin's viSOo?elastio characteristlos~
can be altered the 1nterpretat10n of fracture toughness varlatlons o
.1s fa0111tated 1f one has knowledge of these V1sco-elast1o character1st1cs
and how they relate to crack t1p behav1our.._ R |

| From the p01nt of view of the usefulness of the fracture:'l
surface‘work parameter, it is true that in an englneerlng sense
there is stlll much. debate about how 7’or K should be.evaluated i
.or applled, ‘especially for very tough materials’ where attalnment ‘;H' g
dof plane straln condltlons demands very thlck speclmens. It 1s f'
'-ev1dent from thls work however, that'Y'for Eplkote 828/DDM ep0x1es
‘1s a. sensltlve parameter, espe01ally w1th regard to st01ch10metrlo

varlatlons. It 1s to thls asPect that our attentlon is now turned




12,3, The Variation of Properties as a Function of DDM Content -

12,31, . | |
o ' . A striking feature is the varlatlon in Y and K: with
DDM content. An approxlmate five-fold increase 1n'Y (at .O17mms
testing speed) is obtalned by chang1ng_DDM content from 20'to lj
35 parts, At this testlng epeed, the Y'V;_DDﬁ curve poseessee

a’' pronounced peak,'but there-is no diécontinuity. . Thus, it is

tempting to suggest.that:an increase in DbM.content up to stoichicmetric

'amount_(fully cured)-would increaeeItne_croes—link‘density.and A
toughen the Tresin, Aﬁ excess of DDM might-result.in crack tip
plasticisation so that the materlal could become even tougher.
.A gross excess cf DDM might 1nduce such plast1c1sat10n that the _

material would become less fracture—tough agaln. Hence, a peak

in toughness would be expected The crack t1p plaetlcleatlon effect

has been illustrated in Figs, 55 and 59. But what mechan1sm‘can
-:cbe invoked for the accommodation of DDM in such excess quantities?
How does general mechanical behaviour.fit-the,simple view of

toughening outlined above?

Unfortunately, the evidence from mechanical tests cther 5

~ than fracture toughness tests does not support such a 31mple view

of what is undoubtedly a mlcrcscoplcally complex- process. . For

example, the varlatlons of Young 8 modull Ec and ET’ are in d1rect”

cqnfllct w1th what one would expect by assumlng that 1ncrea31ng

DM content results in an 1ncreased crosslink den81ty. The visco-

elastlc behav1our of the resins, exempllfled by stress-relaxatlon
and non—linearity (Fig; 24 and Table 6), also conflicts with this

sfmple assumption,- On the other hand, by consideretion of the

variation of thermo—nechanicel=transitions and_eolvent upteke ulth

1._
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DDM content, it is'possible'tochnclude‘that'the'steiehieuetric”"
resin-is the most highly cross-linked, ~The exli'stence_of at least o
two thermo-mechanical transitions _for'fcbmpositienS‘on eithef3' C
side of stoichiometric could be attributed to - l

| (a) uncured resin and cured resin.in low DDM matetlal

(b) unreacted DDM and cured reszn in hlgh DDM- materlal

This is llkely to be a grossly over—slmpllfled explanatlon. However,,_:*ﬁfisfu

‘ _1t is the fact that the tran51t10ns are hlghest for 1ntermediate-
ompos1t1ons Wthh 1mp11es a hlgh degree of cross-llnklng at theseh'
.IDM contents. The lowest rate of solvent uptake.at;st01ch10metrlck
:composition (regapdleSS.ef.selvent'identity)‘also;implies.that it
is a hlghly cross-llnked mater1a1 or at least hlghly "converted"‘“
chemlcally.
o In view of these apparent ﬁlscrepan01es between meehanlcal
..propertles and conventlonal characterlsatlon parameters, it is |
frultful to cons1der the chem1ca1 aspects of curlng and to try to

establlsh the meanlng of the tenm 'cross—llnk'

12.3.2 The Mechanlsm of Epoxv - Amlne Reactlons

Thls toplc has been 1nvest1gated by a number of workers(as 92)

(1,2)

The follow1ng reactlon sequences are usually suggested when
' an epoxy resin is cured with a primary amine -
" OH
RNH, + CHy—CH~~~ —» RNHCH,CH w: - I

2
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OH-
/°\

RNHCH CH mm~e  + _CH——cwm;_ >

OH
gHz—CHﬁw I .
CH2

OH -

~ The tertiary amine so produced may be capable of'cafalytic'_

homopolymerlsatlon of the epoxy groups. However, its effectlveness

(91)

ig dependent upon steric factors and environmental condltlons

In fact the reaction between epoxide groups, catalysed'by

(91) .

terfiary amine is also dependent upon the - OH concentration
The influence of hydroxyl groups (present as constituents of

curing agents, modifiefé or the baSic'epbxy molecule as well

(1 2 92)

as those formed during cure) is considered to be very 1mportant

(87)

" Kinetic studies bg-Smlth and celorimetric investigations

" by Horie et al(88 support the idea that a termolecular meéhanism
can explain the reaction kinetics. The reaction scheme pfoposed .

by Smith is

RCH——CH o+ HX o RCH——CHé

\./ o B O : A\ //.w;-

HX




| R NH + HCH——/CH RN HX
CH,—CHR
. . . -

where HX is a hydrogen bOnd-donor. Thus, the presence
-of ~ OH groups in the reaotlon system could hsve a profound effect
on reaction klnetlcs. In fact, hydroxyl groups present on the epoxy
‘molecule have been cited as catalytlc agents by Whltlng and Gllne(93)
The latter workers have also pointed out the dlfference , R
between Smlths reactlon scheme and that proposed eerller by Narracott(86)"' -

“and Newey(9 ), in terms of the llnearlty of the product The Narracott

scheme, which applled to tertlarz amine cure is:

_ ‘ S o / j - : ;;‘_ ol
RCH—CH —N'R. 4 R CH—CH.  —>
o 2 3 T _ 2 )

| o N/

o~
. R— CH—CH, -
S | 2
.0
1 T S
RCH'__CHZ_.. N R,
It should be noted that the product contalns the C O-C
ether llnkage whereas the product of: the Smlth scheme contalns the - OH group{
Summer1s1ng, the suggestlon made by Whltlng and Cllne 7 )
is that two competlng reactlon schemes w111 1nfluence the llnearlty :
, of the molecular speoles formed durlng cure.‘_Thls, 1n-turn,_shou1d :_,.5'

affect the mechanlcal propertles‘of the produot; " The fact that
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tertiary amine and - Oh'groups are'formed during: cure may also
affect the result | -
Whitlng and Cline s 1nvest1gation‘of Epon 828lcured::

with N, N -diethyl-t, 3—Propanediamine.(DEAPA)'showed that. the .
| relative amounts of - OH and C-O-C groups in the product varied‘
 with DEAPA content., The varlatlon was such that the - OH/C 0-C o
ratio (measured by 1nfra—red spectroscopy) was an almost 11nearly
1ncrea31ng function of DEAPA content over the range 10~ 5@7 of y
st01ch10metric amount of DEAPA. It was suggested that since
-~ Epon 828 and DEAPA are bifunotionai With;reSpect.to-Smiths

'g reaction scheme, linear molecules will be formed. Hence at

higher DEAPA contents,‘the product is linear in nature, 'Conversely,'

lowering the DEAPA'content:reduoes the number of active hydrogens
" able to react according to Smith s scheme, which means that a .
g reaction of the kind outlined by Narracott is favoured. The |
' functionality of ‘an Epon 828 molecule in such circumstanoee:ist
increased to four. Therefore,"a branched system, containing-a high

percentage of ¢-0-C linkages could be obtained.

It is obvious that Eplkote 828/DDM is not subJect to
"quite the same‘analysis in terms of functionality,.sinoe DDM is
‘_tertrafunctional anyway and Epikote 828 is at least bifunctional

B However, the aveilability of aotive hydrogen 1n the form of DDM

?can be regarded as a significant variable.. Follow1ng Whiting endu-

g Cline s reasoning, low DDM contents could give rise to a predominance f

'of the Narracott scheme, and the formation of more ether linkages d
.relatiye to hydroxyl groups. Some support for this 1dea is.

found in the 1nfra-red data of Fig. 41. It 1s ‘seen that 20 and 27
parts DDM re51ns have a 1ower'— OH/C O C ratio than the toughest
resins., The findings of Shechter et al( 9) aleo show that the’ ‘u

' presence of primary and secondary amine excludes-the:— OH/epoxy

reaction (see below) which is a logical step following the formation':




of - OH.

~c|.|_.c|-|2.;_.; + ~c|—|2‘ CH~ — ~..c|-|—CH2~
OH o

;'CPl()H ~~

OH

Effectlvely, ether llnkages are not expected to predom1nate

I1n formulatlons contalnlng a hlgh pr0port10n of" prlmary and
secondary amlne. .The predomlnance of a partlcular spe01es is
therefore dependent upon the 1dent1ty and proportlons of resin and
cure agent and on the cure schedule, 1f sterlc hlndrance plays a
" major role in the ‘reaction. . .
The aboce‘ana1YSls poses‘two‘furtherloroblems. One of
these is concerned with the fact.that the stoichiometric resin has
an.-JOH/C—O*C ratio closer touthat of the 20'parts'DDM formulatlon
- than to the otﬂers' But its general mechanical behav1our is more
llke that of resins contalnlng 30—40 parts DDM. 1In partlcular,its
Young's moduli are very 51m11ar to the latter. reelns' modull and
1t behaves in a more v1sco—elastlc marnner than the 20 parts resin.
This point is considered more fully in section 12.4,
Cohsldering the_infra red oata on consumption of epoxy,
etherllinkage concentration and-hydroryl/ether ratio in.relation.
to general mechanical behaviour it appears that_a'reduced converdion
of efoxy iﬁ low‘ﬁDM resln is.compensated for in the stiffness of
the appropr1ate bond. A more linearly elastic, rigid'material
mlght be produced which is unable to accommodate hlgh stress levels
after yleldlng. 'Intermedlate DDM contents,-desplte haV1ng hlgher
actual ether levels could be more. llnear or have dlfferent molecular
welght distribution (1f such a term can be applled “to cross—llnked

networks) or different spatial and geometric,characteristlcs.
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ATherefore,'they‘may'have lower elastic moduli,'higher crack tipif.'
-plast101ty and behave in. a more visco- elastlc manner. ;;-?
. The other problem ar1s1ng from Whltlng and Cllne s type

Al

of analy31s is that acccrdlng to Flg. 41, a decrease in hxdrole '

ratlo oceurs between 30 and‘40 parts DDM. ‘It may be that :;h§£M=- .

- content 1noreases beyond 27 parts the exotherm generated durlng the

1n1t1al stages of the reactlon ig sufflolent to moblllse the pf"

tertlary amineg formed durlng cure. It is worth notlng here that

_tertlary amines have been detected at'a very early stage of reactlon p_i;?'jil
during cure w1th primary amlnes(a). In such c1rcumstances, a

tertlary amlne catalysed reactlon of the Narracott type mlght occur.

This would lower the hydroxylﬂ&her ratlo. Temperature/tlme records

of castlngs durlng gelllng 1nd1cated a’ hlgher peak temperature for

the 40 parts DDM material than for 27 or 20 parts DDM. It was also '
“seen that the higher DDM content produced a peak temperature earller

“in the cure cycle. The temperatures of the varlous res1ns at the

point of casting also showed systematic variation,-the higher DDM
contents g1v1ng rise to. hlgher pourlng temperatures. (hll castsL‘.

were made from charge welghts of the same order of magnltude and

;'all batches . recelved nomlnally identical treatment prlor to castlng) R

(1)

Lee and’ Nev1lle p01nt out, however, that tertiary amlnes -
.generated during oure by primary and‘secondarv'amines- are sterlcally;~7 Cian
"Ihindered‘or immcbile : Therefore, they do not eas1ly catalyse
polymerlsatlon through hydroxyl groups. |

There have to be reservatlons about the appllcabmlmty “
“of these ideas if the infra red and other chemdcallanalyses are_ir'
considered"to bexthe”only'parameters‘of siénificance;15The=near?ﬁ“'ﬁ
_ equality of the - OH/C O-C ratlos for res1ns of high and low DDM :
content is not matched by a near equallty of modulus values for

_example. Nevertheless, characterlsatlon studles should 1nvolve

more than chemical morphologp end it is_withﬁthiS‘in mlnd that%d
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comments are made about'physical morpnology later:in this &
dlscuss1on.

12.%. 3 General Comments on Fraoture Toughness and Meohanioal"'

Behaviour .

From the point of view of crack tip plasticity,-the' ”"
varlatlons in fracture toughness, V1sco-plastlc y1e1d1ng and
tensile Young s modull ars qulte consistent. The 1nab111ty of low
DDM material to.sustaln-large craok openlng dlsplaeements prlor_
to prooagation is oonslstent with its‘low fractureltougnness.;‘
Only a small amount of energy is d1$$1pated because the materlal
- at“the crack t1p is less amenable than hlgh DDM materlal to v1sco--
plastlc deformation at the testing speeds employed. The cracu tip ” 
remains relatively sharp and.therefore.the'stress ooncentrationl:'
leffect is high. When the'naterial'yields, it does so rapldlj and
this event is closely followed by bond runture. The low craok'openiné:‘f
dlsplacement is also in keeplng with its observed hlgher modulus,
since the tens11e (brlttle) fracture stresses for all the re31ns are ;:“:.
simllar. A lower straln at fallure might therefore be expected for the

(94)

material with the hlgher modulus. Dibenedetto and Wambach havel
also found that Epon 828; cured with a eutectic mixture of aromatic~

amines _(ﬁrobafbly_ DD ana metaphenylenec_liamine), _when" subjected to
-stoichiometrio variation, has a modulus trend similar to.that'reported, ST
l'here;- A correspondlng 1ncrease 1n.}’wes recorded as their cure agent
'coneentratlon uas 1ncreased. No peak 1n.77was reported but they

d1d not extend the var1atlon 1n oompos1tlon very far beyond the
st01ch10metrlc p01nt. Grlfflths and Holloway(S ) “have reported an. T

1norease 1n.7', for an epoxy cured with phthallc anhydrlde (Araldlte"

CT200/HT901), on 1ncreas1ng the amount of crossllnk agent but there o‘

was no peak in the'curve. .They did not glve the value of the st01ch10metrio_‘.




'i“;that 30 parts of phthallc anhydrlde would be requlred for full cure.d

-rf‘values quoted by Grlfflths and Holloway do not wholelysupport the

””_1eve1s of DDM. The work of Ishal

_composltlon but from the 1nformat10n onlep0x1da equlvalent 1t 1s estlmated

.- Theiwr 1nvest1gatlon dld not cover anhydrlde contents 1n excess of 30

"f”parts, so that the presence of a peak 1n7'cannot be ruled out.‘ Modulus

“;present results on 828/DDM but there are compllcatlons due to the fact

| ﬁl that thelr System used an anhydr1de rather than an amlne curing agent..*'3'~

It mlght be argued that the 20 parts DDM re31n s greater 5:121.?pj3,
;-Post—yleld compres51b111ty should allow conslderable crack bluntlng

ftO occur.i It should be borne in mlnd however, that the more v1sco-}ﬁwiﬁ:

elastlc res1ns begln to 'y1e1d' at lower stress levels.‘ Thls allows

l-tthe crack: tlp more scope for eccommodatlng 1ncreases 1n load There,ff:hl.:h
'lﬂilS also the questlon of yleld klnetlcs and subsequent stablllty of the :{‘f

'ﬂrtestlng system to con51der, apart from the w1der problem of applylng

‘ compress1ve data to plane straln ten311e openlng mode 31tuat10ns. ”,fg,i='

- It 1s perfectly val;d to assess a materlal's behav1oural character

”by compresslon testlng but the precrse matchlng of trends is- not a’
llkely occurrence in‘a study of thls nature.ifdiiihffﬁ o

| Behav1our 1n compres51on does 1nd1cate that low DDM | f;;i;iiéa}fﬁgj

' materlal ylelds in. the class1cal manner 1 e.:a sudden yleld assoclated .pfpr

x"w1th a drop 1n load Thls sudden onset of permanent (at room .‘.;ejiiﬁ;i::;w

:i,temperature) deformat1on also 1mplles that the rupture of prlmary :fe;;#hjn

chemlcal bonds is 1nvolved or that the agency prov1d1ng reslstance to'rsi -|~l

2 plastlc deformatlon is less exten31ve than 1n re51ns containlng 1ntermed1ate |

(95 96) (97) “**;1

and of Steg and Isha1 hastﬁh

shown that 'delayed' yleldlng 1n a flexlblllsed epoxy-Versamld* systemn:@5f-"\
n 1s attrlbutable to the dlsruptlon of what they call physzcal' ratherifw

7'.than chemlcal bonds. The phys1ca1 bond they allude to 1s, 1n thelr

oplnlon, a hydrogen bond ' Thls 1s in keeplng w1th:he results dxalned‘ﬁf‘ar

- for the Eplkote 828/DDM system at 1ntermed1ate composltlons..;fﬂlx_ﬂ

% Trade name for Cemeral Mills; TInc. polyamide flexibilisers.
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Whichever of the parameters nlotted in Pigs. 22 and 2 1s
chosen to describe the mecnenical Behaviour of the resin;‘the.trend
is one which dces not endorse the'simpie‘idea,tnet increesed DDM
content automatlcally 1ncreases crosslink den31ty (even 1f the limited
range 20=-271 parts is cons1dered) Other phys1cel characterlstics of
the morphology must be”nnestgﬁteL The majority.of the_mechanlcal

property trends indicate that the 20 parts DDM resin_isﬁsignificantly

different from the others."In particular, the”yield‘point_characteristics‘

considered above'are quite noticeable. The relationship betneen jield
behaviour and fracture surface work is not'likely?to be a simple one.
The tendency for the tougner resins to exhibit less well defined yielding
in compression, though'weli esteblished'by the results in general,
cannot proride an exact correlation between)’an&,for examnie, yield
drop in compression. Honever, the existence"cf a“sharp_yield either
in tension or compression does give some indication of the reiatiue
toughnesses of the resins; (See Fig. 24 and Table 6). -
Having considered the variation of pronerties as‘a function _
of the chemistry of the system, it is necessary.to‘examine.the-role
of phy51cal morphology, in order to ratlonallse some of the results.

12.4 ths1ca1 Morphology of 848/DDM dnd its Contribution to Mechanlcal

Behaviour
Tt should be made clear at this.point that no quantitstiue
data is availacle'for.the correlation.of mechanical.property trends
in terms of physical morphological-parameters.. The subject istin'its
‘infenoy. However, wnat is known is_thet a feature is observed'which
‘responds to mechanlcal forces. | | |

It cannot be dlsputed that the effect of mechanical

.deformation beyond the yield p01nt results in permanent distortion of

this feature. The sequence of events employed for revealing this effect,

—_
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i;e. aeform—cnemicallyfetch-exanine;=doee'not alion the?feature to
be regarded merely'as an artifact. The fact that dlstortlon is observed »
in areas whlch have not been sanected to dlrect abra51ve actlon rules’ |
out the possibility that the act of pollenlnglelspeclmenlglvee rlsertc
these particular etch features. ‘A'ﬁarticular surface contcurswhich iej
amenable to non—unlform chemlcal attack may be env1saged -.w1th the
result that an artlfact is generated - but in thls case the feature is‘

‘too far removed from the surface to have been generated in such a way -

(Fig. 46)

Again, the‘develcpment of‘identical.featuresf(Fige; 47 and 51);__

by two completel& different routes supports the validity of the result;
A euestion cf fundamental innortance with regard to'the etched feature
is:  '"What is there within the entity whichjcan influence mechanical

- properties'? Parameters whfch'beccme worthy of inveetigation.are:

| (a) Size and.sizerdfstribntien.cf features;f."

(b) identity and distribution of chemical bonds within. .
a feature, o

(e) shape factor.
The effects of heat treatment, st01ch10metry, mould wall

.preparation and mechanlcal deformatlon durlng cure on such parameters’
are as yetlnmnown. A preliminary 1nvest1gat10n of size V. DDM content,
surface preparation.and chemical etcning conditions (see section 10.5.1.)
‘failed to-isolate any significant'trend. fUnfortnnately,_due td'tine__.
1fmitations,-an extension.of'theee'inveetigations has nctrbeen-toseible.

.;Qne poseible trend nas_emerged,'hQWever, as.fllustrated by_

a comparison of Fige. 51 and B2. | The existence'of terraced structures

within the erogion zones of ‘some 1on—bombarded epec1mens may be elgnlflcant.‘

of equal sngnlflcance would. be the absence of terraclng 1n resins
contalnlng 20 parts DDM, = The - ‘reasons for these differences are not
fully.understood. However, the poss1b111ty of a structural dlfference,

resulting in & change of intermolecular bonding_or packing arrangement,
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is one way of lnterpretiné-the evidence. Wlth this in m1nd the
variations in mechanical behaviour may . be ratlonallsed

Low DDH meteriel, heving low ether-link content and Low
conversion of epoxy, may still be'rigld in e modulus test because thé
predominant - factor is the prlmary bond. Low conversion of epoxyrmeans
Low hydroxyl (from epox1de ring openlng) concentratlon. Therefore,_the
-only bonds COntributing signifioantly-to a modulus value*are-etrong .
orimary bonds. | | |

A stoichiometric resin may possess a higher ether-link
content (prlmary bonds) but the materlal may suffer a change in molecular
conformation because of this. The relatively constant-hydroxyl/ether - |
racio ln the range 20—27 perts DDM may not be the:over—riding factor
T in decermining mechanical properfies. However, at‘higher DDM contents,
fhe inflnence of this ratio on mechanical properties may become greater
because there is relatively little change in'ybxsical morphology'in the-
range 27=40 parts bDM.‘ The shallow increase in modulus in the ‘range
27-40 parts DDM may reflect the variation iﬁ hydroxyl/ethef ratio rether
than a significent variation in basic physical morphology.

The mechanicel properties must be a function of botn'
chemlcal identity and phy31cal dlsp031t10n of the mloroscoplc.
repeating units. Tne variation in propertles Wlth DM content
.may be comPEtible with tho infra-req analysis, if due allowance is
made for pnysical norphological chenges. - “ |

In the absence of information concerning fhe kinetics f
of these 828/DDM reactions it is not p0331ble to establlsh whlch
reactlon schemes are predOmlnatlng at partlcular times durlng cure
and therefore one can only speculate on the_orlgln of the morphology.'
Such information could prove very ueeful-in ¢clarifying the relafionohip

‘between chemical and mechanical behaviour.




Ev1dence for the ex1stence of a structural entlty 1n reslnous

; substances has been obtalned by other workers.ﬁ Apart from the Work

(18 29), whlch 1s conSLdered later, there have been

(1 6)

Ihof Cuthrell

: 51gn1flcant contrlbutlons by Erath and Spurr Erath and Roblnson(17) :

(22) (21)

-Frank et al ‘ and by Lln and Kramer The ev1dence prOV1ded 1n

_ references 16, 17 and 22 conslsts 1arge1y of electron mlcrographs of
shadowed repllcas produced from the surfaces of several thermosettlng e
res1ns.: The mlcrographs prov1de ev1dence of the exlstence of globulartiﬁs;
formatlons Wthh have an apparent dlameter of approxlmately 0 01-0 09 nm

(16)

{100~ 900 ﬁ) There is also ev1dence . Whlch suggests that the R

globules (or nodules or mlscelles) can be arranged 1n a f1lamentary -
.manner, the fllament presumably hav1ng arlsen 4n the earller stages‘fft7”*"
' of polymerlsatlon.

Some thln seotlon electron mlcroscopy has also been done, Tl

( 6)

ﬁusing a phenollc res1n ’ whlch agaln 1nd1cated the ex1stence of & e

jnodular'structure. Electron mlcrographs of repllcated epoxy showed

(16 )

that nodularlty was enhanced after leachlng w1th acetone Thls,.ﬁiy -

it has been suggested is further support for the concept of dense
ot

j'nodules embedded in‘a 1ess dense matrlx, the 1atter belng rather

“HOYTe . easlly attacked by solvents and etchants.‘ (See also section 2 2. e

- and below)

When comparlng'the d:mens1ons of the noduleslreported rn fﬂ”gj"l'
references 16 and 17 w1th those of the features revealed by chromlc.
acid etchlng of Eplkote 828/DDM one flnds an 1mmed1ate dlscrepancy. fﬂ“;*;;
The electron mlcroscOplc observations glve rlse to nodule; dlameters S
.l of the order of O 1;1m (1000 A) whereas the etched features in 828/DDM'huf

" are of the order of 10;xm (100 OOO R) However, closer examlnatlon f*li.'
.of fngB:for example, 1ndlcates a flne structure whlch may be composed*
of nodules of” the order of 1 O;xm 1n dlmens1on.; It appears that

chromlc 361d etchlng may not reveal the smallest sub-unlt of structure e




- ""ac1d alone) although the con31stency aohleved by etch1ng 828/DDM Wlth

S treatments., Thelr 1nvest1gatlon, whlch 1nvolved platlnum-shadowed

wahereas other methods of examlnatlon m&Y dO So-t It is conoelvable
'L"that dlfferent etchants Wlll reveal features of a dlfferent dlmen51on;

(7)

.-tIn fact, the suggestlon has been made that a varlety of organlc
-v:etchants, w1th polarltles oompatlble w1th the materlals to be removed;:
'mlght provlde better ev1denoe of the chem1cal 1dent1ty of 1nter—nodular
‘lspe01es.. The Work reported in’ th1s thesls has also suggested that o

tthe 1dent1ty of the etchant has some 1nfluence on the result (compare }?

= the effects of etohlng Eplkote 828/DDM w1th mlxed ac1ds and Wlth chromlc‘

pchromlc acld, together w1th the concurrlng evldence frOm 1on-heam
5L_etoh1ng experlments 1nd1catesthat the structural feature of 1nterest Ij“me\

%jls qulte large.

- The d1fflcu1ty in deflnlng the dlmenslons of a structural
(22)

f”;entlty 1n re31ns has been enoountered prev1ously. ‘ Frank et al

‘T“;examlned 1on—bombarded surfaces of "amorphous" polycarbonate and showed

that a feature s1m11ar to those of flg. 43 and those in referenoes 16 and 17

- could be. revealed The dlmenslons of an apparent network of ‘"gralns“3tr E

‘ﬁ'were seen to vary w1th heat treatment. These changes were not dlscernable

'1n unetched samples.u They also reported dynamlo meohan1ca1 measurements'hjv'!':

1'z‘ln support of the apparent structural changes 1nduced by varlous heat 'H}ﬂ

fi"carbon repllcas, 1ndloated "graln"f dlmens1ons of 0 O1;xm (100 ﬁ)

In all the above cases, 1t has been reported that the “”h”*'

t“"globular morphologles of reslnous materlals have charaoterlstic
-wfdlmens1ons muoh 1ess than 1J£m.. However, the wcrk rePOrted 1n thls fﬁt‘
“'fthesls suggests that there is a response not 0n1Y t° 9t°hlng but

'.‘also to mechan1ca1 deformatlon, Whlch extends for dlstances of the order'pf:;ﬁ

St several,pm. The concept of a "supernodulem*haa 1n fact, been i

Klement .- (97a)

'proposed by A; and Ge11 1n the oase of polyethylene terephthalate.!5pu-l

®¥  Trhoen Gell's term used to descrlbe an area of
agglommerated nodules.“ e : By




“f;f-stlll much less than 1;;m, the 1dea may be worth 1nvest1gat1ng 1n,r

‘fﬂuwto the author's flndlngs are those obtalned by Cuthrell

e ‘mlcropenetrometer traees and sess11e drop contact angle measurements 3;,*

k24-696ﬂ¥,;g;tf¢ﬁ{;ftteﬂlh.

'~E*Although the dlmenslons of these proposed supernodules 1n PET Were 'if

hf;;the case of epoxy res1ns..#
The only publlshed results whlch 1end quantltatlve support F
(18 20) U 1ng';?

BN a number of technlques, 1nclud1ng multlple mlcro—hardness measurements,

o he was’ able to conclude that some cured‘epox1es cons1sted of“floccular"5t
*:aggregates approx1mately 20—90;4m in dlameter.q He concluded also that:f
?'floccule dlmen31ons were determlned prlmarlly by the thermal condltlons;}ji

'";‘durlng the early stages of oure, hlgher 1n1t1a1 heat transfer rates to.;ﬁ.
‘:&the samples glVrng rlse to smaller floccules. Correlat10ns=between e ]

. floccule s s1ze, physlcal, chemlcal and electrlcal propertles were suggested |
"by Cuthrell. The underlylng theme of ‘his discuss1on wes - based upon the ~ﬂfa
-perlodlclty of the measurements he undertook and 1t was ev1dent that he ff
‘aid not rule out the ex1stenoe of partlally ordered structures. Unfortunately,‘

'very llttle plctorlal evldence of the exlstence of flocoular aggregates

was prov1ded in references 18~20 8 Therefore, a comparlson w1th the..u‘#t'\mnw“.
: :work reported here is’ not poss1b1e.‘_However, the fact that a PerlOdlClt&;i_ri,g

twith a half cycle dlmenslon of 20—9Qf;m Was detected supports the o
ﬂ:_author s view that there could be a large structural entlty 1n Eplhoteii_;f
t~828/DDM whlch is capable of respondlng to mechanlcal deformatlon.

' 1The digtortion revealed by etchlng (e g. flg. 45) must be attrlbuted

"}to some mlcrostruotural element even though 1t 1s dlfflcult to see
?gan immediate link between that element and, for example, the features ffr?fybiﬁ“

"on a fracture surface. (Some comfort is. drawn from the observatlon

lﬁthat fracture topography 1s not eas1ly correlated w1th the known
"7morpholog1ca1 characterlstlcs of metalllc materlals) In the absence i

' of any evldence of floccular morphology in undeformed epoxy, 1t mlght

‘be argued that the deformed, etched features are a manlfestatlon of

: ,mlcro—shear bands. They may represent the result of mloro shear




'Processes but the fact remalns that they bear a remarkable phy31calﬁpﬁ

"Lj'lresemblance to the undeformed etched features typlfled by those in- fpi;}tikpf

*V“pproposed by Manson and Chlu

S With a polyamlde) Although they suggested that the resldual stress

- B Vflgu 42 -

Acceptlng, for the purposes of dlscuss1on, the reallty ofi.;_

_such a structural unlt one may oons1der the permanent dlstortlon off$;¢awa;ﬂﬂ

the resln to represent a form of orderlng.' Orderlng mlght be ach1eved7??""w

- jdurlng cure by resldual shrlnkage stresses. ThlS mechanlsm has been;ﬂ;gpf'

(4)

..‘1n order to explaln anomalous Water

‘1permeab111ty characterlstlcs in a glass—fllled epoxy (Epon 828 cured 51. o

- vas the result of a mlsmatch between coefflclents of expanslon cf
”the reS1n and flller, the agency creatlng the order would stlll be ;

a meohanlcal force.h Cuthrell( ), 1n h1s work on ep031es, 1nd1cated

' "l,that res1dual straln bands Were prevalent 1n samples cured at lower |

P glass trans1tlon temperatures and greater res1stance to solvent

'_temperatures 1.e. 1n res1ns characterlsed by 1arger floccules, hlgher }.fﬁ.ﬂz

_etchlng. The’ larger-1nterfloccular.spaces5‘1t-was 1mp11ed,~allowed, :;f?ﬁ;;j

diffusion controlled curlng processes to cont1nue after gelatlon.

In the 11ght of the above d1souss1on,_of Cuthrell's work I

‘in partlcular, 1t may seen . strange that dlfferences 1n etched feature ﬂ“f-

dlmenslons were, not readlly apparent 1n Eplkote 828/bDM However;-lt

"should be noted that falrly severe cure schedules were employed for ;‘J &Hp .

-'the magcrlty of the work reported bere, 1mpljing that any 1nternodularaVaV“sb

o post Delatlon reactlons tere Iully encouraged in all formulatlons.‘“ﬁ” '

E jThe most strlklng dlfferences 1n mechanlcal behavrcur‘and thelOnly
. apparent slgnlflcant phys1ca1 morphologlcal change occurred somewherelﬁ RIS

1n the reglon 20 27 parts DDM . The less strlklng dlfferences,:ln |

;Young 8 modull for example,'occurred between 27 and 40 parts DDM

between which 11m1ts there was no v1sual ev1dence of a s1gn1flcant




R ev1denoe to the contrary, that floocule dlameters and floocule shape:?v

lgf_T-the etched features 1n thlS re51n would certalnly be a very useful

' «dw1th more than one etohlng technlque, may help 1n decldlng whether the :

- phy51cal morphology change.; If 1t is accepted, 1n the absence of
factors 1n 828/DDM have not changed as a functlon of st01ch10metry,ff
','one must conclude that a comblnatlon of st01ch10metrlc control of }ﬁi
' ‘1ntra-nodular morphology and 'remanent"st01ch10metrlc control of -35

:.1nter-nodu1ar chemlcal react1v1ty are the 1nf1uent1a1 parameters 1n g

.“fdetermlnlng the propertles of Eplkote 828/Ep1kure DDM arﬁé_;F

B development of a. quantltatlve stereologlcal method of charaoterlslngff
T tool for clarlfylng the 31tuatlon.1_ Quantltatlve stereology, comblned

:fu;floCcular features observed after chromlc aold etchlng are "supernodules"

o and Whether they 1nfluence the propertles of the re31n.kof:




12.5. Variation of Properties as a Functien of Cure Cycle

Consideration of the'results_presented‘in section 9.3,

.Ieads to the eonclusion that initial'gel témﬁerature is nof a veriaﬁle'.  '

Wthh greatly 1nf1uences mechanlcal prOpertles 1n 828/DDM when a
two-stage cure schedule is employed.‘ The only correlatlon between
ffaefure and meehanical beﬁaviour occurred in the-low IDM resin,
)In-this caee, yield drop ie compression showed a eiﬁilerltfeﬁdeto
fracture surfaeelwe;k: (AleimiIEr cofreletien wae noted in section
“12.3.3. ).
.The two efher resin compositions were ia?gely_unaffected'
by changes in gel)temperature; except for'Y values. The verietion |
in Y was vefy much less than that obtained as a fenetion of  DDM
. centent{'Analyses of infra-red absorption at 35300m;1_and 1110cm™!
{- oH and.C;O—C_groups) were unable to disfinguish between resins

- of the same initial compbsition Which had been subject. to different
éeiltemperatures. 'Thermo—mechanical fraesitione appeefed to be
sens1t1ve to gel temperature (Flg. 34) but the rellablllty of this
result has alreadygbeen questloned in Chapter‘10 of the mechanlcal
parameters measured, Y'was the most sensitive.to changes in cure
cycle. Young's'modulus‘ﬁes‘particularly insensitive to varietion

in gel temperature, _Identicai remarks can be made with regard to .

extending fhe?cure.time'of 27 parté DDM resin at 4480K. _The_appareht 

insensitivity of the system to-chaﬁges in gel:temperetufe might be -

explained by regarding the final sfage of cure at elevated temperatufe-

to. be the controlllng factor for a glven comp081t10n.‘ This contrasts

(98) ‘

w1th ev1dence in the llterature s that the rheologlcal behav1our
durlng cure of epoxy/anhxdrlde sysfems is dependent upon the‘cure
temperature relative to the maximum glass transition temperature

of the system and relative to the glass transition temperature at
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' the gel point. If tne reaction sequence in 8?8/bDM._is more sensitive
to temperature varrations'éaﬁw in the gellation process'(possibiy |
even during mixing) then it is conc.eivable that'little' changé in
propertles will be induced by varying initial gel temperature 9605 :
(16 mins.) after the reactlon has been started Even so, fracture
surface work,'Y y aAppears to be a sen31tive_parameter'for monltorlng
these small changes. | | -

12,6, Effect of TestingﬁSpeed on Mechanical and Practure Properties

Some variation intmechanical and‘fracturelproperties with
testing sPeec'would be expected for viscofelastic naterials.- The |
regponse of the.material at the tip of a crack will influencelthe
amount of deformation and slow crack growth that occurs prior to
sudden propagatlon.' This p01nt is well 111ustrated by the decrease
in rough zone size whlchkaccompanles an increase in testlng speed, |
(Fig. 63). Tne strong correlation between ¥ and rough zone size
. observed for variations in stoichiometry also applied for testing
speed variation,_(Fig._56).'

~The closer agreement between T'values obtainec'by Gurney's
and Irwin-Kies' analyses at high testing speed is lcgical if one
considers the 1ike1j velocity profile-during crack movement. The
major part of the propagation length is covered at‘high speed
(crack movements Of'50—100mm took much lessnthan ﬁs). .However;:the
agency respons1ble for the storage of large amounts of elastlc energy
prior to rapid crack propagatlon ina low speed test is probably
associated w1th the slow growth (1.e. bluntlng) of the ecrack. 'At.
low testing rates, the visco-elastic and visco-plastic:processes:
which are now knorn to occur in this.resin'systen (section 12.3.3.).
are given _time to ooerate. -The greater the stored energy, the longer
the propagation 1ength after 1nstab111ty 1s reached. This accOuntS"

for the shorter crack Jumps at lower fracture toughnesses and higher

testlng rates. At hlgh testlng rates, the v1sco-elastlc ‘processes
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ére iikeiy tb be sﬁb&ﬁed Qnd.the high speedﬂﬁfbp@gation step becomes
:-moré significant as a contribution to the total énérgj consﬁmed. 
It has alréady-been ﬁéﬁtioned thét y'intepoxy_réSins'vafiéé,with:
:_éfack speed in stabilised testing Systems(81).l The trend is that Y.
at 16& ratés, Jis very much hlgher than at hlgh testlng rates and

the curve is as§ymptqt1c ;.9. there‘ls a strong_negatlve'Y v..crack‘
speed characteristic at low speeds and relatively_littlelchéﬁgé‘int :
that extremes of érack speea Therefoferit is éaéy t§ viéualise
ta crack Jumplng 81tuat10n at a relatlvely hlgh testlng rate where

the rapid propagation step contrlbutes s1gn1f10antly to the value of?’
and has a relatively constant value._ The Gurney analysis would then
- be more appropriate thaﬁ at low testing speeds, . |

12.7. Comments on Fracture Surface Features and theéir Relation to

Crack-tip Processes

It has already been noted in Chaﬁter,11 that there was
no fundamental difference.bﬁtweén the fraéture'surféces_of,the tariousr L
resins exgépt for'the.predomingnce of ‘the triangular areés in Fig. 62
(in 20 parts DDM) and thé size of the réugh zone, The existence
tof.such'featufes (Fig.'62) in this system Sﬁppo;ts'thé earlier
observations of ﬂilley.and Holloway(gg). They observed an identical
'effedt-ﬁear c:ack arrest 1bcations and attributeﬁ'it'to“crazing in

their Araldite CT200/HT901 epoxy. They also reported that crazes’

grew in a directicn pefpeﬁdicular_tb the_ldpal priﬁdipal streés aﬁd_'
-that‘the craze denéity afOuﬂd crack t;ps loaded-at roém.temperature_
for'approximately SGOks (100 hours)‘was small in cémparisohlwith

that obtalned at elevated temperatures. In contrast to Lllley and -
Holloways findings, thennarrowly confined zone in whlch ‘these-

features occur in Eplkote 828/Ep1que DDM was only observed at low
DDM conténts. There may, howevér, be a:rate or:tempetature.deﬁendence

characteristic which excludes the formation of'such_fcrazes"in
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fully* cured 828/DDM at theitesting speeds employed. Loug.term
static loadlng may prove necessary for thelr formation at room- |
temperature in the fully* cured materlal It is also of 1uterest"
that Lilley and Holloway observed larger crazes in CTEOQ/HTSOl |

' formulations of below stoichiometrio amount of'HT§O1.

The only other’major:feature of interest on'fracture

surfaces was the rough zone, near the initiation area of propagation. '

‘The extent of the rbugh_zone, as seen in Figs., 63 and 67-correlates
uell with freoture parameters messured from'initiation_date. Prior
to sudden propagation, an amount of slow growth occurs duriug the |
‘application'of load.-'The_extent ofihis growth is determined by the
natural risco-elastic response of the material and the effective
loeding rate at the crack tip. Given time to.respohd,‘the meterial
near the tip will relax the local stresses and ertend the.area of
deformetion either in the form of crazed regiohs.(tyﬁified by thermo-
plastics) or by multiple crack plane formatiouland associated macro~
scoplec crack blunting (the latter.particularly in ereas of plane
stress). An assessment of the relative contributions of these
meohanisms is difficult to make. 'However,'if the fractographic

' evideuce and crack tip morphology are oonsidered the initiation

Y or KIc values in Eplkote 828/DDM at normal testlng rates do not
Vappear to rely on cr321ng as a magor contrlbutlon. Within certain
 erack speed ranges, thOugh the behaviour of an under—cured.(lou” |

DDM) resin does seem to be related to a craze—llke'phenomenon; .

* This term is used in its conventional sense in this section,
to descrlbe a st01ch10metrlc res1n which has rece1ved extensive

cure treatment




PART 4 - Conclusions and Suggestions for Future Work

CHAPTER 13 - Conclusions
13.1.. -
The mechanical and fracture properties of Epikote'828/

Epikure DDM'systems are highly dependent on the relative amounts -

of resin and cross-linking agent, pérticuiarl& at low testing rates.

"The crack tip phenomena which are observed during fracture tests

can be related to the fracture propérties and‘fo'thé general mechanical . -

e

The variation in fracture and mechanical properties of -

behaviour of the:material.

13,2,

Epikote 828/Epikure DDM systems cannot be explained in terms of the |

simple concept of cross-link density. Chemical and physical
characterisafion tgchniques have been.used torestabliéh that two
competiné reaction échémes may—be responsible fdr'the oﬁservea
variations in properties. | -

The relationship between chemical ;nd bhysicél morphology

is not clear. Howeﬁer; chemical and ion—beam'etching methods have

been develbped,and have been used to establish the. existence of a

morphological entity which responds tb'mechahicél fofceé. Moreover,'

10n~beam methods have been able to 1dent1fy some potentlally
31gn1flcant structural trends in thls system whlch may clarlfy
the relationship between chemical and physical characteristics. -

13.3.

The mechanical and fracture properties of Epikbte 828/

Epikure DDM systems are only slightly affedtedvby.chénges'iﬁ_initial

gel temperature and by moderate increase in post-cure time at 448°K,




s
It is not known ﬁhether'this ig bhecause thé réaction‘sgquénce may
" be detérminedrat a véry eérly stage éf cure (by stoichiometfic and . |
thermalrinfluences)'or because the post—cufe at 448°K may be -
sufficient to.compeﬁséfe fbr minqr ﬁjfferenceé'during'géllation..
13.4. | B

The mechanical and fracture properties of Epikote 828/

. Epikure DDM s&stems'are rate sensitive, In'paptiéular, hiéher
festing rates result in.iowef fractﬁre tbughnesséé,.lfhe fate
sensifivity is nof ﬁnique to aﬁy one‘cémpésition of resinQ'_Ratéf _
éenSitive‘crack tip processes are believed to be responsible for
changes in macroscopic parameters. | :

13.5.

Comparison of fracture. surface work valués for material/
épeciﬁeh/testing machiﬁe combinations ﬁhich behave in an.unstablé
manﬁer should only be carriedidut using initiation data, if maximum
sensitivity of the frécture paraméter is to be ensu?ed.

13.6, |

: The‘failure mechénism in Epikote 828/Epikure DDM systems .
téstéd'at normai ratéé'does ﬂot abpear to_bé.élosely'reiafed to '
craziné pheﬁoména,_exéept for resins dontainipg éonéidérablj 1eés -
_than stoiChioﬁetric quantity of DDM, |
13.7. |

The fractureréﬁrféce_work paraﬁeter,'ﬁeasﬁred with tﬁe
aid of the TDCB fraqtufe test piéce, is a very u;efui and.sensifive
measure of changes in the. resin system; It is é.statistically
rreiiable paraﬁeter'when measured thus'ana'can-be evaluatea without

sdphisticated instrumentation.
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CHAPTER 14 - Suggestions for Future Work

14,1. General Comﬁents
Broodiy, the.lines.of apﬁroach‘reoommended for future
'.work.oan be categorisod as: e
(a) specific studies of Epikote 828/DDM; particularly
with regard to chemical apd physical morphologies.
(b) exteosion of the teohniQues described and developed.
'duripg the course of thio work fo ofher”matéfiois;
including.composite'sysfems. | | H

14.2. Specific Studies of Epikote 828/DDM

This material is an important exanmple whioh typifieo _
many of the industrially used resiﬁs. Therefore? detailed kﬁowlodge
of its behaoiour is uséful. With regard to the rélatioﬁship.betﬁeen
morphology and mechanical behaviour it would be wofthwhile:inﬁestigating
the kinetics of the crosslinking reaotions. 'Such'a study might ;
clarify the ideas aboot the competitive reactions producing:ethor
and hydroxyl groups. A more.detailod analysis of the systeﬁ by

- chemical and ion-beam etching would also be uéefol. In pafticular,
guantitative stefeoiogical analysis of'etched'surfooés could  be
carried'out with fhe aid of image aoalysing systems; Armed with this

. knowledge, a quantitative correlation botweon ths;oal,_chomicai aod_

mechanical characteristics could be attempted.

14,%3. Use of Fracture Parameters and Etching Techniqueé as

Characterisation Methods
The fracture surface work parameter has been ohowo, in
‘_this study,'to be a sensitivo'one. Its pracfical application ao 5-
:‘metood of-generoting'engineéfing data coold oe sopplémontod by ite
use as a 'charaoterioation' doﬁico; Maﬁerials othér than epoxy resins

are candidates for study.
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&-‘The etehing methods described in this thesis are as yet

non—quentitafive. The~suggestion of stereologicei analyeie hes'

alreedy been made. Another possible fruitful iﬁvestigafioﬁ would be. -

cohcerned with ien beam efchingeof composites."Infeffece‘regionS'aree
extremeiy'imﬁortant in ooﬁposite systems and their charaeterisation:’
would prove to-be a‘valuable contribution to the.endersteediné'of _”.
_ the mechanlcs and chemlstry of comp051tes.. Chemlcal etchlng of
polymer comp051tes (e. g._deformed epoxy/flbre comp051tes) may-
indicate how well thecretical treatments.of.the mechanics of

deformation matéh the real situation. It is now known that in :

epoxy resineg, a feature which responds to deformetion.can be*feveeled""

- by chenmical etchiﬁg. If sampling problems can be overcome, better - |
analysis of deformations in composites may be possible,

14,4, Matrices for Compoeites

One point whieh emerges from the investigation of,mechanieel

behaviour in Epikote 828/DDM is that a wide variety of behaviour
.. can be achieved. It is possible that not'enoﬁgh attention has
‘been given in the past to the modification of matrix properties in

exisfing epoxy composites. In this context, therefere, interface

and matrix characterisation offers considerable scope for.ekperimental

- study.

“14.5. Author's Conciudihg Remarks*

. Throughout the three year span of this work, the author

. has become progre551vely more aware. of the complexltles of even g
a '51mple system-such as Epikote 828/DDM. It is tempting to suggest‘
that many of the questlons ralsed by this work are unanswerable.

However, it has also become more obvious that the solutlon of these

problems can only be effected by way of carefully planned experiment,_
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not necéssarily with the aid of sophisticated equipment. .There is- -

o substitute for logic. It is hoped that the reader will find this

thesis of some use,'if:only in the application of his own logic to

the numerical data, where the authofﬂs h&s‘failedg




5.

10.
1,
12.
13,

14.

15-’

16.

17.

- 79 -
REFERENCES

H. Lee and K. Neville
Epoxy Resins ~ Their Applications and Technology,
McGraw-Hill Book Co. Inc., New York. (1957). .

W. G. Potter
Ep0x1de Resins, Plastic Inutltute,
Publ.” by Iliffe Books, Londen. (1970)

Bpoxy Resin Technology
Ed, P, F. Bruins,

Interscience Publlshers, John W1ley & Sons Inc., New York. (1968).

I. Skelst and G. R Somerv1lle
Bpoxy Resins
Reinhold, New York. (1958).

H. L. Spell and R. D. Eddy
American Chem. Soc. Symp.
148th Meeting, (1964).

R. G. Weatherhead

' Analyst, London, 91, (1966){‘445.

B. H, Miles
American Chem. Soc. Symp.
148th Meeting., (1964).

H, Lee and K. Neville‘
Handbook of Epoxy Resins
MoGraw-Hill, New York. ({1967).

W. A, Patterson .
Analyt. Chem, 26, (1954), 823,

J_ Bomsteln S : :
Analyt. Chem. 30, (1958), 544.

0. D. Shfeve, M. R. Heether, H. B. Knight ahd D. Swern
Analyt. Chem. 23, (1951), 277.

H. Lee and L. Vincent
Adhesives Age, 4, 9, (1961), 22.

R. B. Kagarise and L. A. Wéinberger'

U.S. Govt. Report PB 111438 (1954). .

H. Dannenberg and W. R. Harp

- Analyt. Chem. 28, (1956), 86.

H. Dannenberg '
S.P.E. Trans., 3, (1963), 78,

B. H, Erath and R. A. Spur

J. Poly. Sci, 35, (1959), 391.

E, H., Erath and M. Robinson : _
J. Poly. Sci. c, Polymer Symposium No. 3. (1963).




o Jngppl.,Pely._Sci,ell, (1967){'949{;,ﬁ;3j:75-- LT

.19, R,-E. Cuthrell = . oo
S “Applg7301Y-1S°isfll;°(1967),f1495-"?t

L .'Appl.fpoly; sci,\lg;=(1953),;1263,(.,w,,qﬁ;;awﬂ G

'¢4nrilgaxl§f

"*'20&. G, S. Y. Yeh - ST L e
. Crlt. Rev1ews. Macromol.,801, 1, (1972), 173._J REEEURS

IR P w. Lin and.E. J. Krawer o _j' "_ﬂ-;
3. appl, Phys. 4y 10, (1973) 4288;5*.ﬂ

Lieie ;ﬁj.;722.” W. Frank, H. Goddar and H A Stuart AR
sk T '.Polymer Letters_ﬁ, (1967), 711.‘,'~ L s S

'"22&. P.. M. Geil B : : LR e
'+ Polymeric Materlals - Relatlonshlps between Structure and R
;‘_Mechanlcal Behaviour . -w‘_“;5wfj,ﬁ

' ASH Seminar (Sept. 1973) Chap. 3. (Publlshed by ASM 1975) L

. 23' G‘ So Y. YEh co | V P BT e
P _HJ Macromol SCl.—PhyS. B 1, 4, (1973), 728'7»5 e

;"f"24;"J. A, Manson and. B, H Chlu “‘. '.-,”‘;-' R T
Polymer Reprlnts 1 , 1, (1973) 459af57'”f'”1‘ IR

25, A A Criffith
' Trans, Phll. Soc. A221 (1920), 153,

-26;'ic. Tnglis - . T B e s
+ Trans, Inst, Naval Archlt. London 55, (1913), 219'~?j;4_- TR

:'2f.E.J P, Berry ‘“jﬁ ' :“'; B :gfgg.ﬁl‘r_;,,¢:;_‘~ra
3. Appl. Physy Ei, (1963), 62, - . <oy

28,--G R. Irw1n and J. A Kies Lo B R A L R PR T
' _;Weldlng J. Res. Suppl.;zz, (1954);11935,{31‘“,,N£”“ e

29; o Gurney - S
. ‘Physical Basis. of Yleld and Fracture, T ey
: ;.Oxford Conference, England (1966).a_;g;':l‘[3}g_

30, G R, Trwin, S | LT
. :Encyclopaedla of Phy51cs. 6 Sprlnger, Heldelberg.‘ (1958);Qf,f?

ﬂ*\j;_,31.;5J P, Berry ‘F;"~ .
s W{Fracture Processes in Polymerlc SOlldS R
'Ed, Rosen, Inter501ence (1964), 157.«,:AA_”-¥'

l"732.:'A S. Tetelman’ and A, J.‘McEv11y fj
' ,aFracture of Structural Materlals,., T
 Wiley, New York, : (1967) Ch, 2, ;1Mu¢,,;gr,v‘_J.gwyzb,}._ S

S 33, Experlmental Technlques in’ Fracture Mechanlcs ;¢,(5_-";j;g,1‘,§¢
g ‘Ed. A, S. Kobayashi = - . S IR
. S.E.S.A. Monograph No. AR (1973) Publ.’Iowa State Unlv. Press.uﬂg,n"

" and S.E.S.A. Conn, U S A. L Lo _ A

'\//;4. 'E. Orowan

U ,Reports on Progress 1n Phy31cs. 12 (1948) féS;ﬂ'qtgtEU i e T




/35,
36,
37.
38,
39.
‘0.
"y
42,
43.
44.
45.
46.
47,
48.
49.
50.
5%1.

- 52,

. E. Orowan

Modern Plastics, (Oct.

.81 -

E, Orowan and D. K. Felbeck -
Welding Journal Res. Suppl. (1955), 570.

Trans. Inst, Eng. Shlpbulld Scotlaﬁd,'Qa,
G, Holloway

K. R. Linger and D.
(1968), 1269

Phil. Mag. 18, 156,

P. P. Gillis and J. J. Gilman
J. Appl. Phys., 35, (1964), 647,

P. P. Gillis S
J. Appl. Phys., 36, (1965), 1374.

J. W. Obreimov

* Proc. Roy. Soc. A.127, (1930), 290.

J. J. Benbow and F. C. Roesler :
Proc. Phys. Soc., B70, (1957), 201.

. G. Hoagland :
. Basic Eng. (Sept. 1967), 525.

o

L. B. Mlller, K E. Puttick and J. G. Rider
J. Poly. Sei, 33c (197), 13.

K. Selby and L. E. Miller
J. Material Sei. 10, (1975), 12.

J. P. Berry

Fracture Ed. L1ebow1tz, T Academlc Press. New York.

Polymer 34, (1973), 451.

D. S. Dugdale : S
J. Mech. Phys. Solids, 8, (1960), 100,

R. J. Ferguson and J. G. Wllllams
Polymer 14, (1973), 103,

AJ. P. Berry

J,HPoly..Sci.,.Al, 993,

L. J. Broutman and ¥. J. McGafryf

J. Appl. Poly Sei, 9, (1965), 609.

R, Griffiths and D. G. Holloway

J. Material Sei, 5, (1970), 302.

J. 0. Outwater and D. J. Gerry.
1967), 156

(1945), 165.

" R. J. Ferguson, G. P. Marshal and J. G Williams

ﬁ1972);



- 82 - -

- 5%. A. D. S Digwaa :
- Polymer 15, (1974), 101.

54. W. T. Evans and B. I, G. Barr
J. Strain Anal., 9, 3, (1974), 166

55, A. C. Meeks
Brit. Poly. J. I 7, (1957),

56. 8, Mostovoy, B. P. Crossley and E. J Ripling
J. Materlals JMLSA, 2, 3, (1967) 661

5. : _ . _
' Laboratory methods in Infra-red Spectroscopy, . . o
Fds. Miller and Stace, 2nd Edition, Hejden and Son, (1972), 119,

'58. H. A. Willis and R G, Miller ‘
Molecular Spectroscopy, Heywood, London, (1961), 279

59, V. J. I. Zlchy

Laboratory Methods in Infra-Red Spectroscopy ' -
Eds. Miller and Stace 2nd Edition, Heyden and Son, (1972), 48.

60. H. Kesklula and P. A. Traylor
© J.Appl. Ply Sci, 11, (1967), 2361,

61." L. Bartosiewicz and 2. Mencik
J. Poly.. Sei. 12, (1974), 1163.

62. D. A. Blackadder and P. I. Vincent
Polymer, 13, (1974), 2.

6%. C. B. Bucknall I. C. Dnmkwater and W. E. Keast
Polymer, 13, (1972), 115..

64. C. B. Bucknall and I, C. Drinkwater
' Polymer li, (1974’)! 254’- :

65. G. C. Eastmond and E. C. Smith
Polymer 14, (1973), 509.

~66. B. J. Spitt
. Polymer, 4, (1963), 109,

67. F. R. Anderson and V. . Holland
J. Appl. Fhys. , 31, (1960), 1516.

68. S. L. Strong
J. Material Seci., 2, (1974), 993.

69. S. B. Warner, D. R. Unlmann and L.AH Peebles
- J. Material Sci., 10, (1975), 758.

70.  Commonwealth Scieﬁtifio Corp. Bulletin 45-71.

71. J. Lilley I g :
' - Ph,D The31s, University of Keele, Envland (1973).




<72, 'A. Kolbeck . - <
* " Ph.,D The31s, Mass. Inst. of Tech. U.S.A: (1975).

3. D WL Tomklns ‘
Private Communlcatibn.

74, D. J, Barber : o S
J. Material Scl.,z, (1970), . o T }

75. R. L. Cunningham ‘ '
-J. Appl. Phys., 31, (1960), 8%9. -

-76. R. A. Dugdale and 'S, D. Ford ' '
' Trans, Brit. Ceram. Soc., _ﬁ, (1966)

77, A. H, Heuer‘ R .
Rev. Sci. Instr, 42, (1971), 1177,

78. J. W. Ward .
'~ Microstructures, 2, (1971), 1

79. Instron Lid.
Technical Literature.

- 80, - M. J. Doyle, E. Maranci and S. Stork
Proc. Roy. Sec., A329, (1972), 137.

8. Y. W. Mai and A. G. Atkins |
~J. Material Sci., 10, (1975), p. 2000.

82. T. Kobayashi
Ph D Th881S, I1llinois Inst. of Tech. (1972)

83, J. G. Williams _ ‘ _
' Inst. J. Fract. Mech. 8, (1972); 393.

84. "R.. Griffiths , * '
. M.S¢. Thesis, Unlver31ty of Keele, England (1968)

85, H., Arican
Private Communlcatlon,

. 86. E s, Narracott S - :
. British Plastlcs,n(April 1953), 120.

87. I. T. Smith '

. Polymer, 2, (1961), 95.

88. 3. Horie, H. Hulra, M, Sawada, I, Mita and H Kambe
CJ. Poly. 801., A1 (1970) 1357. .

89. _L Shechter, J. Wynstra and R. Kurkgy
- Ind. Eng. Chem., 48, (1956), 94.




M Acltelll, R, Prime and. JSacher{
Polymer, 12 (1971 ), 335.-; e

;gL Shechter, J WYnstra
S Ind Eng. Chem.,-ﬁ;, (1956),il‘

92 H A. Newey-...,-l- ‘ F . |
‘:,eKGordon Research Conf. on Polymers, New London, U S,..

‘;-D. A, Whltlng and D E Kllne \~'
3. Appl. Poly. Sei., 18, (1974),‘1043.

lA T, leenedetto and A..D W&mbach o
:‘lnt. Je Polymer;oHMaterlale, 1, (1972)

- Appl. Poly. 801., 1, (1967),.9¢

'“;Ishal o q.%l";qﬁﬁflh‘ielﬁffﬁi
 Appl. Poly. Scii, 1, '(1967),“ 1863

J. Steg and“d; Tehai * .
:._Appl Poly. SC:L., 11, (1967) 2303

J. Klernehtand P H. Gell DR s
Hacromol, Sci._‘(Phys) BS, 2, (1971),

. Ko GJ.llhem, .‘.r AL Benci and A Nosha
,POIY- SCi-’ SWP- 46’ (1974), 279.-"-“-

v Je Lllley end D G. Holloway ‘.7
 Phil, Mag. 28, 1, (1973), 215.-._

1. N Sneddoh” = PR
- Proc.. Roy. Soc., A181 (1946), 229..

P, C. Parig and G. G. Slh o
- ASTM STP No. 381, (1965), 30.

',.A. H. Cottrell "rr.fJ sl RRRR R R S
‘Mechanical Propertlee of Matter, Wiley, New. York, (1964), p. 345:

7. Priedel ~
'Fracture, Ed. Averbach et al., M I T., Wlley, New York,'

Je R.‘Irwin i ‘.” L
--Q-Metals Englneerlng Quarterly, (1963) 324,

V:_QProc. of 1960 Sagemore Research Conf. on Ordnanc Materials.

. B, A, Bilty, A H. Cottreli-and K, H. Sw:.nden |
 .Proc. pr.,Soc., A2'T2, (1963), 304-;,":,_-

:LiP. T, Heald, G. M Splnk and P J Worthlngton
'-‘Materlal Sc1. and Englneerlng, 10, (1972), 129.

j:G C. Slh, Eng. Fract. Mech., 5, (1973)}




-85 -

109. "J. F. Knott
Fundamentals of Fracture Mechanlcs, Butterworth (1973), 154..

110. J. R. Rice ' o T L
. J. Appl. Mech.,. 35, (1968) 379.._ T

111, J. F. Knott - ' J O A ol
: As. 109, Page 174. o L e X 3;_~H}

112. Methods of Analysis and Solutions to Crack Problems . =« -
. Bdited by G. C, Sih, Wolters-Noordhoff, (1972). =~ . '
113. R. R. Barr, D, Elliott, P. Terry and E. F. Walker - -~ 7 == =0 ‘

© Metal Construction, 7, 12, {Dec. 1975), 604-610. o .'w




'Mdg_lséL;ll;

ACKNOWLEDGEMENTS:"

The Author w1shes to thank the follow1ng for thelr
faselstance durlng the paet three yeare. "oﬁj"
'_The Sclence Research Councll for prov1d1ng funds. ._ﬂm*p‘*{ o

~ The Department of Materlale Technology, Loughborough Unlver31ty

| f;of TechnolOgy, for prov181on of- research facllltles.

: The Departments of Chemletry, Polymer Technology and the Centre for;";th

[ Industrlal Studles (all at Lougborough) for the loan of equlpment

. Dr. L E Mlller* and Dr. M, 0 w. Rlchardeon (Lecturer, Department

"5'of Materlals Technology) for ‘their help and encouragement durlng .

:the course of thls work and for many helpful dlscu351ons.,_i'l,
A.Mr D, W. Tomklns for hlS a351stance Wlth the 1on-beam etchlng”
::problem. Also Dr. D. EN Coleman for perm1331on to use the appafatus;ft”'”
i Dr.,A. c. Meeks (Shell Chemlcal Co Ltd.,) for adV1ce on the.% "
‘ecastlng, curlng and chalacterlsatlon of epoxy re31ns.‘.‘f"

-'_fThe technlcal staff of the Department of Materlals Technology..;p;.'

o The Shell Chemlcal Co. Ltd., for prov1d1ng raw. materlal._.

| :L}:MISS A. Rook for typlng thls the51s desplte my handwrltlng.:.:}

I Kev1n Selby, accept respon31b111ty for the work euhmltted

| *.lln thls the31e and T declare that, except for the acknowledged

s 'a551stance of the above, the work reported was conducted by myself

"f]'and no other pereone.u

o* ‘Formerly‘Lectnrer in"the_Departmentiof MaterlalsaTechnologynﬂ”




TABLE 1

"CAST NO. | DDM CONTENT o
e (PARTS PER 100 CURE CYCLE _i
OF RESIN)BY ‘ |
_WEIGHT |
1214 A 3.6ks at 373°K + 7.2ks 373 #448°K 1
15 20 3,6ks at‘3730 +'7.2ks'373.f4489K L
16 30 3.6ks at 373°K + 7.2ks 373 £448°K e
17 20 3.6cs at 373°K + 7.2ks 573 #448°K | :
18 30 3.6ks at 373°K + 7.2ks 373 4 448°K. at
19 35 3.6ks at 373K + 7.2ks 373 #448°K 1
20 40 3.6ks at 373°K + 7.2ks 373 #448°K )
21 . 20 3.6ks at 373°K + 7.2ks 373 #448°K |
22 27 3.6Kks at 373°K + 7.2ks 373 #448°K + 1.8ks at 448°K |
23 27 3.6ks at 373°K + 7.2ks 373 #448°K + 3.6ks at 448°K
24~27 2T 3.6ks at 373°K + T.2ks 373 #448°k
28 27 5.6%s at 373°K + 7.2ks 373 #448°K + 5.76ks at 448%].
29 35 3.6ks at 373°K + T.2ks 3734 448°K
30 32 3.6ks at 373°K + 7.2ks 373 # 448°K
31 33 3.6ks at 373°K + 7.2ks 375 #448°K
32 40 3.6ks at 373°K + 7.2ks 373 #448°K
33 10 3.6ks at 373°K + 7.2ks 373 £448%K
34-40 20-40 3.6ks at 373°K + 7.2ks 373 /448°K small. samples
for ion beam etching. Two steel moulds in-oven
. . to act as thermal loagd.
I 20 3.6ks at 323°K + 7.2ks 323 #448°K
42 20 3.6ks at 333°K + 7.2ks 333 £448°%K
4%. 20 3.6ks at 348°K + 7.2ks 348 £ 448°K ~
44 27 As/cast 41
45 27 As cast_42_
. A6 27 As cast 4%
47 40 bs cast 42
48 40 As cast 41
" 49 - 40 As cast 43

Casts 12=21 and 29—~ 32 were used to 1nvest1gate the effect of -
DDM content.on pr0pert1es '

post-cure time at 448 K

r . Casts 22 23 and 28 were used to 1nvest1gate the effect of

- Casts 24—27 were used to 1nvest1gate the effect of testlng sPeed

Casts 41-49 were used to 1nvest1gate the effect of initial gel - B

temperature.
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TABLE 2

'-Typical Primary Data from TDCB Tests

SPECIMEN | LOAD |DEFLECTION| CRACK LENGTH| 'CRACK PLANE
NUMBER £ o WIDTH
(x) (n), (m) 5, S
x 10 x 10 (m)3
x 10
39.5 9.0 8.4
42.0 | 10.4 - 9.0
10.0 | 11.6 10.2
178 40.0 | 12.4. 10,7 -
40,5 | 13.2 11.3
40.0 | 14.0 12.0
40.0 | 14.6 12,5
42,5 | 16.4 13,0
66.5 3.0 2.1
68.5 3.6 2.4
65,0 4.5 3.0
63.0 5.7 3.7
20h 55.0 | 6.6 4.5 2.0
62.0 8.6 5.0
60.5 | 12.0° 6.5
62.0 | 17.7 8.45
65.0 | 27.6 11.6
170.0 | 4.1 2.7
60.0 | 4.8 3.5
- . 63.5. -6.1_- 3.8 -
2B 1 g3.0 | 8.0 4.8 2.04
63.0 | 11.4 6.1
63.5 | 16.8 . 8.1
67.5 | 26.3 1.1
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' TABLE 3 Typical Data for Evalusting) by Berry's Method

(See section 7.2.2. for nomenclature) _

SPECIMEN | log £/5.|log C T8 /- c d(log £/5 )| d(£ § /) | FRACTURE
NUMBER | - ‘ (w) x 102 |3(Tog T~ |3 (o) | SURFACE WORK,
| N N ESTRN CIOHN v
4.9435 |2.9269 | 16.9 8.4
4.9074 |2.9566 20.8 9.0
4.8%76 11.0086 | 22.0 10.2
. 4.8082 |1.0315 23.6 10.7 ‘33 35 | 8.0
4.7875 | 1.0550 25.4 11.3 S
4.7574 |1.0792 | 26.6 12.0
4.7388 |1.0969 | 27.6 12,5
4.7143 {1.1139 | -33.2 13.0
4.3458 | 2.3222 9.8 - 2.1
402195 |2.3802 | 12,20 | - 2.4
| 4.1596 |2.4771 14.4 3.0
| - | 4.0433 7 |2.5682 | 17.7 5.1 _, o
208 . | 3.9206 |2.6532 | 18.2 4.5 1,33 900 299
o 3.8578 | 2.6990 | 26.7 5.0 | I |
| 5028 {2,129 | 6.3 6.5
3.5445 {2.9261 | .54.9 8.45
35,3720 {1.0645 89.3 1.6




TABLE 3 (Continued) (See section 7.2.2.)-

SPECIMEN
NUMBER

log f/&

log C

f 6/w
(w)

(m) b4 102

a(1og £/5 )
d (log €

a(fs /w)
e (c)

FRACTURE
SURFAGE WORE,
_(Jm' Y

20B

4.2321
4.0969
4.0174
3.8963
3.7424
3.5775
3.4094

2.4314
2.5315
2.5798
2.6812
2.7853
2.59085
1.0453

13.9
14.1
18.9
24.8
35.4
52,6
86.2

2.7
3.4
3.8
4.8
6.1
8.1
1.1

900

299
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(See section 7.2.3.)

. TARLE 4 Typical Data for Evaluating Y by Irwin-Kies Equétion

T

SPECIMEN-

COMPLIANCE | CRACK LENGTH | 4R _ S
NUMBER S c e AVERAGE FRACTURE
v x 10° | (@ x10° | (') x 10° SURFACE
e ) " [LOAD | CRACK . |WCRK,Y
‘ : 1r WIDTH [Iz )
(N) W 3
(n) x 10
. {
. 2.28 8.4
2.48 9.0
2.9 10.2
178 5.1 10.7 338 40.4 2.1 65.8
: 3.26 11.3
3-5 12-0 :
3.65 12.5 |
3'86 13.0
5.26 2.4
6,92 5.0
| 9.05. | 3.7 | .
139 | 5.0
19.8 |65
28,5 ¢ 8,45 '
42,57 1.6




TPABLE 4 (Continued) (See section 7.2.3.) .

_SPECIMEN | COMPLIANCE. | CRACK LENGTH [aR AVERAGE FRACTURE
' NUMBER By, o c ac_, 6 - SURFACE
(=N~ )x 10 (m) x 10 (v7'} x 10° |LoAD  |cRACK WORK ;¥
- : o f WIDTH (Tm=<)
(N) w z
() x 107
5.86 4.5
8,0 3.4
: 9.61 3,8 -
293 12.7 4.8 _ 398_ 6443 2,04 202
18.1 6.1
26.5 8.1
29,0 1.1
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- TABIE 5 Typical Data for Evaluating Y by Gurney's Mefhod

SPECIMEN

FRACT. AREA OF | WORK FRACTURE -
FUMBER  |SURFACE LOAD/ | BQUIV. SURFACE WORK | AVERAGE Y
| amma EXTENSION |TO PREVIOUS FOR
(n2) x 10° GRAPH , | COLUMN | EACE BVEND | (1.-2)
(m) % 10 {7} x 105 . _(Jm'2,
2.12 13.9 141 66.5 .
| C2.54 13.9 141 | 56.0
178, 2.54 14.8 451 59.5 61.6
*2,54 14.4 147 57.7
2.12 14.1 144 68.0
2.8 8.%3 340 122
5.2 10.5 429 134 |
204 6.0 - 18.6. 760 127 133
*7,8 26.6 1085 - 139
12,6 42.8 1748 139
2.8 9.67 | 395 138 .
o 16.32 5.52 25 13
208 |53 17.6 718 135 . 138
| 8.6 | - 21.8 1135 EEEC |
12,24 42,6 l13s 142

-3

* See Appendix A3.3.




TABLE 6

and does not 1mp1y a perfect stralght llne plot

e

o o TENSILE STRENGTH : : - .
CAST - DoM LX 1O'QNm‘2) COMMENTS ON TENSILE COMPRESSIVE COMPRESSIVE
NUMBER | CONTENT STRESS STRATN BEHAVIOQUR YIELD STRESS | PROOF STRESS
(PARTS BY W) | U.T.S. FRACTURE ' ' 210~ m—2) ‘x10~Efim=2)
STRESS :
15, 21 20 95, 96 - Deviation from linearity 125 123
Load drop prior to failure
17 20 - 73, 80 Almost complete linearity
' No load drop prior to failure
14 27 - 78, 67 Some deviation from linearity
No load drop prior to failure -
13 27 - 73, 66 Deviation not as great as - 85
12 27 - for 30 parts DDM specimens -
16 30 - 83, & Deviation from lineerity near o
: ‘ . top of ‘load - extension curve 109 88
18 30 - 83, 78 ~No load drop prlor to fallure:. '
197 35 -82, 81 =, Dev1atlon from llnearlty ‘ 105 94
20 - 40 84, 85 - | Load drop_prlor to”fallure. 104 98
. NOTE: - Llnearlty in thls context refers to the major portlon of the load—extensiqn curve




TABLE 7.

CAST NUMBER | EXCESS CURE TIME | FRACTURE SURFACE | TEFSILE FRACTURE TRANSITION
. AT 448%k WORK, ¥ YOUNG'S - TOUGHNESS TENP. (°¢)

(118 /ks) T Jm_z) MOgULUS g = (TMA)

' ' ix‘le-%m_z) (:x‘lO_Gﬁ\Im_B/z)

12, 13,14 o/0 200 . 1,97 .9 155-165

22 0.5/1.8 187 *1,99 86 157167

23 1.0/3.6 * 230 *1.96 .95 158-169
28’ 1.6/5.76 218 *1.,97 .93  160-168

* Single Values - 7
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APPENDIX 1

Concepts of Fracture Mechanics

A, .'To'provide a‘backéréund to thé aetailed deécrip?ibn.
of the technique of fracture testing employéd in.tﬂis‘wbrk,‘
it is neceséary to défine certain terms and td_explaiﬁrébme  :
céﬁcepts of_frécture'méchénics. | | .
A .Griffith's'Analyéis.

The_original cdnéepts.of frgcture ﬁéchaﬁiés ﬁere ”

expounded by arireith(®®) in 190. He introduced the term

'fracture surface energy' and was_éble to deduce from thermodynamiC'ﬂ

principles an equation rélating the fracture stress of a pre;

craéked body to the dimensions'of the crack, thermodulﬁs o% :

elasticity of the maferial énd the fracturé sﬁrfapeienerg&;

Esseﬁtially he was equéting the release of stored strain energy

in the whole systém during.crack growth to the work'of creatidn.'

~of new fracture§surfabe (assuming nq_other energy absorbing:agencies

were Qperat;ng). The fracture surface energy,)’, wés defined as

the wprk required to cfeate unit aréa of frécture'surfﬁce.
Griffith's equation forﬂa sharﬁlcrack in an infinite

plafe of.unitrthickness and with sfresses‘applied at the |

external boundariés of the'platé"is:f
: rlF =‘/2E—t : - for plaﬁe stress

fracture stress (nominal)

Tp = |
E = Young's modulus
C.= Crack length

L
sophistipated analyses (see 31) but the ideas of Griffith sti11

This eduation'has been‘supergeded:by-mény, mbre,_

form thei basis of many experimental investigations. The .
.. .\ ~ ° N - . N
interpretation of ) has been changed, but the energy approach =

to fracture criteria is still very popular.

. situations (A1)
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4.1{2. lrwin's_Analysis;

The development'oficlassieal fracture{mecnaniosl"*
oontinued with the'work oftlrwin(ao) who emnloyed:mathenatioaldi'
| descriptions of the state‘of'stress in the yicinity_of;a'crack"
tip (see also (160)) to evolee the COncepts of oritical”stress |
intensity faotor, KC’ and the critical strain energy release |
_rate, GC‘ G represented the decrease in strain energy of thef-'
cracked system (of unit thickness) for a unit 1ncrease in crack o
'length.

The dependence of the near-tip stresses on a factor
of the form o ':‘ . : o
£ =Tyad )

(where T = nett section stress, a is a'geometrﬁ dependent faetor '
and C = crack length)

was‘recognised by Irwin and he coined the term 'stress intensityj
factor', K (=fr\ﬁ:6‘for tne infinitely snarp crack in.an-
infinitely wide plate). A critical value of K (= Ko ),.it'was
suggested, corresponds to the onset of unstable failure. K,

although proportional to the limiting value of KT" the elastic

stress concentration factor, should not be confused w1th KT .

It should also be noted that the criterion for failure (in terms. -

of failure stress) is not determined dby equating_the'Gé term to -

a surface energy term. Irwin pointedqout'that Gc‘oontains'-'
contributions from all dissipative agencies operatinglduring
crack advancement. This aspect is related to tne effects_of-
plastic deformation considered in section A4, ! L

A rlgorous analy51s of many geometrzes of cracked bodies

and different modes of crack propagation(101) shows that K has

the gengral form - 7 SR o , ' .
K =Ty\farC - ; S (a3)

where o is the'geometry dependent factor.
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The‘GC concept arises as a natural donsequeﬁce‘pf
Irwin's analysié, with G and K being related by the eQuations

G. K2/E in plane stress

H

G

’K2(1-v2)/E in plane strain‘__-.‘ - (a2)

“where v = Poigson's ratio

' Summarising, at fracture -
C

and for the simple case of an 'elastic! crack in an infinitély:

K =K, and G = ¢

‘widé plate we have

. 2
Tpt

c .

T C = EG _
. (plane stress)

(45)
where the subscripts F and I refer to 'fracture’
and 'Irﬁin' fespectively.

AstpreviOusly indicated, the vélue of KC is dependent .

 upon the geometry of the system and the mode of crack di5p1abement_

as well as the material identity. The three basic modes.  of

crack propagation (Fig. 1) result in the XK - term being subscripted

X

1 %11 "Referencer(1q1) provides a comprehensive

and KIII”

analysis of K v geometry felationships.  C@nsideration of the geometry -

dependeﬁce of K and KC has led to.fhe doﬁcluéion that there
exists a lower 1imitihg value of Kq» designated KIC"correspdndiﬁg
to a truly plahé étrain fracture méde; In sﬁéh_éircumstances,
the deformétion'across the majofity of a crack plane is.highly'
constréined ie. a tri-axial state of stress exists.‘ Thé KiC'“
vaiue is regarded as a materialrchafacteristic and can be_uséd
for prediction éf critical flaw sizes in practical.sﬁructurali
situations. : o
A.1.3. The:fﬁndameﬁtal_ériferion for fragture '

:%? It is reaéonabl? tb.afgﬁe.that a nedessarj'éondifioh
for crack prOpégation, ih thé éééé of a shérp élaétic'qféck, is

that the maximum tensile streés,lével at ifS-tip must be equal
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'~:tofthe cohesive-strength'of'the material. An equaticn relating'

fracture strength the value of }'correspondlng to the 'elastlc‘

(3)

" rupture of atomic bonds { Y g), E and C can be. derlved

~ has the form

Tf.—;\/gm. Voy . (e)

where P/ ag is the ratlo of crack t1p radlus to equlllbrlum atomlc.ﬂ
separation in the unstrained material. - The derlvatlon of .this
- equation assumes that the maximum'stress at the t1p of a crack_
can be equated to the theoretical COhesive‘strength-of_the matertal
and that terms such as,'equilibrium atOmic_Senarationi_are . o
neaningful {see alsc section 4.,2). 'TF in-equation (A6) can ba
regarded as the applieﬂ stress (gross)‘required to cause_comyiete
fracture of the specimen provided P remaine ccnstant (qr.decreases) -
or if C/p remains constant during crack propagatlon | |

- It is possible to draw some 51m11ar1t1es between
the above equatlons,partlcularly equatlons (A1) and (A5) and conclude
that G, = 27, (subscrlpt ¢ referring to Grlfflth's analysis).
The other obvious 31mllar1ty between equatlons (A1) and (AG)

(30 102) with the 1mpllcat10n that P = 3a, 1s a

has been noted
lower limit of the effective radius'cf an'elaetic erack tip.
This is because 'TF cannot tend to zero'ae;'f tends to_zeror_
Botn equations (A1) and (A6) muet be-satiefied for”unetablei
crack propagatlon s1nce fracture must 1nvolve the severlng of
atomic bonds and the free energy‘of the system must be lowered
§% It should be empha51sed that all the above: equatlons :
~arise from the assumption of perfect elastlclty up to the p01nt
cf fracture, whlch also-assumes ‘the yleld strese to be greater

than the fracture stress.
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"A.1.4.  © Plastic deformation during-creck nroﬁsgation.i

| | Since msterials:do not usually fracture’in‘e:completely_
brlttle manner, it is necessary to assess the effect of plastlc
deformatlon near the crack tip durlng propagatlon of a crack
The 31gn1f1cance of plastlc deformatlon was f;rst appre01sted _
blerowan et al(34 35 36) and by IrW1n(30)" It Was‘realised
“that plastlc work is performed in addltlon to the release of
‘ elastlc work stored in a stressed system underg01ng crack
advancement. It is evident that'the amount of plastrc work“;'
ls of paramcunt-importance since it may hendependent on strainf:
rate snd environnent, as well as the identity or morphologlcal
condition of the inaterial |

A simple appracch to crack-tlp plastlclty has been

con51dered by modlfylng equatlon (A1) thus (30)
r

T C

=J2E( YG + Yp) ~ 2EYp _' fOI" Yp/Y.Gl?>1 |

T C

Y;)represents the energy consumed by plastically deformlng
materiel at andfaround the tin of the moving crack (hence‘the.
subscript tn'), Most.measured.values of )’are far.in excess
. of those nredicted hy consideratiOn of interatomic bonding fordes;
The approxlmatlon used in equatlon (AT) is therefore realistic.

As to what constltutes crack movement, there are two ways ofl
congidering the prcblem. Although it is reasonable tolexnect
.crack growth to be‘assoclsted with simple bond rupture, there
‘are‘situations where the development‘of a‘ceformed region'ahead

of the 'true' crack constitutes an effectlvehlengthenlng.of the
crack. For example,'the formation of crezee regions aheadﬁof
crack tlps in thermoplastics can be cherscteriSeu msthematlcsllyn‘

“and related to fracture toughness values. The'possibility of

strain'rate dependence of ¥p is obvious,zparticularly_when dealing

with visco-elastic materials.

(47.) ?
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Plastlc deformstlon may be regarded as a. bluntlng
_prooess( 3). Thls effectlvely relaxes tip stresses (see refl
l32, P 56) and results in a hlgher value of fracture toughness;'
The s1mple modlflcatlon of the Griffith equatlon can, agaln
according to Tetelman and MoEvily(3 2)
yield'stfess of the sttuotufe exceeds the oohe51ve'strength of
the material., The dimension of the deforned _region,: relative -
to the oVerall.dimension of the oracked body, is of majoru
importsnce and proﬁided‘that gfoSs yielding.has not:oocurned'the;
modified Griffith approach is adequate-et 1east_fon materials.

testing and quallty assessment purposes

A more sophlstlcated approach to the problem (32 P. 57)_“

has been suggested. Intrinsically tough,natefisls, or those
tested st elevsted temperatures hsue yield stfengths less.thsn'T
their cohesive strengths, In the absence of appreciable strain-
hardening, the stresses at the tip of a crack cannot great}y“ '
exceed the yieid stress. Hence, sufficient elastic stress to
break atomic bonds cannot be achieved in the-initiai'defonnetion_;
steges. This immediately nules_out'the pretiouslj_considered
criterion for failure based on tne elastio'or elestic/pseuoom
plastic concept. It was therefOre_suggested”that‘1ooalised

.plastic straing are the cause of_crack growth'and henoe.that.

fracture is plastically induced. Low vaiues'of yield stress
‘relatlve to cohesive strength suggest that relatlvely large -”
plastlo Zones should exist at the orack tip. |

The characterisation of the plastlc zone, in mathematlcal
andugeometric terms has been the subJect of much research.‘ Most
notable treatments are those of Irw1n (the crack—border ré- -
| pos1t10n1ng concept)(1o4’ 105), Dugdale(47) and Bllby, Cottrell |

(106)

and Swinden . Out of their and ‘other people s efforts

be applled only when the o
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have come various relatlonshlps between the geonetrac charactlerlstlcs';"
of the crack tlp; the’ concept of crltlcal crack~open1ng dlsplacement
(C:0.D.) as a material parameter and the demcnstratlon of
compatlblllty between .the varlous models of crack tip plast1c1ty
(see 107 for example)and class1cal fracture mechanlcs.

A.2. - ‘Assessment of class1ca1 fracture mechanlcs {ff

The appllcablllty of the Grlfflth (purely elastlc)
concept of fracture Surface energy to real 31tuat10ns is, by -
.the nature of its development, somewhat doubtful;. ThlS.lS not
A.simply becausejreal materfals'are rarely ﬁookean'up to the .
point of fracture, but because there are aspects of the
_Grlfflth theory which can be cr1t1c1sed on a fundamental level.

(108)

For example, Sin has pointed out that Grlfflth's analysis
‘used an elementary glass surface tension measurement, extrapolated
to room temperature, in order to estimate the value of )’ - The’

(26

original sharp crack problem considcred byringlis 6) (upon
which Griffith based his argument) involved non-uniform surface_]
tractions. Thus, Griffith applied a simple, uniform surface
tension in a 51tuat10n which could not accommodate Such a-
;concept. Indeed, Slh also p01nts out that the Grlfflth equatlon
h'yieids wery S1m11ar‘fracture'strength‘v. flaw size curves to'
those predicted hy‘an eguation derived purely from considering__
the equilibrium of an elliptical cavity in a fluid, t_he boundary‘
of the cavity being subject to unifcrn surface‘forcesr .

| The above comments are not meant to imply that the
_ form of the Griffithiequa_tion is wrong, but that the concept
of fracture surface energy is loosely definea.l An apparent'5

explanatlon for the observed discrepancy . between )’s and )’p

( 73 belng the predlcted and Yo the measured values: i.e.),
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acoOrding to 'Sih is ‘that Ys has been' assum'ed" eqUivalent to Y
and that one may equate macro tlp-stresses w1th micro- stress at
fracture. The questlon arises whether or not. 1t is valld to |
make such assumptions of equivalence. Sih has'deriveq‘an '
equation which predicts a numerically correot-oomparison‘of'n
fs and }’p, without resortingrto'theseiassumptions‘and.denouneesle
the 'usual' method of.approach'aszbeing based upon faiéé_f[
reasoning. o

of course, the usefulness or reliablllty of a parameter
must be determlned in proper context lFracture mechanlcs li;
parameters can be employed in more than one nay. .Values'of .
fracture toughness are used in design against brittle fraoture.-
Knowing X l ani .

IC

failure loads or allowable defect sizes can be predicted. The

for the particular geometry and loading condition,

fracture parameter may also be used as a quality control device.
Even in situations.where materials break'after general yield
in a fracture test, crack opening displacement for example,

-has been suggested 9)

as a useful‘quallty control_parameter
because onlj small amounts.of naterial naf'be needed,

The characterisation of‘the'plastic”zone‘by mooels-
such as that proposed originally by Dugdale represents:an
attempt to be more.realistic as far-aslestablishing.criteria"

(46 48)

for fracture is concerned; Recent work: has Shounfthat
bugdale type meodels incorporating-the constant C.O.ﬁ.toriterion E
can more adequately describe the.fracture of. some polymeric it |
.materials then the constant Ké criterion ean. This;vieu is
‘opposed, to some extent, by Heald et_al(1o7).in that Kc can'be

shown %o be compatible with post-yield fracture mechanics described -

by the Dugdale model.
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- Another recent fracture parameter of consequence is
an engineering oriented parameter called the critical strain-

enefgy density(198’112)

. In this case a criticél_value_pf fhe'”_kg
local strain energy density sﬁﬁposedly'dété£mihes.érack
iﬁstability énd the value is‘regarded as a'ﬁatérial‘consfant. .
_ Where this concept divgrges frbm'that.of Kc_or GC is ?hat‘it has
| é fectbf-frpperty. ~This éqabies the criterion to be m@fé |
readily applied in structural sitgations.

‘ ThelextéhSion of fractufe mechénics to éituétibns
where test pieﬁes have sﬁffered'general yieldihg is‘curfently
a topic of considerable intérést. Apart from the use of C.O.D;
measurements, the.J-infegral conceptnhas been suggested és an‘:f

“alternative to C.O.D.(11O)

. The J-integral is equivalgnt.tb;the
change iﬂ‘potential énergy when a crack exfendé énd is conceptuaily
equivalent to'G.‘.The‘advantagé of using J is that non-linear
materials can be considered. It may be that J and C.O;ﬁ{ are

ciosely related, but J like KX has no physicél characteristic

Ic’, Ic’
which is easily viSualised(111); Both C.0.D. end J have their .
critics, e.g. reference (113). The_biggest problen

is'likely to be the decision as to which of these imperfect

parameters will be of most use to the engineer,



" APPENDIX 2

Machining of Test Specimens '

A.2.1. Tapered double- cantilever cleavage beam specimens‘

The TDCB fracture toughness spec1mens were cut from
the cured slabs of resin, using a bandeaw. The loadingfpin,
holes and jig mounting holes were drilled mith the'aid‘of'a
template and - the grooves were machined us1ng a 152mm‘diameter pd
1. 58mm thick milling cutter on a horizontal milling machine.'
| A special Jlg (Fig. A1) was used to ensure - the correct alignment
of the grooves. The swallow—tail lead-in to the fracture plane .
was produced by the profile of the milling cutter. No post—
machining heat treatment of any specimens.was-carried'out. Cutter -
rpm and tablelfeeds were arranged such'that tne'effective cutter_ji-"
work surface relative speed was approximately.4f2 mm.sﬁj andﬁ
. all machining was done without lubricant.
A.2.2.  Tensile test specimens

The tensile test_specimenS'were cut manually on an‘airé :
driven router, using a steel former; No post-maching heat .
treatment was‘giuen, and no lubricant applied.
| A.2.§.. Compression test pieces':

Specimens were cut to approx1mately‘14mm # 7mm X, 6mm
‘(slab thiokness) and milled 'square' to nominally 12 x 6 x 6mm
No post—machining heat treatment was given and no_lubrioant

employed.
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- APPENDIX 3

Statistical Analysis of Fraeture Dita and Exsmples of -

‘Practure Surface Work Calculation

A3, In order”to compare the:behaviouf ef tﬁe‘p?aetieal__‘

fractuue-teughness_specimens with_theoretieal-expectafions.

and to compare .the three methods of_evaluating7', it wasl

decidethhat the test data behanalysed_both'staﬁistically'

* _and by a manual graphical method. Averageevalues of 7'were

fobtained by treafihg the test.data_in_the'followihg Wayse ,ffﬁ’,e

(a) All fracture test data.points from ihdividual‘speciﬁens, |
were fitted to straight lines.(ey the_ieast squares
method) for the Berry and Irwin-Kies analyses. This‘
allowed\a value of ¥ to be obfained £or cach test sﬁecimen.
The results were comﬁaredrwith values of'7rebtaiued'byu
manuaily plotting the vafiousrgraphsffof each spedimeu{

(b) Selected test data points ffem individual specimens.were
fitted to straight lines by the least squares méthod;
Selection of data was achleved by 1gnor1ng flgures apertalnlng‘
to very short (~ 30mm) or very long (~»120mm) crack 1engths |
where the desired constancy of the dR/dC_term 1n the Irw1n—

Kies equation is leastllikely to be feund | The results were
compared with those from (a) above. ~The same.crlterlou_
of selection was used for the data treated by Berrf.s :: 
equations. (& cemparisou w;th manually plotted_data ffom

(&) can also be made).

7

(c) All fracture test data points from all 1ike-sbecimeus.were
fitted to.'combined' stsaight lines'by‘the least squares
methed .The resultlng value of )’for each set of like-
specimens was compared with the values obtalned by methods _
outlined in (a) and (b). Manual graph plotting of: 'comblned'

straight lines was also done. The results of analyses (a)

and (b) are shown in table A1."The”resultS'for'the analysis‘(c)':“
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are summarised in tablé A2,

A.5.2. Tt can be argued that it is inheféntl}_bétter to

consider individuﬁl SPeéimens, éo that vafiatioﬁs from césf :

to qést and fest to tesf are realisficaliy iﬁcluded in the’

result;i This is so, provided thét adeguate daté oan:be rw‘

génerated from a single test. ‘Since most of the resin Systéms

. investigated exhibitgd a stick—sliﬁ_(unstaﬁie) pode of Qraék

'pfopagation, with fairly.large crack-jumps (undér fhe prefailing

test cénditiéns); i% can aiso be‘arguod that (c) abové'is likely

to provide a more realistié average,.if batch aﬁd tést variations

_ larelshown'to be small. .

The main conclﬁsionslfrom a study éf‘tablés Al and

A2 are: | |

(1) As specimen.r'increases,-thé efrqr in the result tends to
increase,  This is mostllikeiy to be.thé‘result.of.having

-fewef crack arrest points per specimen in the case of tough
resiﬁs,.combinéd with the féct that_bnly two‘specimens from
casts 19 and 20 were considered in the analysis. 1In faét,_
only 'combined' results for these casts were considered
realistic because of the_compérative lack 6f.data.

(2) Generally, there ié little scatter in-the'results,‘regarﬁlesé
of the method of piotting, excent at the.foughest'résin'
compositions (casts 19 and 16 in ﬁarticular). -

(3) Differenées between the.resins, vased on 7'caICu1ations, 

“are significant.
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A.3.3.  Fracture Surface Work Calculations.- Examples ;ﬂ.

Slnce data for tapered fracture toughness spe01mens

178, 20A and 20B are given in tables 2= 5, two of these spec1mens .:

have been chosen to 1llustrate the evaluatlon of fracture surface

" work, 7‘. All load values are Newtons and all lengths are..‘.
eipressed as decimal fractiens of a metre”(area = mz);i*’
A.3.3.1. Specimen 17B A o
” ' By Berry?s_uethod

Referring te section_7.2.2; for netation and.taele 3;
we have | S . e
d(log £/ ) d(log c) x d (f&,/w)/d(c) x .25

-2

.33 x 2§§ 78 Jm
4

~
it

by Trwin-Kies equation:
Referring to section 7.2.3. for notation andito'tabie

4, we have

4

1]

f / x dR/dc

(40.4)2 x 338 % 107°
4% 2.1 x 1072 .

65.7 Jn~°

H

by Gurney's method
‘Referring to section 7.2.4. and table 5, we have

Y = a{Area under load extension graph) n

x Work conversion factor = °  J per ne .
' '1 - o S of test chart -
'>(_ B R ) ‘ 2 : s
(Area of fracture surface) m

Work conversion factor (per n° of  test chart)

= Newtons (per m of.load scale on test chart)

x m of crosshead movement (per n of exten51on o
_scale on test chart) '

% T (per m° of test chart)
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. % varies according to the full scale load and the : L
‘ratio crosshead speed/chart speed.

In this.casé (17B), for the fracture event narked by an‘asferisk

in table 5,
;f =14.4 x 10‘4 x 10,2
2.54 x 10=2
= 57,7 Jn2

(Note that this method provides the lowest value of ) . This

point is discussed in Chapter 12).

A4.%.3.2. Specimen 204
Repeating the exercise for specimen 204 we have:

for Berry's method, .
5"

Y =1.33x 900 =299 Ju”
: 4 :
. |
\
for Irwin-Kies' analysis, - - e
) = (63-1)2 x_392 x 10~°
4 x2.0x 107 R
") : : . ' ' o _

=195 Jum ©

for Gurney's analysis; in this case the wofk.¢onversion'  _J‘
factor is 4.08 J (per m° of test chart),

oY =26.6 x 107 x 4.08
7.8 x 1072

1%9 ‘Jm_z




- TABLE A1 Statistical Ahalxsis of Fracture Data — Individual Specimens -

- IRWIN-KIES . .NUMBER OF SPECS. BERRY'S

R, EQUATION | FOR MEAN CALC.'N . | — BQUATION I
: MEAN ¥ STANDARD | (IRWIN- (BERRY) |MEAN ¥  STANDARD | Lreolmonn -
(Jm™2)  ERROR | KIES) (Jm=2)}  ERROR

- -loss.2 2.9(7) 5 5 705 4.7 AS.(a) |

I s 3.0 5 5 65.86 4.1 | A.3.1.(b)  STATISTICAL

j T 206.1 2.9(5) 5 6 250.3 14,9 A3.1.(2)  LINE

C1205.04 0 203,3 2.4(5) 5 6 250.3  14.9 | a.5.1.(b) PITTING
N M| o405.2 27,2 4 4 3940 18.6 | A.3.1.(a)

1618 [} 5428 8.3 4 4 368.5 324, . | A.3.1.(b)

15,17,21 | 69.9 - 2.4 . | 5 - {706 2.5 - MANUAL
i12,13,14 [ 20200 2.2 | 5 . . 6 233.7  16.3 - LIE

16,18 3403 7.9 1 4 4 - |416.5 25,9 - FITTING

'.'-'1.10 -




TABLE A2 Statistical Analysis- of Fracture Data - Combined Specimens

- CAST )/ -
. NUMBER 'BERRY'S EQUATION IRWIN-KIES L T
: EQUATION (IJm™ %) NUMBER  OF
N : - : SPECIMENS
CORRELATION ~ CORRELATION - Y CORRELATION BERRY'S  IRWIN-
; COEFF. OF COEFF. OF  (1.-3 | COEFR. OF  (; -3| METHOD  KIES
| logf/s v. £5 /. Ve o R.v. ¢ : ~ EQUATION
I log ¢ '
115,17,21 | .9889 .9654 72.9 | .9972 70.5 | 88.4 . 61 5
12,13,14| .8598 9072 197.2 | .99 205.6 | 191.2 200 5
16,18 | .9995 L9889 396 | L9977 391.9 | 308-362 344 4
19 .9998 +9455 787 | L9981 5149 | 880 514 2
20 .9996 . 9874 L2150 | L9976 200.4 | 299 212 2
STATISTICAL LINE FITTING -~——d ~ MANUAL LINE FITTING

e -




APPENDIX 4

 Notes on the Calculat1on of Younp 5 Modull and Compre531ve Proof SR

Stress

Add. Teoeile Yoong's'modolus, Eq o
To illustrate the method, a fypical examplé'ofnstoichioretrio',fo‘
compooltlon of Eplkote 828/Ep1kure DDM is referred to.r.'- | | |
~ Fig, 16 shows how both the secant modulus on- flrst
extension and the linear elastic modulus after rolaxatlon/recovery ="l
cycling can be evaluated from the same test result . Since this feiﬁsz\“% :
partlcular comp031t10n of resin was one of the most rlsco-elastlc, . 8
the example illustrates a.worst oase w1th regard to obtalnlng |
-a reliable modulus value. It is evident from Fig. 16 that
on first exten51on, con51derab1e non-llnearlty ex1sts.: A
secant modulus is therefore most appropriate.- By allow1ng the !
material to undergo-a relaxation and recovery.cycle (as descrlbed

in section 9.2.2.), a linear load-extension'cﬁrve could‘be

obtained.

The moduli were evaluated in the following manher; o 1
|
|

ST .
For the Instron 0-10% strain gauge extensometer.(Type G-51-11-M-A) .

Modulus, B, = Load/Area of cross section of gauge length
T . Py
. Increase in gauge length/orlglnal gauge length
=f . 1
A AL .
. - - SN - LU
when f is in N, 1 and A1 inm, A in m, E,is in New °, - - . .

we have, referring to Fig. 16,

B _fx 25 x 10 -3 :
“P T A ¥ chart length O4 x extensometer factor =~ . .. o

_The extensometer factor. varies with the sehsitivity-

level selected for the test and in this case has a value of

.002, when chart length is expressed in m.



B

o . for the example shown in Fig. 16, ,
. _3)

1st Secant E. = (200 x 9.81) x (25 x 10

T (622 x .661 x 10-4) x (28 x 10-2) x (.002)
=2.12x 107 W ?
Similarlj,.the linear ET value was, -
Linear or relaxation/recovery ET-= (200 x 9.81 x (25 x 10 3) '
. - (.624 x .661 X 10-4) X (25 x 107¢)
: (.002) -
= 2.38 x 109 M@
A.4.2.  Compressive Young;s modulus,:EC

In thgse cases, as for the determinationVOf ET;‘twé
vélues of Young's modulué weré obtained from one épecimen, :
by taking a "first.compressionﬁ value and a “relaxafion/fécovefy“
value. The difference between the compressive and tensile ﬁoduli;
in terms of.the method of evaluation, is fhat no ekténsométer‘_.
device was used for méasuring the compressive étréin. Instead,
a gorrection for the machine and ioéd cell deflections was
applied., The value Af the corréctién was deférmined by firét_
bringing the. two loéding plattens into contact.: Then‘the c?ossﬁead
was driven against the load cell unfil a specified 1oéd ﬁasi
reached while simultaneously fécording fhe 1oad—diépiacémeﬁt
graph on the chart recorder. In this way the appropriate chart
Hlength equivalent to the machlne deflectlon at various loads
-could be determined and subsequently subtracted from_the charf..
lengths measured in real test situations. In alllcases,'the- '
-:cérrectlon employed when evaluétlng a compr6551ve modulus was
.that appropriate to the full scale load callbratlon, crosshead
speed and chart speed used in'the actual teét;"This-ensured that
machinelcﬁaracteristics were the Séme for thh.fhe calibration

without a specimen and for the test,
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In this case we have:

Compressivé Modulus, EC’ =f ., 1
‘ A AL

with the sanme notatibn.as previously. (éil‘is a decrease in .
length, corrected for machine‘defléction).“
Referring to Flg. 17 we have:

ﬂ(gmx 9, 81) x (. 0117)
(449 x 10°4) x (2.1 x 10"‘*)

= 2,43 % 107 Na 2

1st_Tangent Modulus, B o

~and linear or- relaxatlon/recovery

(201 x 9.81) x (. 0117)
(449 x 10-4) x (1. 5)

" modulus, EC

~2

3,5 x 10° Wn

A.4.3. Compressive 1% Proof Stress Calculations

The necessity of correcting for machine deflection

also applied to proof stress calculation in a slightly different =

context than above. In this instance, some estimate of -the machine’

defiection (in terms of chart length) was necessary iniorder'to
"offset" the proof stress line by thé'co;fect amount;' (8ee

Fig. 25). 1In fact, it was decided to draw‘tﬁe procf stresé line.
at a location correspondlng to 2% strain (uncorreoted) Bécausé
of- the variability of the machine correctlon with applled load

the actual proof étrains vary from about'1}3 tpkl.S%. o
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Tabulated Data for Cross-Reference with

Graphical Figures
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TABLE A3 Effect of DDM Confent on, and Comparison bf Gurney's, Berry's and

DDM
CONTENT .
(PARTS/100

RESIN)

20

o7

30 .

Csn

35

40 ;

FRACTURE
SURFACE

WORK

(Jm_g)'

GURKEY'S -
METHOD ..

BERRY'S
METHOD

IRWIN-KIES'

¥ETHOD

72,9

70.5

64 .

2102

197.2

205.6

162

396

391.9

599

204

787

514,9

130

275

200‘4

All cured 3 6 Ks at 373 K and 7.2 Ks at 373-/ 448 X

O 1mm min 1

See also Appendix 3 and Flg 15.

crosshead sPeed Rocm Tempqrature

Irwin-Kiés‘ Analvyses for Evaluation of Practure Surface Work

STATISTICAL LINE
FITTING,
'COMBINED'
SPECIMENS




TABLE Ad

Tensile_and Compressive Young's

Moduli v. DDM Cdntent

DD

CONTENT 20 27 30 35 40
(PARTS/100 :
RESIN)
NORMAL - 3
TENSILE - METHOD %.56 2.10 | *1.,99 . *2.18 | *2,58
YOUNG'S : : S :
MODULUS RELAXATION/ o
L omQp =2y RECOVERY :
10 (Nm ). METHOD 3.51 2,38 - | 2,57 | 2.79
: _ NORMAL : .
COMPRESSIVE METHOD 4.18 | 2.82 2.8t | 3.06 3,19
YOUNG'S - '
~ MODULUS RELAXATION/
¢ =Ofrr =2 RECOVERY o S ‘ :
21077 (™) METHOD 5.26 | %.35 | 3.52 | 3.68° | 3.6

A1l ‘cured 3.6 Ks et 373°K and 7.2 Ks 373 # 448°K

% 0017 mms™ crosshead sPéed
* Others at .017 mms™

VSee Figs. 18 and 19,

Room Temperature -
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TABLE A5 TFracture Toughness, KIC’ Compressive Yield and

1% Proof Stress v. DDM Content

DDM . § _ .
CONTENT 20 27 30 35 40
(PARTS/100 RESIN)l ne

{ i
i

*K | |
1c | -
208w ¥?) L 6 | 0.9 | 1.25 | 1.07 | 0.9

COMPRESSIVE
YIELD STRESS : , : : ‘
"x10-8(mm"2) 125 - 109.5 105 | 104

COMPRESSIVE
1% PROOF. STRESS T -
ix10-6(m=2). | 123.5 | ‘85 88 .94 lo9r.5

A1l cured 3 6 Ks at 373 °r and 7.2 Ks at 373 ./ 448 K
* OO17mms 1'crosshe?d speed

* Others at ,017mms™" Room Temperature
See Figs. 21 and 22.
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TABLE A6 Compressive Chafacteristgcs v._DDM Content

DDM - : -
CONTENTS 20 | 27 30 35 40
(PARTS/100 RESIN)

YIELD DROP (N) - 510 o 0 3.5 15

RELAXATION FROM

1800 ¥ (N) - 23 | 112.5 9% §. 5 15
POST-YIELD
COMPRESSIBILITY

(mm CHART) 530 - 345 360 445 { 478

" A1 cured 3.6 Ks at 373%K and 7.2 Ks at 373 # 448°K

.0017 mms™] crosshead speed Room Temperature,
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for Three DDM

TABLE A7 Fracture Surface Work,)’,‘v; Gel Temperature

Contents

INITIAL GEL TEMPERATURE

(°x)

323

333

348

373

Values for various

DDM contents

(Parts/100 Resin)
(Yin Jm_2)

20
PARTS DD

27
PARTS DIDM

40
PARTS DDM

72.3
225.5

255.5

85%

239

280.5,

89.4
274

282%

69.9

202

218.5

crosshead speed.

-120 -

Single wvalues, All others are averages of at least
two figures, obtained by Irwin-Kies' equation,
menual line-fitting of
(See Appendix 3).
0017 mms™

See Pig., 26.

individual specimens.




TABLE A8 Compressive Characteristics.v. Gei Temperature

INITIAL GEL

TEMPERATURE (°K) - 323 533 348 |- 373
20 PARTS -
DDM 407 | 627 | 663 | 510
o 27 PARTS | 3
(x} DD 0 0 0 0
- 40 PARTS | o
DD 165 180 165 150
20 PARTS : . :
RELAXATTON DDM 20-40 40 | 40-60 23
e 27 PARTS |
) - DD 170 | 119 | 115 | 11205
40 PARTS '
DIM 42.5| 43.5 36.5 39
20 PARTS
POST-YIELD DDM 548 545 566 530
COMPRESSIBILITY R . o
(mn CHART) 27 PARTS - : |
S DM 255 283 .| 297 345
40 PARTS - o S
DDM 485 492 498 | 478
“‘4—I'.O17ﬁmS'1«ﬂ croSshéad-speed.

- See Fig. 27. o
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TABLE A9 Compressive and Tensile Younéjs Moduli v. Gel Temperature

INITTAL GEL '
TEMPERATURE (°K) 23| 33| 8 318
20 PARTS | -
= DpH 3.5 .49 3.52 | 3.37
P i .
3 —_ 27 PARTS - .
= 22 DY {0 2.0 | 242 2.3 | 2.10
2 XN 40 PARTS | :
S - DDM 2.58 2.41 2.56 2.58%
=S . . .
o2 20 PARTS |
o DDY 3.59 | 3.56 | 3.74 | 3.55
HO G b 27 PARTS - .
5% Res DDM 2.37 2.36 2.35 2.38
e MW O .
S 82 | 40 PARTS -
2 = DDM 2.72 2.65 2.79 2.79
2 20 PARTS \ ] _
E =g | 27 PARTS - o |
S gﬁ DDM - ., 2.58 | 2.88 .| 2.88 | 2.82
- -~ o ‘ . .
N == 40 PARTS - _
2.8 DDM _ 3.22 | 3.28.| 3.20 | 3.2
U P . I
P 20 PARTS - o o
R Ty DDM 412 4.35 | 4.03 5.26
TR ' o . = B
R8T 27 PARTS |-
5 8BS DpM 3. 21 3.15 { %.16 | 3.%35
g g 0w o e ;
S Ze= 40 PARTS o I B v
Coom DM | 3u45 1 3.49 | 3.46 | 4414 0
e ?-0017mﬁé"1 croééhgﬁd speed. .-
©© See Fig. 28

© " Others at .017mms -
v T 22 -



TABLE A10 TFracture Surface Work;)’, and Fracture

1oL

Crosshead Speed_

Toughness, K

C?gg?gfﬁ? SFEED 017 A7 1.7
20 PARTS -
DDM 61 - A6
o7 PARTS
4 DM 200 156 | 126
(Jm2) 30 PARTS ° ' -
DDM 308-362 T
32 PARTS
DDM %39 - 325%
35 PARTS '
DDM 514 320-370%
. 27 PARTS
(ﬁc-3/2) DDM 9.0 8.1 7.3
x10‘

411 cured 3,6 Ks at 373 %k and 7.2 Ks at 373 / 448°K
(See Figs, 29 and 31)
ok Slngle_values._
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TABLE A1l Tensile Young g Modulus, E_, and Ten311e
Strength V. Crosshead Speeg

CROSSHEAD
SPEED
(mm.s'

017 EEL A 1.7

By .| 1.9-2.05| 2.06-2.14| 2.08-2.22
ﬂx10_9(Nm_2) ' ' '
TENSILE .

~ STRENGTH - :
x10=T (Wm—2) 7.1 7.2 7.25

All cured 3 [2) Ks at 373 %k ard 7.2 Ks at
373 7 448%K

All 27 parts DDM. .
See Figs. 30 and 32.
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Table A12 Fracfu're'Test Primar'v' Data .

CAST AND| LOAD DEFLECTION{ CRACK CRACK
SPECIMEN f ‘ ' PLANE | LENGTH
- NoO, () (m WIDTH | €
x 10 w o (m) 3
: (m)3 C.x 107
x 107
63.0 5.2 2325 |-
59,0 9.0 50,6 :
124 60.0 | 16.9 2.08 {290
62,0 33,4 13.31
, 63,0 6.6 36.5
13A 61,0 1.4 2,16 57,0
' 62,0 22,0 92,0
74.5 © 3.4 18,2
66.5 5.6 29,9
13B 61.5 9.8 2.13 48.9
61.0 19.0 83.2
55.5 36.0 155.0
| 63.0 6.6 39.0
144 61.0 1.2 2,16 59.0
62.5 22,0 93,0
66.5 6.8 | 36.8
14B 61.5 12,6 2.18 | 62.3 -
64.5 25.0 102.5
47.5 2.0 20.0
43.5 3.0 30.0
40,5 4.0 40,0
38,5 5.0 50.0
37.5 6.0 60,0 .
37.5 7.2 70.0
37.5 8.4 80.0
40,5 9.6 -
154 42,0 | 11.2 2.03 92.0
39.3 1.7 102.0
40,8 12,7 106.0
40.% 13.5 113.0
40,3 14,3 119.0
40,0 15.0 125.0
40,0 16,0 132.0
40.0 17.2 141.0
42,0 3.5 38,0
41,0 4.6 51.0 .
41.0 5.1 . 55.0
40,0 5.4 5%.0
158 39.0 5.7 1296 160
40,0 6.1 65.0
39,0 6.4 67.0
40.0 7.2

69.0 |
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Table A12 (Cont.)

LOAD

CAST AND DEFLECTION CRACK | = CRACK
SPECIMEN| f- -~ - | PLANE| LENGTH -
NO. - (W) (m)'4 WIDTH| . ¢
: x 10 W (m) 3
- (m) 3 x 107
x 10 '
101.1 2.5 1,25
' 85.6 5.3 2.5
164 80.0 | 12.7 2:05 | 495
82.5 34,73 10.65
. 106.2 3,0 14.0
84.4 6.4 | 30.0
168 76.3 | 14.8 2:05 | o
80.0 40.0 “1128.0
75,0 5.0 33,0
41.0 6.8 62.0
42.0 7.4 67.0
42,0 - 8.4 75.0
| 42,0 | 9.2 80.0
41,0 | 10.4 90.0
17A 40.5 | 11.4 213 1 96.0
42.0 12.4 100.0
#.5 | 14.0 114.0
41.0 15,2 122.0
4.5 16.4 1%0,0
38.5 | 17.2 144.0
39.5 9.0 84,5
42,0 10.4 90.5
39.5 10.8 -
40,0 11.6 - ho2.0
40.0 | 12.4 " hot.s
178 0.5 | 13.2 21 3.5
| 40.0 14.0 120.0
40.0 14.6 125.0
42,5 | 16.4 130.0
107.5 2.6 _ 12,0
. 90.0 [-. 5.2 25.0
184 77.5 | 11.6 2.21 50.0
80.0 29.8 100.0
_ 110.6 2.8 13.0
a 83.8 6.0 28.5
79.4 36,6 16,0
' 137.5 | 6.2 20,0
194 147100 | 21.4 232 lsg.s.
86.0 5,2 - 117.0
19B 78,0 5,0 2,13 | 26.0
123,0 15,2 41.5




" able M2 (Cont.)"

] cAST AND| ILOAD DEFLECTION | CRACK |  CRACK
SPEC IMEN f : PLANE | . LENGTH -
_NO. () ~{m) wipte .| . ¢
. x 10 w (m) 3
_(m)3 x 10
x 10
66.5 3.0 21.0
68.5 3,6 24.0
65.0 4.5 30,0
63.0 g.g 37.0
: 55.0 . 45.0
20A 62.0 | 8.6 2.0 50,0
60.5 12.0 ' 65.0
. 62,0 17.7 84.5 .
65.0 27.6 116.0
70.0 4.1 27.0
60.0 4.8 34,0
63.5 6.1 38.0
20B 63.0 8.0 2,04 48,0
63,0 11.4 61.0
63.5 16.8 - 81.0
67.5 26,3 111.0
52.5 3.3 28.0
47.0 4,0 34,0
44.0 4.5 4.0
40,0 5.3 51,0
40,0 5.9 56.0
40.0 6.5 60,0
41,0 7.3 65,0
41,0 7.9 70.0
. 41.0 8.6 75.0
214 41,0 9,2 2,03 - 80.0
41.0 10.0 85.0
42.0 10,9 . 90,0
43,5 12.0 95.0
43%.0 12,5 100.0
4400 1303 To-
42.5 14.9 118,0
41.5 16.3 130.0
38,5 17.1 146,0
75.0 2.7 18.0
69.0 4.5 29.0
224 62.5 8,0 2.19 46,5
61.5 15.3 75.0
66.0 21.6 1126,5
73.5 2,9 20,5
| 66.0 4,9 . | 32.0
228 62.0 | 8.9 215 | 50.5
62.0 17.1 81,0
81,0 2.2 14.0
70,0 3.4 23,0
_ 64.0 5.8 - 35.0
2k 59.0 13.0 2.1 56.5
62,0 26,0 91.0




Table A12 (Cont.)

CAST AND{ .LOAD | DEFLECTION| CRACK CRACK
'SPEGIMEN f o PLANE LENGTH
NO. (W) (m) 4 | WIDIH c
x 10", W ' (m) 3
- (m) 51 - x10
x 10
70,0 4.4 27.0
61.0 7.7 45,0
23B 62.0 | 14.8 2.08 70.5
59.0 27.5 12,2
70.5 | 3.0 19.5
, 64,0 4.5 29.0
244 57.0 7.05 2.22 +44.0
: 56,5 11.6 . 64.0
5645 19.9 97.0
64.5 2,8 21.0
60.5 3.8 28,5
, 58,0 5.6 39,0
248 54.5 | 8.2 19 1 5305
53.5 12.3 74.5
54,0 18.9 104.5
70.5 3.0 20,5
58,5 4.7 33.0
25A 56.0 7.8 2.05 48,5
54 .5 13,2 72.5
5540 2%.2 112.5
58.0 3.0 21.0
_ 55.0 4.3 31.0
52.5 6.3 42.5
258 52.0 9.4 -2.07 58.0
52.0 14.8. 82.5
5%.0 | 2%.6 119.5
77.5 2.1 15.5
69.5 3,2 23.0
, 64.0 5.1 34,5
264 57.5 8.3 27 | 5005
58.0 | 14.1 78.0
- 62.5 26.8 120.5
69.0 1.8 15.0
63.0 2.4 21.5
: 59.0 3.6 29.5
26B 55.0 5.4 2.16 41,0
53,0 8.3 57.0
53,0 13.0 "79.5
54.0 20.8 113.5
80.8 2.1 14.0
68.7 3,2 _ 22.0
62.5 5,0 iy 33,0
27A 59.% 8.3 2.21 1 9.5
5765 14.1 1 76.0
61.0 25.8 117.5
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~ Dable A12 (Cont.) .

CAST AND{ LOAD | DEFLECTION| CRACK .CRACK‘“."
SPECIMEN| ¢ " PLANE LENGTH
~ NO. (n) (m) WIDTH |
' o : - x 10% W : (m)
: (m) 5 1 "x'10°
x 10
62.0 3,0 23,5
56.5 4.2 32,0
54.0 6.0 4’2-5
278 54.0 - | 8.9 218 1 57,0
5%.5 13.7 79.5
54.5 21.2 13,5
75.5 2,4 15.5
65.5 3.8 | | 26.0
284 62.0 7.1 1.95 | #1.0
| 60.5 7.1 68.0
64.0 31,5 12.0
76.0 2.5 18.0
69.0 4,2 28.0
o8B 6%.0 7.8 2.1 - 45.0
64.0 15.8 74.0
59.5 30.7 13,3
164.0 5.1 16.0
2% l137.0 | 20.5 2.12 53.0
133.0 | 11.4 36,0
9B 122.0 56.4 2.2 141120
- - 1103.0 7.0 - 30,0
504 10%.0 21,0 2.03 68.0
30B 112.0 13,3 2.06 | 45.0
' 115.0 5.9 25.0
1 Hioo | 20.0 197 | 0.0
103.0 14,0 48.0
318 l1oa.0 | 9.8 1.95 [ 430.0
78.0 9.1 45.0
| 66.0 14,3 72.0
- 524 70.0 | 22.5 2.0 97.0
67.0 36.7 153.0
69.0 7.5 45,0
69.0 1.2 59,0
7 62.0 15.4 2.01 81.0
63.0 | 20.7 -l 99.0
79,0 34.6 128.0
3340 NO FRACTURE TOUGHNESS TESTS

| ' PERFORM'ED
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Table A12 (Cont.) =

CAST AND | LOAD | DEFLECTION| CRACK | CRACK
SPECIMEN | f .| PLANE | LENGTH: [:
NO. - (w) (m), WIDTH - c
. ' x 10 w0 {m) 3
(m) 5 Cx 10
'x_ 10 :
70,0 3.5 24.0
48,0 5.0 44,0
44,0 6.6 48.0
43,0 T.1 55.0
_ _ 41.0 | 8. 65.0
AA 42.0 | 10.3 2.07 1 850
42,0 11.2 ' 86.0
42,0 11.8 90,0
43,0 13.4 98.0
45,0 16.3 115.0
44,5 4.8 50,0
43,5 6.1 60,0
42.0 8.5 80.0
418 42,5 | 10.3 214 1 92,0
42.5 11.5 100,0
44,5 12,3 102,0
4‘405 14‘-7 128-0 *
48,0 3,2 28,0
46,0 3.6 32.0
45.0 4.2 36.5 -
47.5 5.2 42.0
44,0 £.5 52,0
47.5 8,2 59.0
424 44.0 9.9 200 1 5.0
40.0 11.2 91.0
41,0 13,0 102.0
42,0 14,1 108.0
4%,0 15,7 117.0
44.0: 20.6 138,0
42B NO TEST
54.0 3.7 30,0
52.5 4.2 35.0
51.0 4,8 : 40.0
434 18.5 7.0 2026 1 sTo
46,0 12.3 1 86.0
43.0 15.3 115.0
52,0 | 6.5 49,0
155.0 9.3 60.0
51.0 11.9 . 80.0
438 7.0 | 14.7 2.34 | 99.0
43.0 16.0 ' 121.0
43,0 17.6 133,0
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Table A2 (Cont.)

CAST AND| LOAD | DEFLECTION| CRACK | CRACK
SPECIMEN | £ PLANE | LENGTH
'NO. (N) (m) 4 WIDTH c

‘ X 10 w (m) 3
\ : () 5| x 10
x 107, )
54.5 | 6.3 | 36,0
' 58,5 10.5 5%.,0
444 63,0 19.1 195 28,
' 58,5 33,0 131,0
83.5 2.3 13,0
71 .0 342 22,0
\ 64,0 5.5 34,0
443 60.0 9.9 19 1 5500
58,5 18,2 84,0
59.5 35.9 146.,0
72,0 3.0 21,0
6445 4.9 31,0
454 60.0 8.4 1.99 47.0
| 59,0 14.8 T o5
63.0 26,9 109,0
95,0 3,0 14,0
. ) 69l0 _405 26.5
45B 64.5 8,0 1.98 42.0
| s1.0 15.0 - 71.0
65.0 30.6 119,0
70.0 A 2% .0
' 69.5 6.5 35,0
464 63.5 12,1 1.94 57.5
67.5 23.8 92,0
8%.5 3.3 17,5
| 69,0 4.6 28.5
46B | 50 8.0 1.96 | 4375
63.5 15,5 71,0
66,0 34,2 121,.5
85.0 3,2 18.0
74,0 3.9 24,5
1.5 4.9 | 30.5
474 68.5. | 7.1 2.05 [ 39,5
‘ 68.0 10.1 52,
70.0. 16,2 71.0
73.5 27,9 105.0
: 93.5 9.0 o 37,5
47B 69.5 15.2 2.08 68,5
| 75.0 26.6 . 99.0
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‘Taple A12 (Cont.)

CAST AND | LOAD | DEFLECTION | CRACK | CRACK
'SPECIMEN | £ . PLANE | LENGTH -
No. (nv) - (m)4 WIDTH o
o T x 10 w o (m) 5

(m) 3 x 10
x 10 '
7545 7.2 36,0
| 68,0 10,1 51,5
484 69.0 |- 15.8 2.04 -1 90.0
75.0 | 26.8 100.0
93.5 6.7 20.0
72.5 9.3 47.0
488 76.5 14.1 2.20 .| 61.0
76.5 24.4 94.0
69.5 40.0 159.0
87.5 6.5 31.0
.5 9.4 48,0
A% 3o | 5.0 218 | geTo
75.0 | 25.7 98.0
A9B NO TEST
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MODE I

FACE

)

" PLANE STRESS
~ OR
PLANE STRAIN

MODE 2 _—
SHEAR COMPONENT

EDGE OF CRACK =

' MODE 3

SHEAR COMPON ENT
PARALLEL TO LEADING

"EDGE OF CRACK -

- (ANTIPLANE STRAIN)

FIG.I

MODES OF CRACK ADVANCE

TENSILE COMPONEN 1'_,;'
NO RMAL TO CRACK -

NORMAL TO LEADING



- DETAIL OF GROOVE
IDEAL PROFILE | LEAD-IN -

ACTUAL PROFILE DEFINED |
BY H=2IC +369

-~ GROOVE.
" DEPTH ||
=T/3 I

TAPERED DCB .
SPECIMEN ‘

_PARALLEL. DCB SPECIMEN - St

SO FlG 2 .
TYP!CAL DCB CLEAVAGE SPEC!MENS



ALL DIMENSIONS IN MM,

TENSILE TEST SPECIMEN:
L 30 I\:zo RAD, - |
| | 18 '/L7/
l—/ 55 1 _ _
| - A
155
1
C OMPRESSION
TEST o
| SPECIMEN
12
FIG 3

TENSION & COMPRESS!ON SPEC[MENS




LOAD

DISCONTINUOUS PROPAGATION - -

 CONTINUOUS PROPAGATION

USING GURNEY'S
ANALYSIS,
WORK

/v _ AREA OAB X FACTOR

A CRACK SURFACE AREA
FOR JUMP AB .

FIG 4

Exrensnouil

IDEALISED FORMS OF LOAD—EXTENSION CURVE FOR THE TDCB SPECIMEN



~ +025mM

Fig. 5 : ‘ }
Cleavage apparatus for crack tip
micro-examination







Fig. 6

Typical Infra Red Spectrogram
of Epikote 828/Epikure DDM

Fig. 7
Typical TMA Penetrometer curve

for Epikote 828/Epikure DDM
(40 parts DDM)




SPECTROPHOTOMETER . C SP. 200

il
1
1

LS

LI
e

E1E AR
T
3
i

AT ANy

-+
Hi

o . KBr Thie .
- o ' . vk NoKAAL o ATTEN. IN,

SAMPLE: SAMPLE HEIGHT _ (O mm__ [x-axs scate__s0__ » lruyno._47_ — - | -
20 (fr) ~ |LOADING ON TRAY,,.,JO?M- v-axis scale. 292 o loave_s2. 473 - |
a PROBE: ' penermanion |Y-axis SENSITIVITY_—_ |oPerATOR A - | 0
ORIGIN: HEATING RATE 30@: L oo e i

/

/ 1 vy =nge_
] N O TR I
S Ty e

PROBE DISPLACEMENT
L"( &
N

0 50 100 150 200 & 250 300 350 .. - 400 . . 450,
T.°C [CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES). " - o: o o 0




(N) -
CROSSHEAD SPEED ‘O0[7 Mm. S" | CROSSHEAD SPEED 0017 mm.S.

60 1 | CHART SPEED :34 Mm,S' ~ © CHART SPEED 17 Mm.5'

22017

40

60"

20A
- |

St | 20

— F!GB | -
LOAD EXTENSION cuaves FOR. TDCB SPECIMENS I7B 2OA a B

T T e e S e CHART LENGTH (M) _




COMPLIANCE
“OMPLIANCE
X 10°(mN) 4]

2 B N T T R T _ ’CRAC_K’.TI.-.E’NGTH
o 8 9 10 o ll o _l2_ _‘-.Is‘_- pc'..}-
o vapoa TDCB SPECIMEN |7B




' COMPLIANCE|
| '-XtOs[MN )

" "CRACK LENGTH

8 w0 a2 ¢

Coxim
FIG IO | _"".

: *.~_,-va FOR TDCB SPECIMENS 20A a 209



- 181

Fs
N) |
32+ g

'-2'_8'- |
26-
o
22

20{ .

" CRACK LENGTH .

o 10 oy 2 ISC
FIG.Il = XIO%m -

F5/WvC FOR TDCB SPECIMEN 7B .




LOGE-
3
50+

491

48-

5.9 - so'---ﬁfﬂ }Jfﬂg?f7:
FK3l2 o |
LOG-Ev LOGC FOR TDCB SPECIMEN :73




o
: -.so?
40{

| 30+

. 20-

- - CRACK LENGTH
FIG I 3 XIO (M)

FSIWvC FOR TDCB SPECIMENS ZOA&B
o (COMBINED PLOT) ‘




LOGEF

24 26 28 To _’-ZT'z' o
| FIG 4 . tos °
LOGEv LOGC FOR TDCB SPEC!MENS 2OA&B

s (cownameo PLOT)




BERRY
IRWIN-KIES

GURNEY

‘0017mm . S~ CROSSHEAD.
SPEED
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Fig. 45
Distortion of resin revealed by ,
chromic acid etching \
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Fig. 46
Cleavage fracture surface etched
in chromic acid

Fig, 47
Seratch marks on chemically etched

epoxy
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Fig. 48
Wrinkled surface of ion bombarded
epoxy

Fig. 49 :
Flash heated epoxy surface
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. _ Specimen mount for eryogenic ion
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Fig. 51

Surface of low DIM content resin
v after cryogenic ion bombardment







'

FPig. 52
Surface of intermediate DDM content
resin after eryogenic ion bombardment
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Fig. 53

Surface of polished stoichiometric
resin after cryogenic ion
bombardment







1 OPI'TI

1 OIJITI

Fig. 54

Meniscus of low DDM content cast
glab after cryogenic ion
bombardment

Fig. 55 (a)
Surface deformation at the tip
of a crack in a "tough" resin

immediately after arrest







10um '

, Fig. 55 (b) ‘

i : As Fig. 55 (a), after further .
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Fig, 56 (a)

Surface deformation at the tip R
of a crack in low DDM resin :
immediately after arrest '
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Fig. 56 (b)
As Fig. 56 (a), after further
crack movement
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Fig. 57 .

Surface region of a crack tip in
a "tough" resin undergoing slow
crack advance. (Specimen etched
prior to testing)
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Fig. 58
Surface region of a crack tip
in low DDM resin - near an arrest
location. {Specimen etched prior
to testing)
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Fig. 59
Surface region of a crack tip in
a "tough" resin after slow crack

growth. (Specimen etched after
testing)
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Fig. 60

Arrest and slow growth region on
a cleavage fracture surface of a
"tough" resin. (Optical
micrograph)

Fig. 61

Scanning electron micrograph of
transition from smooth area of
a prior crack jump to the rough

zone of the next jump. (35 parts

DDM)
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Fig, 62
Arrest location on s (small)
cleavage fracture surface of low
DDM resin. (Optical micrograph)

Fig. 64 .
Scanning electron micrograph of
an area corresponding to the
triangular features in Fig. 62
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Fig.- 65
As Fig. 64, showing an associated
pore

Fig. 66

Transmission electron micrograph
of an area corresponding to the
triangular features in Fig. 62.
(Two—stage acetate-carbon replica)
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