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» The physical processes involved during the fracturé of .
. three epoxy resin systems and'rglated’particulaté'filled com=
posites have been investigated. A mathematical model is also

rresented which accﬁrately predicts some of the observed
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(i)
SYNOPSIS

The useful structural materials are those that are both strong and tough.
* The "toughness" of a given materialis characterised by its fracture energy which
is defined as the total work expend;ad in propagating the crack so as to produce |
unit area of new fracture surface: the fracture energy is a chan;acferistic property
of the material and may be_detern;uined by direct experiment.

Earlier work had shpwn that the addition of particulate fillers to a "brittle"
epoxy resin matrix produceci com;;osife materials having fracture energies somewhat
greater than that of the base matrix. The main object of this work was to examine
in detail the fracture characteristics of the above family of materials with a view to
identifying the physical mechanisms responsible for this effect. Hencé , @ reasonably
systematic examination of the effect on toughness of the'size, shape, nature,
conc;nfraﬁon and adhesion of the matrix to the filier particles has been undertaken.

Estimates of the fmcfuré energies of three epoxy resin systems, i.e. CT200/
HT901, LY558/HT973 and EPONE28/NMA/BDMA and related compasites have been
made by a double cantilever beam technique. Chapter | contains a defailed review of
the mechanics of such a system: the basic experimenMI techniques and the specimen
preparation procedures are describéd in Chapter Il. It was considered that before any
detailed conclusions could be drawn about the crack propagation proéesses in the
composites, more detailed information than was ot present available was required on’
_the base matrices. These exp;ariments are described in Chapter ||l and the results indicate

that our cured epoxy resins exhibit a "jumping"mode of crack propagation and are

therefore characterised by two fracture energies which correspond to conditions of



(i)

crack initiation and arrest. The effect of fillers on the fracture toughness of our
epoxy resins is described in Chapter 1V: these results are compared with the Charpy
lmpcét Energies in Chapter V.

The possibility of interpreting the crack propagation behaviour in the base
matrices in relation to variations in crack opening displacements and flow stresses
seemed attractive and hence these parameters were determined and are presented in
Chaptér VI. Finally in Chapter VI the "jumping”mode of crack propagation is
discussed in detail, and a simple mathematical model is developed which predicts
correctly the type of changes in fracture energy that may be expected when particulate

fillers are added to an epoxy resin matrix.
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CHAPTER |

Basic Concepts of Strength and Fracture Toughness

1.1. Introduction

The ultimate strength of any solid is determined in principle by the coHesive
forces between the constituent atoms or molecules: theoretical estimates of this ulti=
mate strength havebeen made, in various ways, for a number of different materials.
Real strengths approaching this theoretical limit have been attained in several instan-
ces; notably in freshly drawn glass fibres, whiskers of high melting point materials
and, to a lesser extent, in heavily worked or heat treated alloys. However, if these
very strong materials are to find general applisation then an assurance is needed that
they will'mainfain their strength in service and thus are not prone\ to sudden or cata=
strophic failure. Unfortunately, all the above solids are, in practice, prone to failure
at much lower fracture stresses than can be obtained in the chorofor); where great care
may be taken during preparation and in subsequent handling; many will fail, ata
relatively low stress, from small surface flaws induced by mechanical damage or chem-
ical attack. The useful structural materials are therefore those that are both strong and
have a high resistance to the propagation of cracks which may be nuclea,fed from sur=
face or internal flaws; a material with a high resistance to crack propagation is gener=-

ally referred to as being tough.



In practice it is extremely difficult to produce a solid that has both great
strength and a high degree of toughness since the two characteristics are; to a large
extent, in conflict; traditionally the most useful structural materials have been those
that exhibit the ability to deform plastically, at least locally around a crack tip. This
local plastic deformation will lead to the dissipation of energy, the blunting of the
crack tip, and will, as a consequence, increase the resistance to crack propagation.
The complexity of the physics of the local, crack fiﬁ, plastic deformation is primarily
responsible for the problems encountered in assessing the sfrenng and, perhaps of much

greater importance, the toughness of a material,

1.2. Basic Energy Concepts of Strength and Toughness

The general conflict between strength and toughness has highlighted the need
for separate ch-:nfitafive assessments of these parameters. Singularly the most important
advance m this field was GRIFFITH'S (1920) realization that it was unrealistic to con-
sider flawless materials, for,'even where these can be produced in the laboratory it is
virtually impossible, during normal usage, to maintain them free from surface damage.
Griffith was also the first to appreciate that a finite stress is required to extend a pre=
existing crack, even ina hypotheﬁcc;l ideally=brittle material, because work must be
doné to supply the energy required to produce new area of fracture surface. He intro=-
duced the criterion that the rate of decrease of strain energy of a b;de, during crack
extension at constant sf.rcin', must be greater than the rate of increase in surface energy

as the crack advances,

VY
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where:
U = Stored strain energy
L = Crock length

T = Surface free energy.

Griffith assumed T to be equivalent numerically to the surface .tension and showed that
the above criterion provided a necessary and sufficient condition for a pré-exisﬂng
crac_:k to propagate in an ideal brittle material, i.e .. a material in which no pIOinc
deformation occurs during failure. |

With the aid of INGLIS'.(W]S) analysis for the stress distribution around an
elliptical cavity in an infinite isotropic solid he wasvable to calculate the change in the
strain energy of the system due to the presence of a crack of known length. This contri=

bution, & W, (per unit thickness of sheet) under plane stress conditions is given by:

2

AW = Dnoe” [1.2]

7 E .

where 0 is the stress applied at the boundary, © the half length of the crack and E the
Young's modulus. Griffith further associated a characteristic surface energy T with the
free surface within the crack and hence the change in energy, AU, of the system due

to the introduction of a crack into a previously uncracked body is:=

o= 4Te -1 o2c? 0.3]

E

If the above criterion is satisfied then the uniaxial tensile stress oy required to fracture

the body is given by:



o = (2ED )“ pal
e
Equation [1.4] was apparently successful in predicting the breaking
strengths of glass rods containing pre-existing cr.acks of known size. However, the
later work of LINGER and HOLLOWAY (1968), WEIDERHORN (1969) and many others
consistently suggest that the energy absorbed during the producﬁoﬁ of new fracture
surfaces even in glass, the archetype brittle material, is much greater than that re=-
quired simply to overcome the surface tension forces. In addition, values for the
energy expended during the fracture of metals and polymers are many orders of magni=
tude greater than the theoretical surface free energy. Nevertheless it was nearly twenty
years before Griffith's ideas were modified to give a more complete explanation of the
fracture behaviour of these quasi=brittle materials. IRWIN (1948) and OROWAN (1948-49}1
| independently deménsfrcfed how the work done during plastic deformation atc; crack tip
could be incorporated into the crack extension criterion. They argued that if plastic
deformaﬁsn occurs at the tip ofa' crack and if the zone of plasﬁc\deformation advances
. ahead of the tip then additional work will be required to propagate the crack: The basic
ideas central to .Griffith's l;ypofh‘esis may however be retained if we replace the sur.face |
eﬁergy, T, (in for example, equation [1.4] by a fracture energy, ¥, which will now be
defined as the total energy expended in propagating a crack so as to produce unit area of
ne;/v fracture surface. The fracture energy, y, will therefore be the sum of the surface
energy, T, and that energy, P, expended during the crack tip plastic deformation. The
fracture energy, y, is a characteristic property of a material and may be determined by
direct experiment.
Again with thg aid of INGLIS' (1913) analysis of the stress distribution around an

elliptically shaped crack in an infinite Hookean solid lrwin and Orowan deduced the
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following expression for the uniaxial tensile breaking stress of a quasi=brittle material.

% =<'2"(I;£E>% | [1.5]

i C

For all materials, including the inorganic glasses, the plastic work
- . contribution to the fracture energy is predominant and hence for most purposes the

surface energy may be neglected and we may now write ¥ « Pand:=

3
(252)

%

where crack extension occurs under conditions of plane strain or:= ’

e

for plone strain conditions where v is Poisson's ratio. An important extension to the
P _ P

-3

Griffith = Orowan theory of fracture has been provided by Irwin's "fracture mechanics"
concepts. Fracture mechanics is concerned with fhg mechanical responses of a flawed
or cracked body 16 the application of forces or stresses. For a linear elastic body the
stress field produced around the_ crack tip can be described in terms of the external
loads or stresses and the ggomefry of the body. The crack ti;; stress field may be
characterised by a stress _iianfensiry factors K] ' KZ' K3 which represent the stress
singularity surrounding the tip of a crack subjected to the three fundamental modes of
crack surface displacement illustrated in Fig. (1.1). For each of the three
displocemen‘f modes the sttess distribution with regard to fhe' angle g (defined in‘

\



Fig. (1.1) The three fundamental modes of crack surface displacement,
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Fig. (1.2) ) is identical close to the crack-tip regardless of the geometry of the
member. Hence the stress intensity factor may be consfderqd as being a single
parameter which describes the crack-tip stress field,

Alternately, the magnitude of this stress field may be characterised by an
"energy release rate", 9 , which is associated with the change of elastic = strain
energy accompanying an increment of crack extension (IRWIN 1958). When the
vqlue of K exceeds a limit characteristic of the material a crack becomes
unstable and propagation may occur: this critical stress intensity factor is usually
denoted as Kc and serves as a useful empirical toughness parameter which reflects
directly, and quantitatively, the complex crack tip plastic deformation.

Irwin also showed by integration across the stress field that:=

- -

K2

y = =5 (-»? n.6]
2E . g

when the stress system corresponds to plane strain and hence the fracture is entirely

perpendicular to the applied stress direction. Equation [1.6] reduces to

—

- for plane stress conditions where the fracture is entirely shear. : - ‘
The above expressions may only be justified rigorously for an elastic crack

in an ideal, linearly-elastic, brittle material and provide the basis for the so-called

"linear elastic fracture mechanics" freatm;ant of brittle fracture. However, they may still

be considered as applicable for-our purposes even wheh plastic flow occurs at.the crack

i
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tip provided that the length of the plastic zone and the crack opening displacement
| are small compared with the specimen dimensions, and the crack length, and also
that Fér the whole specimen, departures from linear elastic behaviour are small .

Both K.c and y, are referred to in the literature as "fracture toughness"
parameters and normally this causes no serious problems. However, if in a systematic
study of ﬂ;e dependence of the fracture toughness parameters on the addition of a
second phase to a brittle matrix the elastic modulus changes drastically the trend in
fracture energy may not be the same as that in the critical stress intensity factor,
Generally, in making comparisons beMeen different materials, this critical sl'res.s
intensity factor is perhaps a more useful parameter for'fhe design engineer.since. if
its value is known, together with the stress applied to a component, then it is possible
to calculate the flaw si_ze/ necessary to cause failure; or olternutive.ly, if the sfze and
orientation of the ';worst" flaw is known, then the failure stress may be found. The
critical stress intensity factor may therefore be considered as relating directly to the
load-bearing capability of a component containing unavoidable c;acks. The fracture
enérgy is perhaps a more fundamental parameter since it reflects the extent of inelastic

_processes occurring at crack tips in non-ideally brittle materials. In this thesis we -
shall confine ourselves mainly to the determination of fracture energy but in some
instances whel:e it is considered necessary critical stres's‘infensiry factors will also be °
quoted. |

CLARKE, et.al. (1966) define a "work of fracture" which is essentially an ‘
integral form of what we.hcye called fracture energy. This work of fracture’may be
obtained by determining the total work that has to be done to break a specimen ina
manner that is sufficiently slow so that no kinetic energy is imparted to the resulting

‘ .
. .'
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fracture pieces. They then divide this work by the projected fracture surface area without
taking into account any of the fine scale surface irregularities.

To summarise briefly, we now have two basic parameters, the fracture
energy and the critical stress intensity factor, both of which can be determined by
"experimenf, and either of which can be used to represent the toughness of a material,

thus enabling comparisons of different materials to be made.

A useful structural material will be one that has a high strength ;:nd an adequate
toughness. Nature has provided many such materials: bon§ and bamboo are nofable
examples and both of these are composites, i.e. they consist of two or more discrete
components combined together to produce a final material that has desirable properties
not offered l;y the ;:onsﬁfuent components on their own. Man has copied nature's
composites to produce such materials as glassfibre-reinforced plastics, dispersion |
strengthened alloys, glass-bonded ceramics, hair-reinforced plasfer, straw=-reinforced
bricks, etc. Such composite materials have received considerable attention over the
last decade. Interest has centred primarily on the evaluation of strength, toughness
and stiffness and on production techniques with little attention having been paid to the
physics of the processes that are involved when a crack propagates through such a
m;ferial . In addition, much of this work has been congernéd with fibre-refnforced
@hices and it is now quite well established that increases in toughness, above that of
~ the matrix alone, can be achieved by incorf:oraﬁng fibres into a brittle matrix; for
example carbon ﬁbres in glass and glass fibres in polyester resins. On the other hand,

the strength of a ductile, and therefore tough, material can be increased by

\
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incorporating strong yet brittle fibres: for example, tungsten in a copper or silver
matrix, or silicon carbide whiskers in aluminium.

The main objective of the work to be described in this thesis was to exam'ine
in some detail the fracture characteristics of composite materials formed from an epoxy
resin matrix and various particulate fillers. [t was hopedb that a reasonably systematic
examination of the effect on toughness of the size, shape, nature, concentration and
adhe‘sion of the matrix to the filler particles might lead to some insight into the physjcal
mechanisms involved during crack propagation in this type of composite material,

' Preliminary work of GRIFFITHS (1968) had already_wesiublish‘ed that the addition of silica
flour and aluminium powder to an epoxy resin matrix produced a significant degree of
toughening. The choice of composite type ,'and in particular the matrbg material , w;:ls .
governed mainly by practical considerations, Three commercially available epoxy

resins were chosen as matrix materials;=

(i Araldite CT200 cured with HT901 (products of CIBA = Giegy Limited), a

casting and laminating system.

(ii) Araldite LY558 cured with HT973 (again products of CIBA = Giegy Limited)

a preimpregnation and laminating system.

(iti) EPON 828 cured with NMA and accelerated with BDMA (products of Shell

Chemicals Limited), a basic "state of the art" system,

It was hoped that these would provide matrices covering a range of mechanical
and thermal properties; the important properties were considered to be, fracture energy,

flow stress, elastic modulus, impact energy and thermal expansion coefficient.
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\

The choice of filler was primarily dictated by the availability of parficles
of suitable sizes. Glass and aluminium were used as fillers in some of the principal
series of measurements because they were available in a useful wide range of sizes,
but some quite informative results were obhineci, in a few tests, using @ number of

other materials,

1.3. The Determination of Fracture Energy

We have shown that fracture energies or critical stress intensity factors will
serve as useful fracture toughness parameters and in the remainder of this chapter We
shall review the experimental methods available for the determination of these
parameters «

Mica was the first material on which direct measurements of fracture energy
were made, OBREIMOFF (1930) used the natural cleavage planes to sfabilize the crack
propagation direction. The mica was fractured by driving a wédge into the material in
- a direcﬁc;n parallel to the_crystaillographic cleavage planes and fﬁe fracture energy -

. calculated from the measured crack lengths and opening displacements, The fracture ‘
energies of ofhe'r crystals have been determined in a similar way by, for example,
‘GILLMAN (1960) and WESTWOOD and HITCH (1963). Various other specimen
geometries and loading systems have been used or suggested for, fracture toughness
testing and a review of many of these is given in ﬂ-;e A.S.'AI'.M.‘SPECIAL TECHNICAL
PUBLICATION, Number 381 (1964),

In this thesis the author describes the Double Cantilever Beam or D.C.B.
method of frqcfure toughness determination. The principal advantage of this technique

is that it provides a cracked specimen of such geometry that normally the crack has a

number of stable positions so that data from a series of propagations, in a single specimen
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may be used to estimate the fracture toughness parameters, Other advantages of this
method are that, depending on the behaviour exhibited by the material under te;r,
slow crack propagation may be studied or the conditions for both crack initiation and
.arresf ascertained. The fro.cfure energy presented h_c;(e is derived from the rate of
release of strain energy v during the fracture of a double cantilever beam type of
specimen illustrated in Figl.. (1.3). GURNSEY & GILLMAN (1961)have shown that the
direction perpendicular to the maximum tensile stress near the crack tip in such a_
specimen lies at an angle inclined to the longitudinal mid-plane of the specimen which
is the required direction of crack propagat'ion and hence, once initiated, a crack will
be unstable and tend to run éuf of the side of the specimen. A number of methods
have been employed to stabilize the crack direction in macroscopically isotropic
materials; for example, BENBOW and ROESLER (lv957) applied longitudinal
compression to specfmens confined in guides to prevent buckling, and SVENSSON
(1961) used an axial loading technique. A simpler method of controlling the propagation
direction has been described by BERRY (1963) who cut grooves alo\ng the centre line of v
opposing faces of a long rectangular specimen and was successful in confining the crack
to within the grooved central regions; it is this technique that is used thropghout this
work.

—

1.4. The Mechanics of the Double Cantilever Beam System

Approximate expressions for the rate of release of strain energy -—A-L-j and
, aL .
hence the fracture energy may be derived from simple beam theory in terms of specimen

dimensions and critical applied load or displacement. Fig. (1.3) again shows

schematically a double cantilever system and the following analysis will be concerned '

\



Fig. (1.3) A double cantilever beam specimen.
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initially with the simple rectangular form illustrated. For the most elementary case
we consider a specimen split along the medium plane such that each half acts as a
cantilever whose length is given by the crack length, L. An applied force, F, will
produce a bending moment, M (x), along the beams such that M (x) = F (L=x) for
O < x < L. If we neglect any shear effects then the strain energy, U, in the beqm

is given by simple beam theory to be:-

L ‘ ] '
Uu = __'_./ Mz(x)dx = _Fi_!-_. [1.7]
2El 6E|
o
where:
E = Youngs modulus
| = Second moment of area of cross section which for a beam of
3 .
thickness b and width t is given by | = L)
' 12

‘/'

The deflection, §, at the point of application of the force is given by

Castigliano's theorem:=

s = = - L | 8]
oF | x=L  3El o

-

combining equations [1.7] and [1.8] we have:=

v = B [1.9]

Now applying the Principle of Conservation of Energy:

\
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Work done by Energy expended

+

external force in producing new surface

F.d§ + Tytdl T

Change in
stored energy = 0
+ du

n
" . o

where, t, is the width of the fracture surface, i.e. the thickness of the specimen.

From equation [I1.8] we have:

2y
e

du

o,\/

thus yt

dnd 3 2

Etzb3

dL -+.<§l> ds.
aL /L

-—7 *+ FdS¢ [1;10]
0.11]

[1.12]

S asy

A third expression for fracture energy may also be obtained by eliminuﬁng. E

from equation [1.12]and [1.13] to give:~

ks
1

~
i
N W

[1.14]
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Thus we have three different expressions for fracture energy: if Young's
modulus is known, then the fracture energy can be estim;:red from either measurements .
of déflecﬁon and crack length, or applied force and crack length, alternatively if
both force and deflection are measured, then the fracture energy can be estimated
directly without the need for a separate measuremgﬁt of Young's modulus. [t will be
convenient to denote these different estimates of fracture energy by distinct symbols:
viz yg, Ve and YFS‘ respectively. In practice the values of fracture energy obtained
from a given set of experimental data using equations [1 .12‘], (.13} and [1.14]
do not always agree to within experimental error; usually ya > YEs > ¥ these
differences being a reflection of the approximations involved in using the simple beam

theory to evaluate the rate of release of strain energy.

1.5. A More Detailed Analysis

The expressions for fracture energy given in the previous section were developed

_ froma simple beam theory which omits any contribution to the ex;;ressions for cantilever
arm deflection from shear and from "end rotation". (The finite strain beyond the crack

: tip, in the unbroken section of the specimen.) These two additional contributions may
be considered as corresponding to an extra displacemen&‘ of the cantilever arms for

a given applied stress and hence we may write the total deflection as:=

§ Total = GSshear + Cendrotation + &applied stress.

-y

The effect of these additional terms has been considered by GILLIS and
GILLMAN (1964), BERRY (1963) and SRAWLEY & GROSS(1967); we will now examine in

some detail these three rather different ways of correcting the simple expressions.
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A 1..5.1 . Gillis and Gillman

Gillis and Gillman have analysed mathematically the principal deviations
from the simple beam case; they considered the main sources of error to arise from the
neglect of the effects of the shearing strains in the cantilever arms and the finite

strains beyond the crack tip.

Shear

The existence of a finite shear strain within the cantilever arms modifies the

-simple beam expréssion [l..7], for stored strain energy to:-

+
6El 2AG

u

_ Al e o o [1.15]

L 3

where A and C are constants and G the shear modulus.

If we combine this with equation [1.13] we may write:=

2,2

o= = (‘+SE-'-2> - 0.6
F Elt AGL :

corrected>

for shear

Similarly the deflection equation for stored strain energy may be rewritten in

its corrected form as:

2 . -1

U = E-g- (! +.3Ci2 | | [1.171
PSR |

- AGL™“

and hence the corresponding fracture energy expression becomes:
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9FEI & u 1 + CE 1+3 '
ve - ( CE| 2\ < CEI ) | 0.18]
“corrected \ 2L AGL"/ AGL '
Kfor shear /

Now following a similar procedure to that used previously and eliminating
Young's modulus from equations [1.16 Jand [1.18] then the force/deflection equation

for fracture energy may be written as:=

1

, _ 3Fs (V+CEl N\/V+3CEl \ |
IR TR G-
2 1L AGL AGL .

corrected
for shear

An estimate of the error involved, for an epoxy resin, in neglecting shear
effects and using the equations based on the simple theory may be found by substituting
typical values into the additional terms in these three corrected expressions.

Such a substitution gives:=

e, L E
AGL2 5 12

and hence the errors due to neglecting shear are:
) [ 56 a L = '2b ]
1% et L = 4b

2b

1% at L " 4b :]

l_--S% a¢ L = 2b:]-
2% L 4b

at

20% at L
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\

for the force, deflection, and force/deflection equations respectively.

End Rotation

Finite stress beyond the crack tip are problematical and if these are present
then some movement of what were previously assumed to be the fixed ends of the
cantilever arms takes place; this movement is generally referred to as end rotation.
If we now tonfine ourselves to considering specimens with Iarge<;£>mtim where, as

b

we have shown previously, shear effects may be neglected, then

ff_ a +3pL"
3E|

[1.20]

“where D and n are constants.
Manipulation of equations [1.13 Jand [1.,20] gives the following relation=

ship between the fracture energy and the applied force:

, o S :
Y = 6I-2L -2 :
F = T [_l+(n+|)ol.“ ] [1.21]
corrected for _ .
end rotation

and similarly by combining equations [1.12] and [ 1 20] the "deflection” equation

may be written:=

’
Y

ve o 38E 1+ @pi o .
(corrected for> 8[_4 ,(] +3DLn-2)T .o [1.22]

end rotation
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and as before:- | —

-2 '
3 F§ 1+ (n+)DL" :
3 Fs )DL ] ~ 11237

¥y =
F& 2w Li+3oL

corrected for)
end rotation

If n =2 the above equation reduces to simple beam expression:

viz ?F8= -3- Fe . Gillis and Gillman also considered various other departures from
2 tL

simple behaviour including kinetic energy and anisotropy. Kinetic energy contributions
which arise from the motion of the cantilever arms are problematical, however, determin=
ations of fracture energy made in this work are dependent upon the rate of release of
strain energy at the beginning and end of each increment of crack extension, i.e. where
the velocity approaches zero and therefore this effect may be neglected. Speci?nen
anisotropy has also been shown to have little effect on calculated fracture energies
provided that a modulus appropriate to the applied stress direcﬁ;an is used (this problem

. may be avoided if the force/deflection expu:essions are used since ;hese.do not contain
a modulus term.) .

Further small errors arise from the effects of the suppression of anticlastic
curvature near the. crack tip. This effect a.ppet':rs to be part of the end rotation already
considered since the suppression of this curvature suggesfs that the strain energy density
is higher than that calculated from simple beam theory but only by about 3% at a
length to breadth ratio of three. For some materials and specimen sizes it is pc.assible
that the deformation of the cantilever arms b‘ecomes.non-Haokeon . This effect is
particularly difficult to correct for analytically and the best procedure is to avoid the
problem by selecting a specimen size (in particular the width of the cantilever arms)

such that the deformation remains linearly elastic.
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1.5.2. Berry's Method

The procedure adopted by BERRY (1963) and later by BROUTMAN and

‘Me GARRY (1965) to obtain a;:CUrcre estimates of fracture energy from double canti=
lever beam force and displacement data is best described as being semi-empirical .
The essential difference between this method and that of Gilllman is that Berry do.es
‘not specify the form of the errors involved but attempts to determine their fnfl vence
experimentally whéreas Gillman deduces the form of the errors theoretically ﬁndi
evaluates or eliminates them experimentally. Berry assumes that the simpDIe cantilever
equation [1.8] is inappropriate, however, he does not specify the 'sources of error in

detail, unlike Gillis and Gillman. Instead he generalises the equation to:=

m

FL ~
§ = 5;-‘ . [1.24)
and assumes:’
H & |
F = —I:E; ‘ | [1.25]

where m and H are constants.

Now since U=3% F§ then from [1.25]

- 2, -m
1 Hé& L
U = = [].26]
2
¢ _ay.. = _mHSz ' | ' t] 27]
aL 2™ -
and hence
U = _mFs = 2w | 0 .28]

ol 2L
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or rearranging
Fs . (ir.)z. , | o p.29]
t m )

The constant, m, moy be determined experimentally from a plot of |og< )

against log (L) and the fracfure energy then calculated using this value of m.

1.5.3. Srawley and Gross

SRAWLEY AND GROSS (1967) have carried out a detailed numerical analysis
to evaluate the plane strain, stress intensity fac_tor Kl and the cantilever end deflection
in terms of the applied load and beam dimensions. The numerical technique they used
is often termed boundary collocation and involves finding, by successive approximation,

a stress function y that satisfies the biharmonic equation

and also the boundary conditions at a finite number of stations along the edge of a

specimen. The original results were in numerical form but it is fortuitous, and certainly
\

convenient, that their data can be represented by a relatively simple expression, for

Kc’and & which, after manipulation, give the following expressions for fracture enérgy:

32 L 2 y
3EL° 5 140.7T) .=
vy = —F— 2 [1.30]
5 et [1+2.15+1.5‘l ] - o
o [+ . |

6F212 b.2 »
0 +0.72) | | 31
ErbS L -3t

\

YE
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-(1+o 7L)

'v - 3Fs o
2 tL [ 142, 1_+15_ [1.32] -

1.6. Grooved Specimens

The previous analyses have been concerned only with a simple r?ctangular
form of specimen; but it is necessary to cut grooves along two opposing faces in order
to stabilise the direction of crack propagation in the macroscopically isotropic materials
to be investigated here. In general the specimens employed throughout this work had
the cross section shown in Fig. (1.4) and for calculations of fracture energy the basic
equations need slight modification, '

For a rectangular, grooved specimen (shown in Fig. (1,;4)) having the following
dimensions: |

t = thickness

w .= thickness in the groove

/
- 2Y = width of groove

b = distance from the edge of the groove to the side of the specimen

The energy dJ expended in producing new surface during an increment of crack extension

dL is therefore:=

d) = 2ywdl

For our grooved specimens the second moment of area | is given by:

BB+
12

but provided that Y <¢ b then
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and hence the original Srawley and Gross expressions for fracture energy may be
modified to give:=

3.2 b 2

Ys o 3EB°S (1+0.7T) ' '
Bl 1+2.1%+1.5'-°;] - Rt
- ~
| ) ) SR '
L eFA b |
Y. = —— 1407~ : - [1.34]
F Ewtb L ) R
3 Fs 04075 -
?Fa = X - [: L L bg-J . [].35]
| ,2 wl '|+2.'|r+1.5[2. )

4

1.7. Discussion

The deviations from the simple beam fheory have been discussed in detail
and it will be shown later that numerical data presented in this thesis fits closely the
Srawley and Gross equations provided that the crack length is greater than about
twice the specimen width. Gillis and Gillman's analytical arguments were included
to illustrate and give some physical basis to the main sources of error for the experi=
ments reported here; these are considered to be shear and end rolufic;n although in
general minor contributioﬁ; are made by the kineﬁé energy of the cantilever arms,
repressed anticlastic curv;:fure, non-lineér deformations and anisotropy. Berry's
technique was considered primarily for its historical significance and to emphasise
thc;t some care mtlJSf be exercised when comporfng published data obtained from different .

‘ L)
- . analyses of experimental results. In Berry's case deviations from the simple beam model

e
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are all included in the value of his constant, m, and are therefore reflected directly

in the calculated fracture energy. The Srawley and Gross boundary collocation
resultsv, which fit very closel'y the experimentally observed relationships between
deflections, opplied forces and crack lengths, indicate that the corrections which need
be applied to the simple model are not of the first order as Berry assumes: hence

deviations are not necessarily reflected directly in the estimated value of fracture energy.

1.8. Summary

This chapter has been concerned primarily with the theoretical background of
the double cantilever beam technique for the determination of the fracture energy of o
brlﬂle material . Expressions for the fracture energy have been developed from simple
beam theory with the aud of Principle of Conservation of Energy and some of the
deviations from the simple case have been discussed and the necessary corrections

presented. , The best available expressions for the calculation of fracture energy are

_ considered to be those published by Srawley and Gross.

: 239
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CHAPTER 1| :

Basic Experimental Techniques

2.1. Introduction
Some discussion is. presented here on the basic epoxy resin cure mechanisms
and on the methods of specimen preparation: the experimental procedure adopted for

the determination of fracture energy and the apparatus used are also described.

2.2. Basic Cure Mechanisms

The three epoxy resin.systems used throughout the experimental programme
were Araldite CT200/HT901, Araldite LY558/HT973 (both products of CIBA Geigy
 Limited), and EPON828/NMA/BDMA (products of Shell Chemicals Limited).

2.2.1. CT200/HT901

CT200 is an "advanced" epoxy resin based on the diglycidyl ether of bisphenol
A which is generally used for casting and laminating purposes. The diglycidyl ether is
ob’f‘ained by reacting bisphénol A with epichlorohydrin,:in the presencé of a sodium,‘ "

hydroxide catalyst. The reaction proceeds via two stages:=

() The formation of a chlo;ohydrin intermediate.

(i7) The dehydrohalogenation of the intermediate to the glycidyl éther.



‘ o, . .
o / \
NaOH CH2 - CHCHZO'

CH
| 3 . /0\
OH ? OH + 2C|CH2CH - CH2
CH3
,'Bispehnol A ‘ ' Epichlhor'ohyarit‘\
OH CH, . OH
NeOH CICH,CHCH,O C OCH,,CHCH,,CI
2 2 2 2
—_— ‘ CH3 '

Chlorohydrin intermediate

H3 OH
Lo é :
H3 : | " In

O—0—=0

.
/

=

» T3 | .C/O\' L
' c‘: OCH2 H— CH2 + NaCl + HZO :
L bl T

™~

_ The reactions which o;:cur when the CT20,0»is '.'cured" with phthalic anhydridé,
HT901, to form a thermally more stable material are somewhat complicated and
uncertain. Since phthalicf't;nhydri.de does not react dir;ctly with epoxy groups it is first
necessary for the anhydridé ring to be opened.

The nature and the rate of reaction between the anhydride and the resin will,

in general, be governed by the method of ring opening; in th.is system the.ring is opened

\ ’ ) : :
by the hydroxyl groups of the resin to result in the formation of carboxyl groups.
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Phthalic
_ Anhydride

The carboxyl groups produced further react with the eppxy groubs by what is

initially on addition esterification.

Alcoholic hydroxyl

”

The alcoholic hydroxyl then undergoes preferential, independent etherification
through the reaction of available hydroxyl groups with epoxy groups.
. The precise mechanisms have not been too well elucidated in the literature but

it is likely that the reaction 'prbceeds in part through the formation of an intermediate

-

oxonium ion.

The final product is however the highly cros's-linked polymer:=

o .  OH
l ' :l\ N Vv

| | |
OO'C'C‘_OC”z.C'
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2.2.2. LY558/HT973

LY558 is an epoxy-novolac resin genermlly used for the production of fibrous
composites. The starting novolac may be produced by the reaction of phenol and

formaldehyde in acid solution, such novolaes have the following idealised structure;

OH H H

The novolac-based epoxy resins are normally synthesised by a reaction "
involving epichlorohydrin in a similar manner to that used for bisphenol A resins.

HT973 is a boron triflouride/ethylamine complex, the boron triflouride is
used to accelerate the sluggish reaction between amine and resin. Complexing is
employed to co-ord"inate tI;\e unshared electron pair of the nitrogen atoms with the
empty boron orbitals and so block aﬁy reaction until elevated t;mpquufes are used
to dissociate the complex. The above complex dissociates at obot;t 3§0K and hence

this particular system has proved very useful for the preimpregnation of fibrous

composites.

.

.BF3’ . C2l'|5NH2

S & S N
moyfiussocuafe to: C2H5 : BF3-‘. + H

" ‘reaction with available epoxy groups then occurs to-give:=

21

<>-? - %H ) - 4B+ NC,H, (=)

OH ’

which is capable of chain propagation and cross=linking by ring opening of the epoxy

R B



groups again to produce a highly cross-linked polymer.

2.2.3. Epon 828/NMA/BDMA

Epon 828 is a "state of the art" commercial resin being similar to CT200 and
based on the diglycidyl ether of bisphenol A, but has a somewhat lower molecular
weight. The mechanism of the cure with nadic.merhyl ‘unhydride, NMA, and
benzyldimethylamine, BDMA is even less well understood,or documented, than the
ot.her anhydrides. The tettiary amine, BDMA, is used as an accelerator again to
increase the rate of the otherwise very slow reaction of Epon 828 with NMA.

The reaction proceeds in a similar manner to that for CT260 with the BDMA, -
a Lewis Base, reacting preferentially with the ophydride to accomplish the necessary'

" ring opening and in the process generating a carboxyl ion.

[ o oe NR ¢
,/'/ / ' ’ 3 .
. C< C/
(+)
C/ O ‘o NR3 C /0(')
N\ N\ |
\O O

Reaction between an epoxy group and the carboxyl ion produces another ion which is

capable of ope,nfng a second anhydride ring and so on in a chain process.

2.3. Specimen Preparation

The majority of the specimens produced were cast in preheated steel moulds.
These moulds were supported vertically in the curing oven so that transference of
mixtures from pre-reaction vessels could be achieved without removing the moulds from

the oven. The insides of the moulds were coated with a silicone grease release coating,

L



(Relecml MS7) whrch was bal<ed on to the surface at 57OK for 24 hours and any

‘excess removed w:th carbon tetrachlorrde . Tlms surl’ace treatment allowed abouf

thirty specimens to be cast’ .‘“ any given mould bef°"°.9.!’§7’°PPl'9°,ﬂ°0 of grease

T B ER .o
et ;

" was required.

72,30, CT200/HTI01

Storchiometrrc quantities of resin and hardener were used throughout this .

prelrmmary experiments it was found expedient to use freshly supplred batches of

the components if samples havmg consrstent fracture behavnour were to be produced

larger sizes of filler since sedimentation occurred in the vertical moulds in the penod

after pouring from the pre-reactuonvessels and before gellatron of the matrix. A

1 . -

work these being 100 : 30 pqrts by weight of CT200 resin to HT90'l l’\crdener, - :

e

heated ina COVel’ed vessel to 433K In the instances where filled specimens were to, o

.
.

" be produced the requnsrte amount ofpre—heated fuller was. added at thrs stage and

o ;v"-’..sut'ficrent time allowed for the removal of air loubbles, The appropriate weight of

b :'-hardener was then stirred into the mix and regular stirring continued for a period'of-

o

, lmtially some dlfflCUl ty was experrenced in fabr:catmg specnmens contaimng the .

" £ thirty minutes after v‘Wthl"" time the partially pre~cured mixture was transferred into .-

7. the heated steel moulds. A mould temperature of 393K was chosen to preuenr

<

‘sedementation by rapidly increasing the viscosity of the mix. -Specimens were cured o
' ".r-"'..jv.:k';.'in the moulds for sixteen hours at 393K and cooled slowly at 20K per hour to room o
i temperature where they were broken out, drilled trimmed and a slot, terminating in- -

‘a swallow-tarl ci.tt. The samples, supported ona glass plate , were then post-cured

.~

: - somewhat unusual cure schedule was developed in which the CT200 resin was pre= P

- v".:-_;,h» at 433K for sixteen hours and agam cooled slowly at 2OK per hour, thus elummatmg



"the necessity for a further annealing treatment.

The steel moulds produced specimens having the following dimensions:

Length = 300 mm

Width of arm b = 12 mm
Thickness, t = 7.5 mm
Groove wfdth,2Y = | "1Tmm
Thickness in the  _ 3 mm

groove, w

which were chosen to satisfy the condition that the ratio of minimum crack length
to specimen thickness was greater than three so that errors involved in the use of the

Srawley and Gross expressions would be minimal .

2.3.2. LY558/HT973

Specimens were manufactured using LY558 and HT973 in the ratio of 100 : 3
parts by weight respectively, plus the required amount of filler. The cure Aschedul.e

“was of the same form as that employed for CT200 but with the following modifications:

(i) Pre~cure for fifteen minutes at 393K
(ii) Cure at 373K for sixteen hours in steel moulds -

(iii) Post-cure and anneal at 393K for sixteen heurs.

2.3.3. Epon 828/NMA/BDMA o

The preparation procedure differed slightly from the above cases due to the

. necessity of adding an accelerator. Resin and hardener in the ratio of 100 : 90 parts



by weight were heated separately to 393K and then mixed thoroughly, the required
quantity of filler wos odded ot this stage and the mixture allowed to stand In a

covered vessel until all the air bubbles had been removed. 0.5 parts by weight of '
accelerator was then thoroughly stirred into the mixture. The complete cure schedule

was as follows:=

6)) Pre-cure at 393K and pour ten minutes after the addition of the

accelerator,
(ii) Cure at 388K for sixteen hours.

(iii) Post-cure and anneal for sixteen hours at 433K.

The above procedures when allied with a little experience enabled composites
to be produced hdvfng bubble volume fractions of less than 0.01 and with no appreciable
sedgmenfatioh. A generally good surface finish could also be obtained such that
- unfilled 's;;ecimens were transparent; light not being scattered ap;;reciably from surface

imperfections. Examination under crossed polaroids revealed only slight residual strains.

2.4. Description of Apparatus and Experimental Procedure Used for Determination of

Fracture Energy=-

We have previously indicated that the double cantilever beam technique, for
the determination of fracture energy, has a number of advantages over other possible
methods. In particular it is generally possible to control the propagation of the crack
such that dota may be obtained from a number of increments of crack extension. This
technique also makes it possible to study slow crack growth in materials in which this

occurs and to determine conditions for crack initiation, propagation and arrest.
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The determination of fracture energy involves the measurement of cantilever
operﬁng displacement, applied force and crack length for sepémfe discrete values of °
opening displacement.

‘The test apparatus shown in Figs‘. (2.1) and (2.2) was constructed using %J
commercial Hounsfield tensometer as a basis and enabled the fracture energy of specimens,
having thé dimensions given previously, to be determined. The cantilever opening
displacement, 2 &, was derived from observations of the relative positions of fiducial
marks attached to the specimens; tHese were followed with the aid of a low power X10
microscope, mounted on a vernier scale, which could be read to within + 0.05 mm. The
crack length was obtained with the aid of a second low power microscope attached to a
vertical scale. Some problems were encountered in deciding upon the precise location
of the crack front because of its finite curvature; this_ difficulty applied particuliarly
to the filled material where it was impossible to see into the body of the specimen.
Quoted values of crack length may fherefore be considered to be accurate to within
-+ 0.5 mm although the ersor in rel ative values are much less. Th;re are also more
profound implications of the curved crack front since all the theoretical models
including that of Srawley and Gross assume a straight crack front. The situation is further com
plicated by the fact.fhatth'ecurvature depends on the crack velocity. A typical crack
front in cured CT200 is shown in Fig. (2;3), for the sake of consistency all the crack
Ienét'hs were measured from the line of application of load to the point where the front
intersects the specimen surface. Provided that the curvature is not too large, .I'his
opproximaﬁbn‘should an produce an appreciable effoa; in the cdlculated fracture
energies.

| The applied force, F, was recorded with an Ether U.F.2. dynamometer and a

TOA chart recorder,’ Specimens were precracked in a simple hand-operated machine to
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Fig. (2.3) Typical crack front in cured CT200/HT901

(magnification x 795)
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produce a crack length of about 100 mm. A sensitive load cell could then be used,
in the more .sophisticated testing machine, without possible damage by the high loads
required to'initiate a crack from a swallow-tail cut. The above combination of
dynamometer and chart recorder then allowed the opplied force to be determined to
within + 2% irrespective of the range of dynamometer. |

Samples under test were placed in the machine jaws and the distance between
the fiducial marks, 26 o recorded in the unstressed state. The cross=head drive motor
was then started and the fiducial marks followed wifﬁ a travelling microscope until the
crack was observed to propagate, at which instant readings of 2 ( § + 80), crack length
and applied force, F, were recorded .

The width, w, of the fracture surface was estimated after fracture with the
aid of a travelling mfcroscope, about ten readings being taken at different points along
the length of the specimens. The width, b, and fhickness; t, of the cantilever arms
‘were. taken as the mean of four micrometer readings from each limb of the double |
, ;:anﬁlever"specimens .

In practice, for many of the materials tested here, a complication arises
since the crack does not propagate in a continuous manner as the displacement of the -
cantilever arms is increa;ecl , but in a series of discrete, well-dgfined iurﬁps. It is
thérefore possible, as we shal.l see Iate.r, to calculate frd?:fure energies corresponding

to coﬁdiﬁons of crack initiation and arrest.

| 2.5. Processing of Observational Data

Fracture energies were determined from the observational data, by a graphical
method using co-ordinates based on the Srawley and Gross equations: In general the

force~deflection equation [1.35 Jwas used since a knowledge of Yéung's modulus was
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not necessary when only the fracture energy was to be calculated. A typical
graphical representation of corrected data from two unfilled, cured CT200 specimens

is shown in Fig. (2.4), the correction factor

b2

-}(l+0.7 L) 2 ”-l
. 1 +?.ltE +I.5L7 |
having been found, for each group of data, with the aid of a desk top computer.

An infellesﬁng feature of the graphical representation of the experimental
data is the small négaﬁve intercept, on the ordinate, which is found reproducibly
on plots for urifilled specimens fractured at a constant cross-head speed. These
intercepts were not found on graphs plotted from dota.obmined when hand cranking

the Hounsfield fesfing machine. This apparent anomaly will be considered in some

detail in Chapter lll.

.- The Young's modulus of the specin;nens, where needed, was determined using
' : 1
a Srawley and Gross corrected formula since it may readily be shown by manipulation
) . .

of equations ﬂ.32]and {1 .33] that:-

3 2

4FL b b
E = —5 142.1—- +1.5 ) .
th~ & L Li S

-

The data was again analysed graphically and a typical example is given in Fig. (2.5).

2.6. Summary S_— ]

The somewhat incomplete information at present available on the chemistry of

the cure mechanisms of the three basic resins is presented; this is not intended to
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Fig. (2.4) Typical corrected data used for the determination of the fracture energies

(lyF s and Ay Fs ) of unfilled CT200/H 1901, '
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CT 200 YA

0 02 04 06 08 10 12

CANTILEVER OPENING DISPLACEMENT (28/16 )

Fig. (2.5) Typical corrected. data used for the determination of the Young's modulus

of CT200/HT901
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be a comprehensive review of the epoxy resin literature but to illustrate the
complexity of the cure processes involved. The salient feature, however, of these
r;)aferials is that what is initially a liquid or low melting point solid may be cross-
linked to produce a polymer having excellent mechanical properties. Techniques
employed for the production of composite materials with an epoxy resin as a matrix
are also described as are the measurement of the various poramefers heeded for the

« determination of fracture energy.
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CHAPTER Il ' ‘

oo

Preliminary Experiments with Unfilled Resins

- 3.1. Introduction

| Early experiments with fillers highlighted the need for some basic information
on the fracture behaviour of the matrix resins. A series of experiments was th;refwe '
performed to examine the behavioural features of the three selected resins and to
invésﬁgafe the effeéfs of temperature and environment. These experiments, which |
reveal a number of interesting features, will be described in this chapter. Sc;me new
effects have been oBserved , in particular that the fracture energy is strain-rate
dependent and also at 350K, where a pronounced increase in toughness occurs, the
.crack-tip ﬁlastic deformation is augmented by the formation of a considerable number

of small "craze-like" defects.

3.2. General Behaviour

Two effects were observed during very early experiments when t‘Jsing asimple
hand-cranked machine to fracture double cantilever beam specimens. Firstly, the
crack does not propagate continuously as the testing machine cross~head is displa‘ced
at .a constant rate, but advances in a series of well-defined jumps. Secondly, the
fracture energies of these materials are sensitive to the. effective extension rate at the
_crack tip, which as we shall see later is a function not only of the applied extension

rate but also the crack length.



Specimens of all three resin systems prepared as described previously,

exhibit a type of"crack propagation behaviour that will be described throughout this
thesis as "crack jumping". It is observed, for these materials when low strain rates
are used, that during double cantilever beam experiments the crack does not advance
in a continuous fashion as the cross-head displacement is increased but in a seric;.s of
discrete increments. There are therefore a range of values of cantilever opening
displacements and/or applied force over which the crack will not propagate, and
hence a number of stable crack positions may be obtained along the length of a
specimen. It may be l.JSerI at this stage to compare some of the phenomenological
characteristics that obtain during the propagation of a crack in these materials with
that expected for an ideal Britfle material which has a unique, single~valued, time
and temperature indep?ndent, fracture energy. If a double cantilever beam fracture
test were performed on this hypothetical material with the testing machine cross-head
driven at a constant rate then the crack would be observed to ‘prépagafe continuously
N d;:>wn the length of the specimen. The rate of crack propagation bean controlled by
the rate at which the system is supplied with strain energy, that is by the speed at which
the cross=head is displaced. A similar experiment performed on the three cured epoxy
resins would yield very different results: i.f the cross~head was extended slbwly then
the crack would be observed to advance in a series of well-defined jumps. For
mate;ials exhibiting this mode of crack propagation it is possible to determine frocfwé
energies for conditions of crack initiation and arrest. |f we assume that L] ’ 8] , and

F, are the observed values of crack length, end deflection and applied force respect-

!
ively, at a stable crack arrest position, then it is found that in order to propagate the

crack the applied force and hence the end~deflection must be increased to higher values

of say F2 ond 82. In what we shall assume, for the moment, to be a perfectly rigid



" machine, the crack advances then at constant end-deflection to a new, stable
| positionatd lerigth -Lz'as. theapplied force falls to Fgeo Values of ke 8 and F, at‘ S
" the instant of initiation can be used to evaluate an. “Initiation® value of frccture )

L

272

| energy, l. Y an arrest value, A?, mav also be calculared frorn 8,L, and F3 with
- the aid -of equchons [1.33], [1.34], and 0-35] | R
| The number of sfable posmons obtemcble from a spec:men of guven length
|s‘ not only dependent upon the relcmve maémtude of fhe mnhahon and arrest fracfure '
5 energues but also as rr:dy be deduced from equcmons [l 33], and [ 34 ,on: _'
. | J the wndfl\ b, of the cenhlever crms. Although we hove shown by direct expenment
' fhdl’ the fracfure enerdres are themselves mdependenf of spec;men slze..' UnFortunofely |
R N there is no. s;mple, single paramefer Wthh charactenses the overall crack i |ump|ng

behavnour of these materlals but there are prachcal s:fuahons where quanhtahve

. " comparisons may be made, for example, by compormg the ratio of initiation and arrest

(] -

o ; . ) . o .
fracture energies of one material with the next, when subjected to a typical cross-head

- ispeed. - ' - This ratio of fracture energies, however, does not have a.unique value
.- for a given material for as we will see later the fractire energies of individual resins - * '

-are rate sensilive arud are"therefere functions of rhe effective ektenslo'rrrate thatis .
; ex;;erienced by the crack tip. Thevinifiaﬁorl and arrest velueévef frecrure;energy are,
“:; in general effecfed in differenf ways by changing the exfension rate,

: Teble 3.1. summarizes fhe fracture energnes of the three cured resins which
have been derermmed at a fixed, arbufery cross-heed speed of 6.3x lO .s-] .
| Cured CT200 has the largesf Fracture energy rafio. In this mereriel the crack -
advcnces from one stable posmon to the ‘next in a v:olent manner; durlng propcgahen
itis mposSable to follow the crcck front wsually. 'lhe other two sysfems' cured LY558
) “and cured EPON 828 behave ina less vnelent munner, as reflected by‘the lower |

S

A ‘fracture energy ratios; in these matenals the creck front advan_ces \°,l abour 10 mm 's .
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TABLE 3.1. R

The Fracture Energies of the Three Resin Systems

Maferial. ’y/] 02 jm=2 A v/ 02Jm=2 1y

CT200/HT901 1.2 0.75 1.60
LY558/HT?73 0.33 0.28 1.18
EPONS28/NMA/DBMA 0.58 0.53 - 1,09

3.3. The Role of Effective Crack Tip Extension Rate

It was observed during early experiments with a simple, hand-cranked testing
machine that the crack in our double cantilever siaecimens could be made to propagate
without jumping provided that the cross-head was displaced at a sufficiently high rate,
In addition, it was found that it became increasingly more difficult to propagate the
crack in this non=jumping manner as the crack length increased. The above
observations led us to suspect that the fracture energies of these materials were rate
sensitive since ifa sbecimen i; fractured at a constant cross-head speed then the actual
extension rate expgrienced by the crack tip decreases as the crack length increases.

We will now define an effective crack-tip extension rate E ¢ as;-

. ' _ applied cross-head speed
¢ (crack. Iength)2

If aspecimen having rate sensitive fracture energies is fractured at a constant applied
cross-head speed, then the observed fracture energies will be functions of crack length
since both 1V and AY are functions of E°, . It may be recalled that it was proposed to

use a graphical mefhéd, with axes based on the Srawley and Gross factors, for the
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estimation of fracture energy from our experimental data Unfortunately this
technique is inappropriate for the base matrices for linear plots are obtained with
large negative intercepts on the ordinate: an example for cured CT200 fractyred

at a cross-head speed of 6..3 x 10-.3 mm s-] has already been shown in Fig. (2.4).
In such instanceés point fracture energies were calculated, with the aid of equations
[1.33], [1.34], and [1.35 Jat the beginning and end of each crack jump. We
will see later, however,‘fhaf the graphical technique may be used for the more
heﬁvily filled materials, where the fracture energies are essentially independent of -
effective crack-tip extension rate and therefore of crack length.

Some additional experiments were undertaken to test the h);pothesis that
the effects described above were dye to variations in fracture energy with effective,
extension rate and not fo a geometrical effect or fola systematic error that may have
been overlooked. 'fhree cross~head speeds were chosen which. would give some over-

‘lap of effective extension rates in specimens tested at different applied rates. The

. speeds chosen were:=

1.5 x 10-2 mm: 5-1

6.3 x 10-3 mm s-]

1.5 x 10-3 mm s'.-"I

-

-1

and, for example, a specimen fractured‘of a cross~head speed of 6.3 x 10-3 mm s
and having a crack length of 200 mm will have the same effective rate as another
frc:;ctured at1.5x 10-3 mm s-] and having a crack length of 96 mm.
By using these three applied cross-head speeds the point values of fracture
_energy calculated from equation [1.35] and presented in Figs. (3.1), (3,2) and (3 )

were obtained for the three'r‘esin systems. The excellent overlap of fracture energies
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estimated at effective rates derived from different applied rates suggests that the l-

variation in fracture energy is a real phenomenon.

3.4. The Effect of Temperature and Environment on Fracture EneLg_Z

A series of experiments were carried out to explore the influence of
temperature and environment on the fracture energies of the three epoxy resin systems.
The effect of temperature and environment has obvious practical significance but as
we shall see later the data presented in this chapter will also enable us h; make some
inferences about the physical processes involved during crack propagation in these

materials.

The environments chosen for preliminary investigation were:~

(i) Moist laboratory air, approximately 109 of HZO Kg“.I of air
(ii) Silicone oil ‘(MS 550) dried over freshly prepared sodium wire

(ifi) Water

A detailed study was conducted in the temperature range 263K to 393K.

3.4.1. Experimental Procedure

0

To allow temperature and environmental studies to be performed, an environ=

' menf and temperature enclosure ahd some temperature control and stirring ap'paratus
was added to the basic testing machine. The enclost; was constructed from a tall,
11 litre, glass bottle with the top sawn off. In an attempt to reduce the temperature
gradient over the height of the necessarily rather tall jar, heating elements were

wound on glass formers, with the wire spacing such as to provide the greatest heat |

input at the bottom of the vessel. Temperature sensing was achieved with a copper/
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constantin thermocouple and the heating element driven via a Eurotherm controller,
) Even with the groduofed.spacing of the heater windings some difficulty w.cls
encountered in obtaining a uniform temperature distribution over the height of the
enclosure. Various stirring methods were investigated and it was found that the best
results were obtained by vigorously bubbling dry nitrogen through the liquid environ=-

ments, or blowing preheated laboratory air through the container during experimental
runs requiring the use of moist air,

Specimens were precracked as before in the simple, hﬁnd.—operafed machine
and allowed to soak, in an unloaded state, in the chosen environment, and at the
required temperature, for one hour prior to use; Tests wer.e performed ;:s before and
ihe data obfained.is presented in Figs. (3.4), (3.5) and (3.6). Some cured CT200
specimens were stressed to 90% of the calculated load required to initiate propagation
from a crack of known length and were soaked, under load, in specific environments,
for a known time and temperature.. The specimens were then returned to room
. l'emperafut"e but maintained in the original environment apd the crit‘ical load required

to initiate propagation from the aged crack determined. The results are presented in

Table 3.2. along with some comparative data from specimens fractured at the test

temperature. -

—

3.5, Survey of Results

Figs. (3.1), (3.2) and (3.3) indicate that the fracture energies of all three
epoxy resin systems as estimated using double cantilever beam specimens are sensitive
to the actual cross-head extension mtelexperienced at the crack tip. Cured CT200
and LY558 exhibit broadly similar dependencies of fracture energy on effective rate

over the range investigated. Although larger fractional changes are observed in both

-~
v
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TABLE 3.2,

Comparative Fracture Energy Data for Specimens Tested at the Soaking Temperature

and Room Temperature

Tested at Soaking Temperature Tested at Room Temperature
Fracture Energy/] 02Jm._2 Fracture Energy/1 Osz-2
X4 AY 4 AY

Water 350K Water 350K
4 .40 0.70 4.38 0.70
Silicone Qil 335K’ Silicone Oil 335K
6.68 1.20 6.57 120
Air 350K | , Air 350K
4.42 0.70 4.45 0..68'




- 59 -

17 and A7 for cured CT200, the initiation fracture energy decreases whilst the arrest
fracture energy increases with increasing effective extension rate until a common
fracture energy is reached, where the crack is observed to propagate without jumping.
Cured Epon 828 behaves in a somewhat different manner: both the initiation and the
arrest fracture energies initially decrease with increasing effective extension rate but
this is followed by a rapid increase in the arrest value to produce again a common
fracture energy.

Figs. (3.4), (3.5) and (3.6) reveal that a large increase in the fracture energy
for crack initiation of cured CT200 occurs at about 340K; this is some 30K to 40K below
the glass transition temperature of the material, Careful microscopic examination of
the region close to the crack ﬂp, in a specimen that had been loaded for one hour at
350K, revealed whaf appeared to be extensive "crazing”.

Crazing is a common feature in glassy fhermoplashcs such as polystyrene,
PMMA, polycorbonafe, polystyrene, etc. and the phenomenon has been extensively
-studied by KAMBOUR (1965), HULL (1970), HAYWOOD (1972) and many others. It
has been established that crazes are local regions of very high strain and at low optical
‘magnifications they appear to be flat, almost crack=like defects which are formed in
time perpendicular to the local principal stress when this exceeds a critical value.
They are however load-bearing and, in the above thermoplastic materials, consist of
thin strips of oriented polymer material containing a high proportion éf very small voids
(KAMBOUR and HOLIK (1969)> and as a consequence have a si.gnificanfly different
refractive index from the normal material. It is this difference in refractive index
within the craze which gives it the appearance of a crack, In liﬁear polymers crazes
form, provided the stress is sufficiently high, perpendicl.;lar to the local principal

tensile stress and this results in the production of a characteristic pattern of crazes
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around a crack tip, especially when this has been, for some time, under a load less
than that required to cause rapid crack extension.

The micrograph in Fig. (3.7) shows the crazes near the crack tip in a small
rectangular specimen of polystyrene containing an edge-crack which was loaded by
driving a small wedge into the end of the crack. The details of the craze pattern
vary with load history and with the geometry of the crack tip profile. Fig. (3.8)
shows the features observed near the crack tip in a similar specimen of a fully cured
CT200 in which the edge crack was loaded by wedging after the specimen had been
immersed in water at~ 350K for about 10 minutes.

It is the striking similarity in the appéarance of I‘=ig. (3.7) fo;' polystyrene,
and Figs. (3.8.) and (3.9) for cured CT200 that makes it tempting to interpret t.he
"|ines" appearing round the loaded crdck tip in the epoxy at 350K as crazes, Patterns
of features similar to that shown in Figs. (3.8) and (3.9) appeared around loaded crack

tips within a few minutes at 340 = 350K for all three resins when immérsed in air, water

orin silicbne oil (MS 550). Similar features have been detected néar the crack tips in

specimens of CT1200/HT901 and EPONS28/NMA/BDMA loaded for much longer times,

' (100 hours), at room temperature in air. The distribution of individual features formed

at the lower temperature is much less intense so that, in isolation, the similarity

between the features formed at room temperature and crazing in thermoplastics is much

less striking. '

If some form of crazing can occur in the cured polymer, then it should be
possible to produce it other than ar'ound a crack tip. We have in fact established that
craze-like flaws are produced on the tensile surface of a rectangular beam of
CT200/HT901 which was loaded in bending at 350K in an air oven. Fig. (3.10) show's

some of the crazes which have grown perpendicular to the tensile stress and it was

~ ..



Fig. (3.7) Crazes around a crack tip in polystyrene

(magnification x 100)




ip in cured CT200/HT901

"Crazes" around a crack t

Fig. (3.8)

(magnification x 800)



Fig. (3.9) "Crazes" ahead of a crack tip in cured CT200/HT901

(magnification x 2000)




Fig. (3.10) "Crazes" normal to the tensile surface of a simple cantilever

beam of cured CT200/HT901

(magnification x 400)
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particularly interesting to note the existence of pairs of these flaws, which, although
separated by a very small distance, appeared to have grown without interacting with
one oﬁofher.

All the craze-like features observed, whether near crack tips or on cantilever
specimens, grew perpendicular to the local principal stress, Detailed examination of
Fig. (3.16) suggests that there is little interaction between adjacent but closely spaced
features and hence they appear to be load bearing. Thus these features appear to
satisfy the qualitative phenomenclogical criteria for crazes.

Most of the crazing described so far was observed in , or very close to, the
outer surfac.e layers of the resin specimens which were in contact with the mould surface
and/or were exposed to the atmosphere during post=curing. Thus it is a priori
possible that the mqterial in these layers is §ep|efed of hardener an.d therefore not fully
cr.oss-linked. Alfh.ough it has been observed that much longer, more pronounced crazes
occur in cured CT290/HT961 resins which contain only one half the stoichiometric ”
proporﬁoa"\ of anhydride hardener (15 instead of 30 parts of HT901 \fo 100 parts of CT200),
it i‘s believed that érazing does occur in the normal, fully gured resins. Crazes have
. been detected in the central part of thé upper, tensile surface of beams loaded as
lsimplé cantilevers at 340K, even.though that surface had been formed by fracturing
after the origi;'\al specimen had bee‘n given the normal post=curing heat treatment.
M;reover, microscope examination of the fracture surfaces of double cantilever beam
specimens of both CT200/HT901 and EPONB28/NMA/BDMA, used to determine

fracture toughness of the;f.'e materials at room.femperafure, reveals similar craze-lik§
features over the whole width of the specimen; these are particularly dense near crack
arrest positions, (see Fig. (3.11)). ' Corresponding features were found in equivalent

positions on the matching fracture surfaces and they are believed to bs small crazes



Fig. (3.11) Region close to a crack arrest position in cured CT200/HT901

(magnification x 400)
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formed oblique to the fracture plane. HULL (1970) has reported the formation of

crazes at an anéle to the fracture surfaces of polystyrene, and these produced

features on the fracture surface which are remarkably similar to those illustrated in

Fig. (3.11). We could not detect any features of this kind on fracture surfaces of
LY558/HT973. However, Fig. (3.12) shows that the cleavage fracture surfaces of

this material have quite pronounced striations roughly parallel to the direction of

crack propagation and these would make it more difficult to detect the lateral marks
corresponding to oblique crazes. On the other hand, our few simple tests failed to
reveal, unumbiguou;ly, any crazes ﬁround crack tips at room temperature in this resin, '
and it might be that crdzing occurs inLY558 only at elevated temperatures .

The evidence Suflingd here strongly suggesfs‘ that crazes, i.e. localised, |
planar regions of in*ense plastic strain, can occur in these highly cross-linked n‘efwork
polymers. If this |s the case, although the structure of thé craze material is still

" problematic , it seems Iilfely that an intimate connection exists between the growth
.'of crazes'land fracture similar fo that now well established for glas;sy thermoplastics.
(See e.g. KAMBOUR (1965), HULL (1970), HAWARD (1972).)

It is believed that fhe‘obove observations provic.ie the most direct evidence,
presently available, that crazes ean form in thermosetting epoxy resins. However, it
must be admitted that this evidence‘ is still:somewhat circumstantial , )

A further important aspect of the behaviour of cured CT200 at elevated
temperatures is also shown.in Figs. (3.4), (3.5) and (3.6). It is that the initiation
fracture energy inéreqses while the arrest fracture energy either remains essentially
constant, or increases only slightly, as the temiaerofure is raised obov_e room temperature’,

This observation is in direct contradiction to the preliminary results of Griffiths that led

him to postulate that the crack jumping behaviour in these epdxy resins could be



ion in cured LY558/HT973
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attributed to adiabatic heating effects at the crack tip,‘ Griffiths' hypothesis, in the
light of the results presented here, will be discussed elsewhere In this chapter and in
some detail in the final chapter. ‘Comparison of Figs. (3.4), (3.5) and (3‘.6) shows

that both the initiation ond arrest fracture énergies are higher in a water=free e.nviron-
ment. Table (2.2.) \.Ni” reveal also that both the initiation and arrest fracture energies
of specimens soaked at an elevated temperature, in a chosen en.vironment, in a cracked
and stressed state, and then tested at room temperature are essentially the same as the
values that would have been obtained if the specimens had been fractured at the soaking
temperature. This, therefore, implies fhat the processes which occurred at the crack tip,
at the 'elevofed'fe‘mperature, were not reversed by unloading and cooling to room

temperature .

3.6. Preliminary Discussions

U!fimafely, the crack propagation behaviour of materials is related to their
~ internal sffucfure, and probably to their microstructure, however, for epoxy resins as
for the majority of amorphous materials, knowledge of the structural arrangements at
an appropriate level is not ovaila.ble. . In the case of the epoxy resins even the
chemistry of the cure mechanisms is stﬂl rafher.uncerfain. One may, however,
sympathise with the organic chemist since he is faced with following an ;xhemely
,co;nplex reaction and analysing a final product that has a high degree of chemical,
and physical stability: it is these very propert’ies that have led, in part, to the lepaxy
. resins finding such wigle-ranging use. In view of the complexity of the reécﬁon
" involved during curing, it'is perhaps plausible to expect that epoxy resins will have a
microstructure consisting of adiucent.regions of h?ghv;'snd low 'croks-liﬁk'de‘nsity. This

is certainly not ?nconsi'sfent with the results of simple etching experiments performed in
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these laboratories by the author and B.R. McQuillin; both ‘chromic acid and argon
ionlbombordment in a radio frequency glow discharge consist_éntly reveal the type‘ éf
~ structure shown in Figs. (3.13) and (3.14). lHowe\‘rer, it is considered that the
"scale” of this sfﬁ:cfure is too small to allow any simple correlations to be made with,
for example, the size of the crack tip plastic zone.

In the absence of any detailed information on either structure or the processes
of inelastic deformation which lead to the blunting of the crack tip, we can attempt
only a rather naive phenomenological explanation of the processes occurring during crack
propagation in these materials. Although we shall return to this problem in more detail
in the final chapter, it may be useful, briefly, to discuss the possibility of such
interpretations of the fracture behaviour of unfilled resins, before we meet the additional
complications appa‘rent when fillers are added . |

One of ti:re most striking features of the cured epoxy resins being considered
here, is the jumping mode of crack propagation which obtains auring the fracture §f a
double ;anfilever beam specimen, as distinct from the more famil}ar continuous
propagation that occurs in many of the other, macroscopically brittle, materials such
as the inorganic glasses, PMMA and PVC. Notwithstanding these striking differences
in the mode of cn;ack. propagation all these materials have fracture energies that are
much greater than their respective surfﬁce fre; energié‘é. Irwin first showed that for an

—

ideal elastic-plastic material:=

RAN AL . - [3.1]
where: Y = fracture energy '
o = uniaxial flow stress
v I

a = plastic zone extension



Fig. (3.13) The fracture surface of CT200/HT901 having been etched in chromic acid

(magnification x 40,000)




Fig. (3.14) The surface of CT200/HT901 having been etched by argon in bombardment

in a radio-frequency glow discharge (magnification x 40,000)
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Microscopic examination of crack tips in our matrix materials showed a
measurable difference between the extension of the plastic zone just prior to crack
initiation and immediareiy after arrest, i.e. before the applied load or opening |
displacement were again increased. This observation suggested that some information
on the flow stressand the plastic zone ‘extension might be helpful.in constructing a pheno=
menological model. Experiments to determine both these parameters will be discussed
at a later stage but in the meantime it may be appropriate to review Griffiths' |
adiabative heating Hypothesis which was offered as an explur;afion for the jumping
mode of crack propagation. |

Griffiths postulated that crack jumping Was the result of the behaviour of the
material near the crack tip under fhe influence of adiabatic heating, which is a con=
sequence of th§ heat liberated during plastic deformation being unable to diffuse away
completely as the ;:rack proéagates. Preliminary work had indicated that the fracture
energies fell as the temperature was raised above ambient. He therefore argued that
‘when the‘applied extension rate was low any exténsion of a plasrfc zone at the tip of a
stationary crack would occur under essentially isothermal conditions. In addition
WILLIAMS (1965) has shown that adiabatic heating during crack propagation may lead
to quite high crack tip temperatures and ther.efore if the fracture ene.rgy falls as the
" temperature increases, excess energy will be available for further propagaﬁo:'\. Thus
pr‘opagaﬁon will -occur until the crack tip temperature falls again and raises the fracture
energy; the crack may therefore be expected to advance in a series of jumps. The‘
more extensive data presented here does not confirm the few results obtained by
Griffiths and fails to support his hypothesis: the fracture energy does not decrease
with increasing temperature and hence Griffiths' hypothesis appears to be inapplicable.

Finally, the preliminary results presented here highlight the problem of which:
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'
i '

:.volues of fracture ene:rgy should be used for the comparison of different e.pdxy resin=
, based materials, since the fracture energies are functions of the effective extension
rate experien'cefd by a crack tip. " It is clear from the complex l;ehavidﬁr that there '~
| ‘.is no singlle parameéter which can be used to compare all ds'pects of the crack prop=-
. agation behaviour of these materials_y. However, from a practical or design point of
;view, the minimum arrest“volue of fracturé energy has in"np‘ortant practic;al significance.,
There are also threé sets of fracture enérgies whiéhmdy be psed when seeking to |

compare the effects of varlous fillers.

The fracture energy at a.very Iow effechve exfensnon rate where wnohons over

;..'.-w " the length 'of a specimen are neglngnble. o -

' ,';"The fracfure energy at an effechve extensnon rate where the initiation

Loy V;_Land crresf values are equal and hence the crack propagates conhnuously.

o -

. (iii) . The fracture ef-\ergy al:‘qn ar&i’ﬁ'éry'effeétive extension rate. |
~ Methods (i) and (ii) although perhap§ of more fundumental importance than

- (iii) are difficult values to obfain in practice since in the first case the applied extension

'. rates are so low as to render the collection of data an extremely lengthy and tedious
" process. A VO'l:le for (iki) is readily obfainable for the three unfilled epoxy resin
' sysfems but this proved to be lmpossnble for the more heavily filled materials since,
wuth the apparatus cwaulable, a continuously propagating crack could not. be produced.
The compromnse method (m) is employed throughout this work. The fracture energies

for the varuous matermls are all determmed in effecf for a snmllar, but arbutraryeffechve .
extension rqte',‘ i.e.fora gnven cross-head speed of 6. 3 x 10" =3 mm § o and a crack .

: Aj. ";’.'l?|ength of 150 mm. ’ltIWi!l be §howq .l“af‘er _thaf the fracture energues of‘ thé heavily filled

Yoo
4




composites are essentially independent of effective extension rate over the range
investigated and in these cases the fracture energy values quoted, in subsequent -
chapters, are mean figures over the length of a specimen fractured at an applied

3 -1

extension rate of: 6.3x10 ~ mms .

3.7. Summary-

We have discussed some of the more important behavioural features of the
three base matrix materials: firstly, under our test conditions a crack does not
propagate continuously but in a series of discrete jumps; secondly the estimated
fracture energies are functions of the actual extension rate experienced at the crack
tip. Inaddition it is apparent that the inelastic processes occurring at a crack tip
may be augmented by the formation of craze-like defects. The fracture energies of
these materials inclrease or at least remain constant as the temperature is raised above
room temperature which suggests that Griffiths'adiabatic heating hypothesis may- not

“give an appropriate account of the jumping mode of crack propag;:xﬁon.

o2y



CHAPTER IV

The Effect of Fillers on the Fracture

Toughness of Epoxy Resins

4.1, Introduction
We shall examine here the effect of a variety of particulate fillers on the -'
fracture toughness of an epoxy resin: originally this was the main aim of the exberl-
. mental programme. ﬂe choice of fillers was dictated by the availability o.f
" materials in suitable small sizes and cs a result the r'nain body of the data presented
here will be éoncerned with glass and aluminium pofticlas.' These were readily
available in a range of shapes and sizes and permitted various surface treatments to
be used"w’hich it was hoped would enable us to modify the adhesion between ﬂ;e n;afrlx
and the filler. Glass was chosen to represent a filler type mor.e "brittle" than the _
ma‘frix énd aluminium to represent one mor‘e "ductile”, '
Some additional experiments were performed using mineral fillers; the most
interesting of these was talc which produced a large increase in fracture energy. This

* chapter will be confined to describing the experfméhh performed and the results

obtained; the main discussion will be held over pntili‘the final chapter,

4.2, Experimental
" The experiments were centred on the matrix, CT200/HT901 as it was found to

be relatively simple to control the preparation and cure conditions such that composites

(8
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having consistent fracture properties were produced. It was considered that
spherical glass beads (ballotini), roughly equi-axed glass frit, and short chopped
glass fibres would provide a useful range of filler shapes. The ballotinl was purcha'sed
from R W, J;nnings Limited, the frit prepared by wet milling crushed Float Glass
(Pilkington Brothers Limited) and the chopped glass fibres, of length 5 mm and 10 um
diameter were purchased from ClBA-Geigyv Limited. The frit and ballotini were |

meci;anically sieved to render the following particle size fractions:=

25 to 50 um
50 o 75 um
75 to 105 um
105 to 150 um

150 to 300 um

A typical particle size distribution for the 75 to 105 4 m fraction is given in
Fig (4.1) and was obtained by measuring the size of one hundred balls from a represent=
atiQe batch with a Cambridge Instruments "Quantimet" microscope.

All the glass fillers were dried prior to use by heating to 570K and composites
prepared and tested as described previously. The short glass fibres proved to be a most
dif;iculf filler to handle from both the testing and fabrication aspects. It was impossible
with the standard preparation technique to produce specimens containing more than about
a 0.05 volume fraction of fibres since the addition of quite small quantities produced a
very viscous mix which was difficult to pour. A modified casting technique was there=
fore employed in which the hot mix was poured into the usual moulds but instead of being

supported vertically they were arranged horizontally and filled by removing one of the

<
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side plates.

Composites produced in this manner were however considered to be unsatis=
factory since they had a considerable bubble content of about a 0.1 volume fraction
but in addition, and of more importance, considerable anisotropy was Introduced by
the modified casting technique. This anisotropy was parlﬂcularly pronounced near
the central groove as the fibres were longer than the thickness of the specimen at this
point and were therefore limited in their possible orientations. The problem was
alleviafﬁd to some extent by casting ungrooved specimens and milling fo the final
shape, but unfortunately it was impossible to propagate a crack for more than about
40 mm from the starting notch before the crack deviated into one of the cantilever
arms and resulted in the fracfure of that arm. An approximate fracture energy was
calculated however from the little data that haa been obtained. |

Aluminium/was chosen as a representative ductile material since it was
readily available as flake and roughly equi-axed pov;rder. No otfempf was made to
investigafe/ chopped aluminium wire because of the problems already encountered with
the short glass fibres. The aluminium powders were supplied by B,D .H .'Limited. It
was found that the finer powder was coated with @ mineral-oil, apparently to prevent
rapid and explosive oxidations of the aluminium when exposed to the atmosphere, The
oil film vapourised when the filler was added to the hot resin and a considerable time
was/required to remove all the bubbles from the mixture. It was élso suspected that
the oil might m some way effect the physical properties of the.base matrix, This was
demonstrated to be the case by adding som‘é _of the oily residue that had been removed
from the aluminium to a hot mixture of resin and hardener before gellation had occurred;

a 0.01 volume frac‘tion increased the fracture energy by about 10%.

For normal aluminium=filled specimens the oil film was removed from the’
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aluminium powder by repeated washing in h'ichloroethylene which enabled Bubble-

free composites to be manufactured. Composites containing more than a 0,05

volume fraction of this filler were again difficult to fabricate invertical mouids

because of the high viscosity of the hot mixture. Some specimens were prepared,

however, using a similar technique to that employed for glass fibres. The aluminium
particles were sieved to produce the same series of size fractions as for glass,

Microscopical examination of sieved fractions of the material supplied by B.D.H.

' Limited revealed that the shape of the particles was dependent upon their size, the
smaller particles being lamellar, the larger ones roughly equi-axed. Powders supplied
by other manufacturers were also found to exhibit a similar sbape/size dependence.

One of the original aims of this work was to examine the role of the degree
of matrix=particle qdhesion on the fracture enérgy of a composite material. The usual
technique for modi’fying th? bonding between an epoxy resin and an inorganic glass
filler is to use a silane pre=treatment of the glass surface. Silanes are commercially
évailable which ;:re claimed.to be capable, when applied correc;ly, ‘of either increasing

_or decreasing the adhesion between an epoxy resin. and a glass surface . Such silanes

‘ have found wide application in the glass-reinforced plastics industry where pre=
treatment of glass fibres with silane "adhesion promoters" has been shown to improve
various mechanical properties of the final composite. |

Two different silanes were used to pre-treat samples of ballotini in an attempt
to explore the effect of adhesion on the toughness of glass/epoxy resin composites, They
| -were A1100, on adhesi;)n' pranofer, and A'|86, on adhesion inhibitor, both produt;ts of

Union Carbide Limited.

Details of the application of the above silane coupling agents to glass surfaces

are given by WAMBATCH (1971): the procedure described was followed clasely. The
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initial series of results from a matrix containing ballotini treated with the two types
of silane sugéesfed that the treatment did not affect the toughness or the crack |
propagation behaviour of the composite. Microscopic examination of the.fracture |
~ surfaces also failed to reveal any distinction between the fracture surfaces of
composites prepared from either untreated ballotini or that treated with the A1100 or
Al86 silanes.

| It was considered advisable to attempt to check directly that the silane pre=
treatment of the glass was in fact changing the adhesion between the resin and the
 glass before concluding from the above experiment that the adhesion between the
particles and the mc;trix was not @ major factor influencing the toughness. A method
was therefore developed for estimating direcﬂy the degree of bonding bgtwben large |
. .sfrips of glass plate and cur;ad CT200. The technique employed was similar to the
double cantilever l:;eam method and enabled the "debonding energy" of the interface
to be found. "’

" ‘Fig . (4.2) shows a typical specimen in which two laths of glass are bonded
together with cured CT200.  PTFE ﬁ:pe was used to limit the width of the bonded
region to a 5 mm strip down the centre of the 20 mm wide and 5 mm thick glass plates
so that failure occurred either in the resin or at the resin/glass interface and not by
fracture of one of the cantilever arms. These experiments, the results of which are
de;cribed in detail in a later section, showed that the materials and the techniques
employgd here did not affect the degree of adhesion hMeen the glass and the resin.

The effect of pre=-etching the aluminium on the toughness and crack propa-
gation behaviour of epoky resin=aluminium composites was also examined. COATES
(1971) has shown that a chromic acid etch will promote the adhesion between an epoxy

resin and aluminium and hence his technique was employed. The etching time in the
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recommended 0.1N chromic acid was limited to 300 s after which a microscopic
examination revealed fhar_ 100 um particles had underg'one a reduction in size
of abo.uf 10%, mainly by the removal of sharp edges.

Some additional experiments were performed with other fillel;s, including:
alumina, slate, mica, graphite, antimony trioxide, lead, silica flour, copper, talc
and rutile. Slate, mica, graphite and talc were chosen because they were known to
be lamellar and it was thought that they would offer a means of comparing filler types
of the same shape since the aluminium used previously was predominantly lamellar.
Antimony trioxide and rutile were thought to be acicular and it was hoped that they
would provide a useful comparison with the short glass fibres. Lead was considered
because it had a very low flow stress as had the talc; silica' flour was used for
comparison with the glass frit and copper and aluminium are similar,

| The alumi;na was selected largely becat;se of its availability in fairly

- precisely graded and very fine sizes (1 um and 0.05 um) but unfortunofel} it proved
- difficull'v f,o form c&mposifes in which these fine particles were wel‘l dispersed .. Mic';o-
scopic examination of the cast composites revealed that the standard stirring prc;cedure‘
would not fully disperse the particles in the matrix; a commercial hand mixer (F.W.
" Woolworth) was tried but this offered little improvement in the particle dispersion and
greatly increased the fine bubble content of the final composite. A second technique |
was examined which involved dissolving the CT200 in acetone . The powder and
HT901 hardener were then.;bdded to this solution and the final mixture agitated in an
ultrasonic bath for two hours; this was followed by the evaporation of the acetone in a
well-ventilated oven and curing in the nol;rnol manner. This rather laborious érocess
offered little iﬁprowment in the particle dispersion over that achieved by the standard

mixing technique.
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To gain some further information on the effect of the adhesion between the
matrix and the filler a coating of a silicone release agent. (Releasil MS7) was applied
to the mica powder in an attempt to reduce the matrix adhesion. The release cwting
was applied by soaking the particles in a dilute solution of the silicone in carbon
tetrachloride. The adhesion "promotor" A1100 was al;o applied to the talc in the

recommended manner.

4.3. Results
All the results presented in this chapter, unless otherwise stated, have been
obtained using an applied cross~head speed of 6.3 x 1073 mm s“'I . The humidity and

temperature of the laboratory air were not controlled but wete generally within the

ranges 294 K to 298 K and 5 to 12 g of H20 Kg“'I of air respecfively.

. 4.3.1. The Fracture Energies of Glass Filled CT200/HT901

| For any given range of particle sizes, the fracture energles of ballohm/CT200
composites increase linearly with the volume fraction of filler. Fig. (4.3) illustrates
. this for the 75 to 105 um particles. The energy for crack initiation however Increases

slightly more rapidly than the energy at arrest. This is well illustrated by the fracture

energy ratios

P

ﬂ = 1.65at a volume fraction of 0.025"
AY IO o
Y
and I 1.60 at a volume fraction of 0.3
A?

a difference .of only about 4%.
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Table (4.1) indicates that both frit and ballotini produce essenﬁa"y similar
results; the fracture energies of frit=filled material being only slightly higher than

those of a ballotini composite with the same volume fraction of filler.

TABLE 4.1

The Fracture Energies of Frit and Ballotini Filled Composites

Volume fraction 75 to 105 um _ 75 to 105 ym
of filler Ballotini Frit
Fracture energy,/102Jm=2 Fracture energy,/102Jm=2
Yool A P ool AY

0.025 1.32 0.75 1.33 0.74
0.06 1.36 0.83 : 1.40 0.82

. 0.11 . 1.53 Q.84 : 1.57 0.88
0.155 1.61 - 0.94 1.64 ' 0.97
0.3 1.95 1.15 2.00 1.23

Fig. (4.4) which summarises the data obtc.:ined from com;;osites containinga 0.1

" volume fraction of ballotini in various size fractions, indicates that both fracture
energies are independent of particle ;iie vﬁthin the range 75 to 300 m . A
particularly inferesfiné feature is the possible large increase in..t'he initiation fracture
energy when particles smaller than 50 pm are incorporated in'fo the ﬁ\ofrix.

It was indicated ir,; the previous section thatiit_ was é*tremely difficult to
fabricate and test the choé}:ed glass strand filled composites and as a result little
quantitative information was obtained. An approximate initiation fracture energy of
2x lost-z'was however calculated from the limited om§unt of data ﬂ\'dl: had been

collected.
1
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4.3.2. The Fracture Energies of Aluminium Filled CT200/HT901

Again for any given range of particle sizes the fracture energies of aluminium/
CT200 composites increase approximately linearly with the volume fraction of filler,
Fig. (4.5) shows this to be the case although there is an ill-defined reduction in both
values of fracture energy below a volume fraction of 0.01. The above figure also
illustrates that the initiation fracture energy increases more rapidly with the volume
fraction of 75 to 105 um powder than does the arrest value;: this is reflected in the

fracture energy ratios:

R4

— = 2.0 at a volume fraction of 0,012
A
—_— = 2.65 at a volume fraction of 0.04
A

a difference in this case of about 30%. Comparison of Fig. (4.5) with the corresponding

Fig. (4.3) for ballotini shows that, at a given volume fraction of filler, aluminium

produces more marked incfeases in both fracture energies.

F;’g_ . (4.6), which summarises the data obtained from composites containing a
0.025 volume fraction of aluminium powder, in various size fractions, iIIuQrates that in
the range 75 to 300 ym, both fracture energies are independent of particle size. An
‘t11-defined increase in fhe.:iniﬁation fracture energy is again evident when particles

smaller than 50 um are used.

4.3.3. The Fracture Energies of Alumina Filled CT200/HT901

Both glass and aluminium appeared to give increases in fracture energies when

———
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particles smaller than about 50 um were incorporated into the CT200/HT901 matrix. -
The above two materials were not readily available as very fine powders and hence
alumina was used in an attempt to explore this size Ircmge in more detail since this
was obtainable in fairly precisely graded and very fine sizes.

Particle sizes of 1 um and 0.05 um were used but some difficulty was
experienced in dispersing these very fine powders in the CT200 matrix; microscopic
. examination revealed that only a small proportion of the 0.1 volume fraction that was
added to the matrix had in fact been dispersed. The data obtained using .the three'
mixing techniques is presented in Table (4.2), along with somé compc;rative results

for 50 .pm aluminium and ballotini,

TABLE 4.2

The Fracture Energy of Some Alumina, Aluminium and Ballotini Filled Compasites

Material CT200/HT?01 plus a:- _ Fracture Energy/102Jm=2
| , " 1Y AY
0.025 Vol .fraction of SO pm Al . 2.04 .. 0.65
0.1 Vol .fraction of 50 um Ballotini '2.45 0.82
0.1 Vol .ﬁ:acﬁon of 0.1 ym A|203 2.38 , 0.74
0.1  Vol.fraction of 0.05 ;mAl,O, (hand mixed) | 2.44 0.78
10.1  Vol.fraction of 0.1_;mA|203 (machine mixed) | 2.29 .0.78
[0.1  Vol.fraction of 0.1 umAl, O, (ultrasonically 2.40 0.72
. vibrated) .

Table (4.2) indicates that large increases in the initiation fracture energy

.were not realised by using fine alumina powder and either of the three mixing technigues.
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4.3.4. The Fracture Energies of Two Composites as a Function of Effective

Extension Rate

Some insight into the role of effective extension rate can be gained if one
recalls that it was impossible to obtain a continuously propagating crack in the filled °
materials when "normal" cross-head speeds were used to fracture our double cantilever
beam specimens. The role of effective extension rate was examined directly, and in
some defail, b} means of a series of experiments at selected cross-head speeds similar
to those used for the unfilled ;'esins. Results are presented in Figs. (4.7) and (4.8)

for the following two composite materials:

(i) CT200/HT901 plus a 0.025 volume fraction of 75  to 105 um aluminium,

(ii) CT200/HT901 plus @ 0.1 volume fraction of 75 to 105 um ballotini.

Evidently the addition of @ 0.025 volume fraction of aluminium and a 0.1
volume fraction of ballotini to the CT200 resin matrix removes the dependence of

- fracture energy on effective extension rate.

4.3.5. Other Fillers
Table (4.3) présenfs the fracture energy values for composites generally con-
taining an 0.1 volume fraction of a variety of other fillers. (Note the 0.025 volume
" fraction in the case of copper particles.)
The most-effective of these fillers at increasing Both the initiation and arrest
' fracturé energies is talc; a vol urﬁe fraction of 0.1 produced an order of magnitude
.increase in these parameters. It is also observed that at a 0.1 volume fraction of talc
the initiation dnd arresf fracture énergies are co~incident and hence at normﬁl cross=

head speeds the crack propagates continuously. In these specimens a "whitening" of
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TABLE 4.3

The Fracture Energies of CT200/HT901 Composites Containing Various Particulate

Fillers
Filler Volume Shape and approx. Fracture Energy/1 02Jm=2
Fraction size R4 CAY
Alumina - 0.1 équi-oxed 0.1 um 2.4 ' 0.7
Slate 0.1 lamellar 150 ;m 2.0 1.0
Mica 0.1 lamellar 150 ym 1.8 1.4
Graphite 0.1 | lamellar150 ym | 6.1 R
Antimony frioxide 0.1 " acicular 100 ,jm 4.2 ‘“ 1.6
Lead - 0.1 equi-axed 100 um 3.7 2.0
Silica flour 0.1 equi-axed 100 um 1.5 1.0
Copper 0.025 | lamellar 100 ym 2.0 0.8
Tale 1 0. lamellar 100 ym R 9.1
Rutile 0.1 acicular 100 pm l‘.3 1.1

" the material around to the. crack tip was evident and this often extended into the arms
“of the d;a;Jble cantilever specimens. The variation in the fracfuré energies with volume
fraction of talc in a CT?OO/HT901 matrix is illustrated in Fig. (4.9) and the fracture
energies of composites containing 0.1 volume fraction of talc in all thre? epoxy
matrices is summarised in Table (4.4). The results illustrate that a 3ma||‘ revortion o
talc increases substantially the fraqfure energies of both CT200/HT901 and EPONS28/

NMA/BDMA but not LY558/HT973.

4.3.6. The Effect on Fracture Energy of Filler Surface Pre-treatment

The results quoted in Table (4.5) show. that pre-treatment of the ballotini with -
silanes have a negligible effect on the fracture energies of composites based on CT200/

HT901 and containing a 0.1 volume fraction of 75 = 1054 m .porficles.
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The Fracture Energies of Talc Filled Resins

Mafrix Fracture Energy /102 Jm=2
Unfilled Plus a 0.1 volume fraction of talc
Y A?Y 1Y AY
CT200/HT901 1.2 0.75 9.1 - 9.1
EPONS28/NMA /BDMA 0.59 0.53 3.4 1.9
LY558/HT973 0.33  0.28 0.52 0.45
TABLE 4.5

The Fracture Energies of Some Composites Containing Silane Treated Ballotini

CT200/HT901 plus a 0.1 volume fraction Fracture Energy,/102Jm=2
of 75 to 105 p m ballotini RY AY
Unireated ~ 1.52 0.82
A1100 treated (adhesion promotor) 1.50 0.77
A186 treated (adhesion inhibitor) 1.56 0.78

.

As mentioned earlier, these results suggest that the silane pre=ireatments
were unsuccessful in modifying the fracture behaviour of 7CT200/HT901 based
composites. That the silane treatment had little effect on the adhesion between the
glq'ss and the matrix is confi'rmed'by the results given in Table (4.6) for the energy
required to debond the gldss plafé specimens. Debonding occurred in a "creep like"
mode; i.e. the debonded length increased at constant end deflection for a period
of more than one hour after an increment of deflection. The aebonding energy there-

fore decreases with time and hence the energies quoted were calculated from values of



TABLE 4.6

The Energy Required to Debond the Glass Plate Specimens

Surface Treatment | Debonding Energy at 120 s/1 02Jm.'2
None ' 4.
ANI00 " | 4.5

A186 4.0
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' cantilever end defler:fion, applied force, and lengfh of debonded 'regilon vdt‘.an
" 'f.:f:‘arbi'rroryperiod or 120'.5 ~after each increase m end deflection. -
: Microscopic exarninaﬁon' of the sorfaces , after separation, revea.led,thaf
o “in general the resin had deborxded from only one inferfooe to leave a "cieor\" glass
surface and thus indicates that fcnlure had occurred at rhe resin-glass mterface and |

, : nor by crack propagohon within the resin. The data confamed in Toble (4.6)

|Hustrotes fhat for our resin sysfem and methods of opplucohon thaf no sngmfnconr

modrfrccnon of adhesion was produced by fhe use of the snlone couplmg agents, The :
. " reason for thrs was not fully resolved but may be due to an incorrect method of .
-Tr__applicotion or the use of an’ inappropriate resin system. Qur CT200 resin was

"% aphydride cured whereas the manufacturer of silanes recommend an amine curing

o agents -

'Chromic acid etching of aluminium was successful in increasing the initiation .

Rl v .-

value of fraoture energy but reduced the arrest value. The data from o. num’ber of

- composnfes employmg a parhcle size range of 75 to 105 Hm (prior to etching) is
.summonsed in Fig. (4. 10) whsch warrants comparlson with Fig. .(4: 5) for the unefched
flller. The two addmoncl expenmenfs, using tale treored with the so-colled adheslon

. promofor, AHOO ond mica coared with a silicone release agent produced no significant .

, chonges in f,acture energy. The resultsdare summarrsed along with some from untreated

o '?",.maferials., in Table (4 .77. . & ;-- f. l j ':

437 The Effect of Temperature on the Fracture Energies of @ CT200/Ballotini
< "Composih.’: ” e
The effect of femperofure on the fracfure energues of the composrte , CT200/

HT?OI plusa 0. 1 voh'me frachon of 75 ro 105 um ballohm is allustrcxfed in r.g (4 n) L
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TABLE4.7.

The Fracture Energies of Composites Containing Mica and Tale Fillers having under=

gone a Surface Treatment

CT200/HT901 plus a Fracture Energy,/102Jm=2

0.1 volume fraction of: ’ R4 AY

Tale ' .1 T |. 9.1

Talc treated with A1100 9.8 9.8
| Mica | 1.8 1.4

Mica treated with a silicone

release agent 2.1 1.4

!

Tests were carried out in dry silicone oil over the temperature range 273K to 353K,

Very similar results were also obtained in water and moist air environments.,

4.3.8. The Young's Modulus of Ballotini Filled CT200/HT901

For any given particle size the Young's modulus of ballotini/CT200 composites.
increases linearly with volume fraction of i"iller; Fig. (4.12) illustrates this for the case
of 75 to 105 um particles in the compositional range from zero toa 0.3 volume fraction
: of,filler. |

Fig. (4.13) which presents the data from composites containing a 0.1 volume
fraction of ballotini in various size ranges, indicates that the Young's modulus

decreases in a non-linear fashion as the filler size is increased.

4.3.9. The Young's Modulus of Aluminium Filled CT200/HT901

Again for a given range of particle sizes the Young's modulus of aluminium
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* /CT200 compbsifes increases linearly with the volume fraction of filler. Fig. (4.14)
shows this to be the case although there is an initial ill-defined reduction in the
modulus of composites containing .unefched filler. In addition, the modulus of
composites .confaining etched filler particles are generally higher than those for the
unetched filler.

The Young's modulus of aluminium-filled, CT200/HT901 also decreases in a

_non-linear fashion as the particle size of a 0.025 volume fraction of filler is increased,

see Fig. (4.15).

4.3.10 Elc for Ballotini Filled CT200/HT90!

Figs. (4.16) and (4.17) indicate that the general'frends in the critical plane
strain ;tréss intensity factors are similar to those for Frﬁcfure enelrgy. The critical stress
intensity factors for both crack initiation and arrest increase opbroximately linearly

“with filler volume fraction and are essentially independent of filler size above about
75 pm alﬂthough a.marked increase is observed in the critical stress intensity fa;:fér for

crack initiation below this size.

431 Kj_for Aluminium Filled CT200/HT901

| Figs. (4.18) and (4.19) show for aluminium/CT200 composites that similar
tre;nds are exhibited in the critical stress intensity factors and in fracture energies.
The critical plane strain shfes; intensity factors for both crack initiation and arrest are
obsen./ed to increase in a non=linear fashion with the volume fraction of unetched 75
to 105 um alurpinium powder, alfhouéh to qualify this a little, there is an ill~defined
reduction at about @ 0.005 volume fraction. Composites containing etched, as opposed ‘

to normal aluminium, particles but in similar volume fractions and in the same size
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range, have a higher initiation value of critical stress inte'n;iry factor but a lower
arrest value. The general trends in K with volqr;ne fraction are however

| similar, see Fig. (4.20). The criﬁcﬁl stress intensity factors are yet ugaiﬁ essentially
independent of pa"rticle'size above about 75 um,a possible increase in the inftidtion
vc;lue being ‘obsérved below this figure: Fig. (4.19) demc;mstrates this for composites

containing a 0.025 volume fraction of unetched aluminium.

4.4. Preliminary Discussion

The main unambiguous feature of the addition of our particulate fillers to an
epoxy resin matrix is to produce a general increase ir:| fracture energies, critical plane
strain stress intensity factors and Young's moduli over and above that of the base
matrix. Glass and aluminium, although brittle and ductile respectively, produ;:e
qualitatively similér changes both in fracture roughness and in Young's modulus; the
fracture toughness of the ballotini filled composites increases l{nearly with filler
volume fraction. A non-linear increase is observed in the fracture toughr;ess of the
aluminium filled composites.” Within the size‘ raﬁges examined, size has Iittlé effect
on the fracture toughness parameters although a possible ill-defined increase in the

initiation fracture energies and critical stress intensity factors is observed for glass and

aluminium powders which have a ﬁarfigle size of less than about 50 pm. Glass and
- aluminium filled composites show similar non-linear reductions in Young's modulus as
the particle size is increased. |

Alumina was used in the hope of exploring the apparent increases in fracture
toughness when particles smaller than about 50 um were used; unfortunately it was

impossible to disperse the 1.0 um and the 0.05 um alumina in the epoxy resin matrix.

A double cantilever beam technique was successful in demonstrating
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that silane etching treatments do ncﬁ modify the adhesion between an anhydride cured
epoxy resin and a clean glass surface. In addition,the treatment of talc with an
adhesion promotor and mica with a silicone release coating did not affect the fracture
behaviour. However, etching §f the alumfnium with chromic acid was shown t; affect
the fracture toughness of composites produced using such a powder as a filler. The
crack initiation fracture toughness parameters were increased ar';d the crack arrest
parameters decreased, when etched rather than normal aluminium particles were used.

The fracture energies of the two composites investigated, CT200/HT901 plus
a 0.1 and 0.025 volume fraction of ballotini, and aluminium respectively are
insensitive to effe'cﬁve extension rate over the range investigated. Similar results may
also be expected for composites containing up toa 0.3 vélume fraction of ballotini and
~a0.04 volume fraction of ul;Jminium. This conclusion may be drawn since intercepts
- were not obsérved on the graphical represen@tion of data used for determininé Yis
from the Srawley and Gross corrected formula. One may recall that intercepts on these
graphs were shown to arise from the variation in the fracture energies, of the material
under test, with effective extension rate. The physics of the time-dependent processes
occurring at the tip of a crack in.thée filled maferials is likely to be quite complex
because, when a second phase is added to the matrix, a range of local effective
extension rates are found in different regions around the crack tip. Tl"\e effective rate
wil/l be dependent not only upon the crack [engfh and applied gross-heod speed but also
upon the stress ﬁig»ing properties of the filler particles, their distribution and coﬁcen-
- tration. | |

Thg effect of fem.perafurg on our composite materials is interesting not only for
practical reasons but may provide very useful insigh.t‘ into the mechanism of parfiéle

: tquginening . One of the more important features of a composite material that has been
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fabricated from c.omponenfs with different thermal expansion coefficients cre‘ the
"frozen-in" stresses produced when the composite Is cooled from the glass transition
temperature, or melting point of the matrix, to the test temperature. These stresses
cannot be relieved by an annealing treatment and, during fracture, a crack has to
propagate through an exiremely complex stress field which will be the resultant of
these frozen=in stresses and those produced by the applied load and stress raising
properties of the filler particles. The magnitude of these frozen=in stresses may be
reduced by fracturing composites at an elevated temperature. The interhreluﬁon of
data from such experiments is complicated by the additional fact that the fracture
energy of the matrix is itself temperature sensitive. Fig. (4.21) was derived from
Figs. (3.5) and (4.11), which summarise the variation with temperature of the fracture
energies of the CT2Q0/HT90] matrix and the giQen composite and shows the difference
‘befween the fracfuré energfes of the matrix and the composite at each selected
| temperature . " The initiation fracture energy difference shown in Fig. (4.21) increases
_as the fém’;‘oerafurta. is raised towards the glass transition temperatur; of the matrix,
i .e. the fracture energy difference increases as the. frozen=in thermal stresses decrease
This suggests strongly that the existence of frozen=in microstresses due to the miss=
match in thermal expansion of the matrix and the‘filler are not responsible at least for
the major part of the increase in toughness of the filled rhaferiayls. We shall, however,
ref;rn to the discussion of this problem in the final chapter.

There are no obvious trends in the effectiveness of filler types; the data
summarised here perhaps presents a rather gléomy picture from an engineering stund.-'
point since, excluding the specific case of chopped glass fibres, only talc, and toa
lesser extent graphite, offer any means of producing a usevful increase in crack arrest

fracture toughnesses by the addition of finely dispersed particles, It is this parameter,
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as opposed to the crack initiation toughness, that is of principal interest to a désign
- engineer since he must calculate the maximum applied stress that can be tolerated
at any time in a structure having a crack of a known length. Unfortunafely, further
complications arise in our tests of the talc and glass=strand filled composites since
double cantilever beam specimens are only appropriate for a plane strain test if the
crack tip plastic zone is small compared with the thickness of the specimen. In
‘prucﬁce this implies that our standard size of specimens are only appropriate for plane
strain tests if the fracture energy is less than about 5 x lOsz-z. If both plane strain
conditions and homogeneity are to be maintained, then chopped=fibre filled specimens
about ten times larger than those used here would be required. The effort involved in
producing and testing such large specimens is the principal reason why only a few results
were obtained with this filler. Similar arguments are applicable to ‘the tale=filled
materials; the difffculfy is underlined by the observation of large inhomogeneous,
inelastic deformation zones around the crack tip. The whitening which is a consequence
of this de;'ormaﬁon was seen to extend for some distance into the cantilever arms.
Although the results quoted for the talc and ch;apped glass strand fille.d materials were
not obtained under true plane strain conditions they do indicate, however, thdt these
two types of filler offer a means of dramatically increasing the fracture toughness of an
; epoxf resin.
We shall leave the maih discussion and interpretation of the result; and
~ observations presented here until a later chapter sin.;:“e it will be useful to describe next
‘the experiments performed and the results obtained with some materials when theii

relative ehgineering merits were assessed by the more conventional, though arbitrary

Charpy impact test,

\
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CHAPTER V -

The Charpy Impact Energy “Notch Toughness Parameters and

Modulus of Rupture of Various Composites

5.1. Introduction
The Charpy impact test has been used for many years by engineers to rank |

the traditional, structural metals and alloys which exhibit uqfowal;d brittle fracture
under impact loading or are "notch sensitive". The results of these tests are extremely
difficult to inferprgt from a fundamental viewpéint but have, nevertheless, proved
useful in practice ;ince fh.e information oblﬁined does correlate with the in service
behaviour of many of these materials.

| ’V'The res;:lts presented here are from Charpy impact tests E»erformed on sample.s
cut from the cantilever arms of specimens that hddlalready been fractured during the
determination of fracture eﬁergies and critical sfres; intensity factors, Care was
therefore taken to remove any material from the regiénélose to the fracture surface
which may have been "damaged" during the earlier experiments. The impact results
sh’owed a pronounced inverse con;elation with the fracture toughness parameters, i.e.
those materials with the highest fracture energies or critical stress intensity factors in

general had the lowest Charpy impact energies, and vice versa. Tentatively, this

was thought to be due to the fact that the impact energies of these materials reflected

the difficulty in initiating a crack from a relati\rely blunt notch.

To explore further this tentative hypothesis some additional measurements
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were made of the modulus of rupture and the value of (-ﬁ-'ij-> when fracture is
~ N
initiated from anarbitrarily blunted crack. (2—ld->N is a measure of the rate of
release of strain energy when a "sharp" propagating crack is nucleated at the tip
of the notch. These experiments will be described in the course of this chapter,

but first we shall review the Charpy ihmct test and summarise the results obtained

with our materials., °

5.2. The Charpy Impact Test

The Charpy impact test determines the energy expended by a standard

pendulum in breaking, in a single blow, a standard beam specimen. A diagramﬁ.afic
. representation of a Charpy impact machine is shown in Fig. (5.1). A standf:rd

o specimen which is supportéd as a simple beam is brol.<en by a blow delivered midway
between the specirﬁen supports, and if the specimen .is notched, opposite a standard
notch. The so-called fmpocf strength is given by the difference in energy of the
. pendulufﬁ'before and after impact, suitable corrections having beén made for fricﬁon
and air resistance. (For. the sake of consistency we shall call tBis parameter the impact
energy ;) Machines used for deferm_fning the impact energy of metals are ger;erally
designed so that the velocity of the pendulum is 3.5 m s'-'I which implies an initial
_ elevation of the pendulum of 550 mm. A commercial machine for the testing of
"p‘lasﬁcs" and m;':nufactured by Tensometer Limited was used throughout ﬂ"lfSAWOI’k and
employs a pendulum elevation of 300 mm: corrections for friction and air resistance
were included in the calibration of the instrument which was supplied by the manu~
facturers.

The specimens used for the impact tests were produced from the separated arms

of the double' cantilever beam specimens which had already been used for fracture |

N
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energy determin&ﬁons. The only preparation required was cutting to Ieng'th., and the
milling away of the original fracture surface, to produce a section of 10 x 6 mm,
Care was however taken, particularly with the talc filled composities, to remove all
the whitening associated with the earlier crack propagation. Most of the tests were
conducted on notched specimens but some data was taken using unnotched samples.
Where notching was required, a machine, also supplied by Tensometer Limited’, was
used to produce a notch, 1 mm deep and with a root radius of 0.25 mm always in what
was a s ide face of the original double cantilever specimen. Samples were broken,
after centering the notch between the anvils, with a pendulum chosen to give an
instrument scale reading between 2 and 8. Unnotched spe;imens were fractured in
a 'similar manner and the energy lost by the peqdulum was obtained from tHe instrument
scale reading using the conversion tables supplied with the instrument. The enef;y
lost was then divided by the area of the fracture surface. |

As is common with impact tests perforrﬁed on many' materiéls ,a consid?fable
scatter in the results existed and hence all the data quoted later in this 'chapfer -are
mean values obtained from at least fwenfy specime'ns: 90% confidence limits, which ,
- were caléulafed in the normal manner with the aid of the Student's t distribution, are
included on the graphs to give an indication of the magnitude of this scatter.

5.3. The Modulus of Rupture of Various Materials

The modulus of rupture of various samples was obtained using the four=-point
bend configuration illustrated diagramaatically, with relevant dimensions, in Fig. (5'.2)‘.
A four-point bend rupture test was used to assess the "strength" of our materials rather
than the tensile test that is commonly used for ductile materials. The four-point bend

arrangement was preferred since it avoids the specimen gripping problems normally
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associated with tensile tests of brittle materials and is thQs easier to perform,
Experiments were again carried out using both notched and unnotched specimens.
Notches 1 mm deep were cut with the same tool as used for the impact tests but a

" horizontal shaping machine was employed to accommodate the longer specimens
required in this case. The separate arms of double canlﬁlever beam specimens each
provided two sample; for modulus of rupture tests, the fracture surfaces again being
removed with a vmilling machine to give specimens of the same cross-section as for
the impact test. Notched specimens were positioned in the four=point bend rig

such that the notch was on the tensile face and mid-way between the inner pair of
knife edges; centralization of the notch was achieved with the aid of a pair of
callipers although this is not absc;lufely necessary because in the four=point bend
configuration the bending moment between the inner knife edges is constant. The
unnotched specimens were orientated such that one of the cast faces of an original '

. double cantilever beam formed the tensile surface. The load at fracture was recorded
using an Ether type U F 2 dynamometer and a TOA chart recorde;', the system hq?ing
first been calibrated by dead-weight loading. Specimen dime‘nsi'ons were determined

" witha n'wicrometen_'. The modulus of rupture was obtained from the load at fracture and

W

the above dimensions using the expression:

z = Mo B
21 A - -

where: Z = modulus of rupture

M bending moment between inner two knife edges

| second moment of area of cross section which for a rectangular
3
' specimen of the form is shown in Fig. (5.2) is E_g__

12
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5.4. The "Notch Toughness Parameters" of Some ArbitrarilyBlunted Cracks

A value of @—%—} the rate of release of strain energy, when fracture is
initiated from an arbitrarily blunted crack was determined Qsing the standard double
cantilever beam technique. A hole of 0.25 mm radius, i.e. the same as the root
radius of the notches used for the impact and modulus of rupture tests, was drilled
through the thickness at a point 150 mm down the length of a double cantilever
specimen and a crack propagated with the aid of the simple hand-cranked machine
until it terminated in this hole. The"notch energy"”, and the related "notch critical
stress intensity factor", KNC were deter_mined' in the standard maﬁner, i.e. by using
the "crack length", cantilever opening displacement an‘d the peak load required to
initiate fracture in equation [1.35]. These parameters will clearly not be fu.nddmenfal
material chamcterjstics but rather a.funcﬁon of both the material and the hole siie.
The expressions used to calculate these plane strain values were derived using as'gump-
tions based on linear elastic fracture mechanics which may on.ly be .iusﬁfied rigefously
~ for elastic cracks. These expressions may however be used withoet significant error in
cases where the plastic zone size is small compared wiﬂ;o the crack length and specimen
dimensions. In the present case, although the hole size is small compared with crack
length, it is not small when compared with the thickness‘ of the specimen in the central
groove.. However, we are concerned here with specirﬁens and holes all of the same
size and hence we may compare the values of (—[-> and KNC for different
materials even though these do not correspond unambaguously either to loading condmonsI

of plane strain or plane stress.

'5.5. Results

The results of the notched Charpy impact tests are summarized in Figs. (5.3),
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(5.4), (5.5) and (5.6). The additional results from the modulus of rupture tests,

the unnotched Charpy impact tests and the "notch toughness parameters” are presented

in table (5.1).

5.6. Discussion

The most striking feature of the notched Charpy impact values is the inverse,
correlation with the normal material fracture energy: i.e. the materials within this
group. whkl:h have higher fracture energies have lower Charpy impact energies. A
general non-linear decrease in the impact energy occurred when the volume fraction of
filler and the filler sizes were increased although there appears to be an anomalous
value at a 0.04 volume fraction of aluminium. Reasonable correlations do however
exist between the notched impact energies, the "notch toughness parameters" and the
notched modulus of vrupfure'.

Any comparison of unnotched impact and modulu; of rupture results is
_ unfortunately rather difficult without some further work because of the large inherent
scatter in the data, (the 90% confidence limits are included in table (5.1) to give some
indication of this scatter.) It does however appear that the impact energies of the
unnotched specimens correlate with the modulus of rupture .

At first sight the inverse correlation of f@cfure energy with notched impact
' energy may appear rather dlarming as both these methods of "ranking" mcfel:ials are
often referred to in the literature as fracture tdughn;;s tests. However,the energy extrocte&
from the falling pendulum and used as a measure of the resi;tcmce of a standard specimen
to fracture under a specific rate of loading may be considered to be resolv::ble‘"irito ‘

the following components:

\
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TABLE (5.1)

[ 4

'
The Frcci'urefnergies,l'-, Mcduli of Rupture, Z, Impact Energies, IE, and §
. . : '
"Notch Toughness Parameters" of Various Materials
Material R A(;;/ Z unnotched/ | Z notched/| IE unnotched/ |IE notched/ @_U_ K 2IE Z notched
1020m~2 | 102m=2] 108Nm=2 | 108Nm=2 | 10%Jm™2 102Jm-2 N [ géi,/m_ 3 |notched | TE nofehe
O o : : : /10%)m™ ZZ_A_U_) /107m~
CT200/HT?01 1.2 0.75 1.1 0.35 36.0 6.0 142 ° 6.3 0.085 5.8
o : (90% limitsat "~ 1(90% limits at
1.5&0.7) 45.0 & 27.0)
CT1200/HT901 N B 0.85 . 32.2 : ‘
+a 0.1 volume 1.45 0.85 (90% limits at{~  0.26 (90% limits at 4.6 25.6 - 3.0 0.36 5.6
fraction of 1004 m balloting . 1.1 &0.4) 38.2 & 26.2) : :
CT200/HT901 — o 0.65 . 22.4 :
+ a 0.025 volume 2.0 0.80 (90% limits ot 0.16 (90% limits at 3.2 15.36 2.25 0.42 5.0 |
] 0.95 &0.35) - 32.4 &12.4) .

fraction of 'lOO,u m aluminium
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(i) The elastic energy to deform the specimen.,
(ii) The energy to initiate fracture.
(iii) The energy to propagate the fracture through the specimen.

(iv) The energy to impart kinetic energy to the broken specimens.

(v) Energy lost through friction, vibration of the base, air resistance, etc..

The components in (v) need not conc.er.n us greatly as these are usually

‘eliminated by careful desigﬁ, or corrected for by a calibration procedure .

' Let us now consider each of the other components in thn . The energy of the
pendulum at the point of impact will be dependent only upon the mass of the pendulum
since its length and drop distance were held constant. Some of the pendulum kinetic
energ); will be expended in deforming the specimevn up until the point of initiation of
a crack from the .machined_ notch, i.e. in imparting elastic strain enérgy to the

. specimen. .A‘necessary condition for crack initiation is that the stress at the tip of the
notch must exceed a critical value and therefore the kinetic energy of the pendulum
'''''' will be extracted as strain energy up until the point at which the stress at the notch is
sufficient for the crack to be initiated. The amount of M eneréy present in the
specimen at iﬁitiaﬁon will therefore be a function of the crit}cal stress required for
initiation, the elastic modulus of t.he material, the depth dnd shape of the notch, and
the dimensions of the specimen.
Some additional energy will be consumed, befofe the criterion for crack

e

initiation is satisfied, to produce a plastic zone at the tip of the notch. The excess

" energy over and above the amount normally associated with the plastic work at a crack -
tip may be considered as being the energy consumed during crack initiation.

Component (iii), i.e. the energy to propagate the fructhre across the speciﬁwen'
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is related to the fracture energy as determined by the double cantilever beam
technique, although it is not immediately obvious which' of either the initiation or
arrest fracture energies should be considered, The initiation fracture energy is the
energy required to propagate a pre-existing crack, whilst the arrest value gives
essentially the minimum energy to propagate a crack that is already extending.

The fracture energies presented here are quasi-static parameters sinc? estimates were
made at the beginning and end of a crack jump wheréas, the émcture energy we now
require is for a rapidly propagating crack. However, we can set some limits on its
value since it must clearly lie between the initiation and arrest fracture energies.: -

Component (iv), the kinetic energy given to the fracture pieces may be
estimated using simple Newtonian mechanics; experimenters often apply such
corrections to obtain what they consider to be more appropriate impact energies.

The average kineﬁ;: energy of the. resulting fracture pieces was estimated as being
about 2 x 1072 J; this is a considerable fraction, typically about half, of the total '
eneréy ieéuired to fracture the impact specimens. By confrﬁsf th; energy required

to propagate the fracture across the specimen is on average about 40% of the total

" impact energy, although this figure varies from one of our materials to another because
of the inverse correlation between fracture and nmpoct ;nergies.

It may be tentatively concluded from the results presented, and the prelimihary
| di;course, that the impact energy of our epoxy resin and ossocia;ed coméosite materials
is determined by the amount of ﬁla’sﬁc and elastic strain energy that must be supplied
to the impact specimen, in order to achieve a stress at the roét of the notch sufficient
to initiate the fracture. All the other components of energy are then extracted from

the strain energy and not from the remaining energy in the pendulum. I[f this is the

case, then we would expect the impact energy values to correlate not with the fracture
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energy but with the "notched toughness parameters"”, this is in fact is observed.

Table (5.1) also indicates that there is not only a correlation between Impac;.t

energies and "notch toughness part;mefers" but that these also correlate with the

modulus of rupture of notched four point bend specimens. This is agai‘n to be

expected sinc;e this modulus of rupture is @ measure of the stress at which failure
. occurs from the blunt notch.

Any attempts at correlating the unnofche; ‘irmpact and modulus of rupture
results is unfortunately somewhat difficult because of the large scatter in the esti=
‘mated values. It is expected, However, that similar principles apply but in this.
case we will be concerned with the critical stress required to initiate fracture from
a pre-existing surface flaw; or an internal defect, which may well be a fille;'
parficle'.

The above discussion has been concerned primarily with attempts to explain
“why the fracture energies of our materials, do not correlate with Charpy impact
_energies. ’l‘We have not yet considered why it is more difficult to r.;ropagate a pre=-

_existing crack in our composite materials than it is in the base matrix, but, onthe

other hand, it is easier to initiate a crack from a blunt notch in a composite than in

the base matrix. Discussion, from a phenomenologicol viewpoint, of these central
and fundamental features of the results will be taken up in the final chapter. It will
be ;onvenient first of all to describe a series of measurements of the flow stress which
were made as part of thé expeﬁmenfol programme, since these provide useful
additional information for the discussion.

Before concluding this present chapter it may be appropri.ata to consider

briefly the practical problem facing the design engineer who may be presented with

two sets of data both of which it may be claimed give an estimate of the "toughness”
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of a range of compasites but one set ranks the materials in inverse order. Cleafly
both tests may not be used to rank possible materials for a given application and
hence he must decide which test gives information that is apprc;priafe for the
application he has in mind. We have shown by the correlations presented in this
chapter that the Charpy impact energies reflect the sfrengrh of our materials and

this leads us back to the initial discussion of strength and toughness parameters.

The latter are appropriate for design purposes only when one can specify inspection
procedures to limit; or define, the maximum size of any crack produced during
fobricétion or by damage whilst in service and may qlso determine the maximum load

and the loading geometry.

139
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CHAPTER VI ' .

The Plastic Zone Extension, Vickers Hardness Numbec:s and

Flow Stresses of the Epoxy Matrix Materials

6.1. Introduction

In an earlier chapter it was pointed out that the work involved in creating
unit area of new surface area, during the propagation of a crack, is much greater
than the normal surface free energy T and that the difference between the fracture
energ);, y, and the surface free energy, T, may be attributed to the formation of |
a plastically deformed region ahead of the crack tip. For an elastic perfectly=

plastic matgrial where ¥y > T, lrwin first showed that:=

rd
e

1
Y = -0«
2 ¥
where:
y = fracture energy
= . flow stress
ay o
a = crack opening displacement.

The possibility of interpreting the crack propagation behaviour in terms of
variations in crack opening displacements and flow stresses seemed attractive and

therefore these parameters were determined,

The érimary object of this digression from the main theme of the experimental
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programme was to provide data that could be used in conjunction with the fracture
energy results presented in Chapter 11l in the hope that some inferences céuld be
made concerning the propagation of a crack in the base matrix materials and perhaps
also in the composites.

Determination of the plastic zone extension, a, is in principle relatively
straight forward and simply involves the measurement of the displacement at the
crack tip. However, some procﬁcdl complications do arise and thes; will be discussed
later. A common, and certainly very convenient, method of finding the flow stress of
a material involves the measurement of the indentation Iu.:rdness; this technique is
- employed here and results are presented concerning the hardness and flow stress of tHe

matrix materials as a function of the duration of loading, temperature, and environment.

6.2. The Microhardness Test

Indentations made under standard conditions may be used to define a hardness
of a given material, the size of the indentation and the applied lc;ad being used to
determine the required parameter. An indenter that is frequently used for this purpose
is a diamond pyramid generally known as a Vicker's Diamond; the hardness figures
‘ obtained using sucB a pyramid are ter;ned Vicker's Hardness Numbers or V.H.N.s. The
Vicker's Hardness Number is defined as the applied force divided by the contact area

under the indenter, 'and for a pyramid having an inclined angle of 136° the area of

contact is given by: e
d2 _
Contact are@ = e . ‘ [6.1]

2 sin 68°

| where d is the length of a .diagonol of the indent, If P is th§ applied load in Newtons

e
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which produced an indentation of d metres then:=

hardness number = 1_.8__§__P (6.2]

d

An indentation test is usually performed by bring‘ing a loaded diamond into ;:ontact
with a specimen at a well defined rate, known as the contact speed, until the full
load rests on the specimen. This load is maintained for a specific length of time,
referred tc'> as the load duration, after which the diomond is removed.

Vicker's hardness tests are generally performed on metals but TAYLOR
(1949, 1950) has demonsfrofed that it is possible to determine the hardness of
gmo.—p}aous, non-metalic materials by the same technique. An extensive .srudy of
the hardness of glass was performed by Taylor who was able to show that consis.fenf
hardness numbe;s, of a soda glass, could be obtained with a contact speed of 1 ym s-l
and a load duration of 15s. Subsequent work by BREARLEY (1971), in these
laboratories, has indicated thgt contact speeds of up to 100 ym s-l may be used with
a given load on the diamond without producing significantly larger indents and
correspondingly Iower‘ hardness numbers, MARSH (1964), in his detailed and now classic
- work, demonstrated that a conﬁnuous. increase in the hardness of soda glass eccurred
when the load duration was reduced from 1053 to 10-33; a similar effect was observed
du;ing exploratory experiments on our epoxy matrix materials and in addition It is very
well documented than an analogous effect occurs in metals,

TABOR (1951) has shown that for the "softer" materials, i.e. aluminium,
copper, silver, low carbon steels, etc. that the Vicker's‘ Hardness Number is related

to the uniaxial tensile stress at which plastic deformation occurs

\
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- where o.y’ = flow stress after an 8% strain.,

" epoxy resins, tool steels, glass, etc., or for indenters having a large included
= - angle, where substanfial elastic strains occur before the onset of plasﬁcify',. In

o fhese curcumsfanoes deformahon under a Vucker s dlamond may be cons:dered

¥

‘:t.

: analogous to that of an hemlsphencal cavnry, inan elashc-plashc material whnch

is bemg e&pcnded by an mfernal pressure numencally equal to the hardness. The

»‘ hardness, P, is fhen related approxlmafely to the flow sfress dy and fhe Young s

L raho of hardness fo flow sfress vcmes lmearly w:th ln(—)and thaf. e
:‘!'. . \t‘ . ! ; X u-"_-u ot y‘.“:: : y

This simple relationship does not hold for the "harder” materials, such as "’
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Marsh: obtained the constants A and B by comparing the flow stresses 6f, "an epoxy
resin", five carbon and carbon=chromium steels, P M M A , polystyrene, anda " -

number of other materials obfained by both the indentation method and under uni=

_—

axial compression.

. 6.,3. Basic Apparatus

It was proposec;i to measure the Vicker's Hardngss Number as a function of
load duration at several different temperatures and in a range of environments iﬁ |
order to provide information which could be compared with the fracture energies
reported previously. GUNASEKERA (1970) had already developed, in these
laboratories, the basic equipment suitable for this purpose although some modifications,
recalibrations and the addition of a temperature controlled bath were required before
his apparatus could be used to fulfill our requirements. Gunasekera had designed‘ and
demonstrated two separate hardness testing machines which enabled the V,N.H, of a
given material to be determined for load durations from approximately 10-3 s to 105 s .
 with reasonable speed and accuracy. Both machines were infended.to be used in
conjunction with a Vicker's Projection Microscope and will no;v be described briefly.

The primary requirement of a hardness tester is to bring a loaded fndenter:.
into contact with a specimen'af a controllable rate, maintain a cons‘fanf load and
th;n remove the indenter after a known time. The long term indenter which was used
| for periods of éreater than 10s is illustrated diagrammatically in Fig. (6.1). The
machine éonsists essenﬁally of a simple cantilever (A) which carries ‘the Vicker's
Diamond (E), the height of the diamond above the microscope table may be adjusted
fo suit various specimen thicknesses to ensure that the diamond is vertical at ;he point

of confact with the specimen (S). The diamond is brought into loaded contact, and
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subsequently removed after the required time, by manual rotation §f the supporting
s;:rew (G). Before any indentations were made screw (G),qu adjusted .to level f.hg
" cantilever cu;m and the position of (G) marked on scale (H) so that thi; horizontal
.position could be reproduc;d . The lever was then balanced by adjustment of the
brass counter balance weight (D); the addition of a 0.5 g weight was sufficienl.' to
deflect the arm and her;ce, since the lowest force used in this sf@y was 0.5 N any
error in force should not.be more than 1%. Measurements of the lengths of the
dilagonals4 of the indentations were made with a bifilar eyepiece(O) 4used in conjunc~
‘tion with the projection microscope, readings being taken at each of the four corners
of an indent. |

The cnboye simple cantilever machine clearly cannot be used for the short
load duu;orions and in this work was resﬁicted to'pe‘riods greater than 10s. An electro-
magnetic system was used for periods.down to 10-.35; no data was obtained for periods
~ shorter than this because of the inherent limitations of the instrument. Gunasekera's
apparafu'sv‘consisfs essentially of an eiectromagneric transducer dri\}en by a "single |
shot" pulse generator. The transducer arrangement illustrated in Fig. (6.2) consists
" essentially of a loudspeaker magnet (A), between which was positioned in a freely'm.aving |
coil (8), wound on a pla;fic former. The indenter (D) was supported by' four leaf
spnngs (C) and the complefe system mounted on the specimen table of a Vicker's
Pro|echon Microscope. The specimen nsalf (H) was supported on a {ig (G) in the
objective mount, so that the fine focusing armngemenf of th microscope could be
us;d to lower the indenter slowly into contact with the ..r.urface' of the specimen and
by so doing avoid any impulsive iooding effécls that mﬁy. have otherwise occurred

A circuit diagram of the single shot pulse generator is shown in Fig. (6.3);

the pulse lengfh was determined by the values of capacitor selected by (S ) Oﬂd a -
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variable resistor (VR'I) which allows fine adjustments of the pulse lengfh to be made.
Switch (SW3) enables pulsé lengths of greater than one s;acqnd to be obtained by
manual operation of the monostable multivibrator, Capacitors were chosen to give
pulse lengths of 1'0-35, 10-25, 10-‘: and 1s. Oscillographic examination of the |
current output waveform showed that the pulse generator was supplying excellent
square wave pulses to the loudspeaker coil. The load output from the whole system
was investigated by placing a piezo-electric ceramic sléb under an epoxy resin
specimen. [t was found necessary to damp the system electromagnetically, by winding
an additional coil around the original coil, in order to reduce the vibration’ of the .
diamond that was observed during the indentation period. -

The oscillograph Fig. (6.4), for a 10-35 pulse indicates that the complé,te'
system fakes~abouf 0.3 X 10-3s to attain the peak load; this is 3% of the 10-2 F\ulse
and hence these and the longer period pulses may be considered essentially squotl';,
provided that we ignore the small transient oscillations. However, the 10-33 I:::f:ding
cycie isr’far from ideal and all hardnéss.numbers obtained using ﬂﬁs pulse length‘ were
assigned an arbikaryload duration of 0.5 x !0-45. So far we have only been concerned
" with the shape of the load/pulse qnvelope but in grder to calculate a V.H.N, the applied
| load must be deferminea. A direct method, as opposed\ to the indirect procedure
adopted by Gunasekera, was used in this work. A 45N capacity Ether Load Cell was
p;siffoned under the indenter while the load frorln the transducer was méinfained by
closing (SW3). ' The load cell was calibrated up to a force of 1.5N by a dead weight
technique and the output potential from the strain gauge bridge system measured with
a precision pofenfiomefer‘since the force produced by the transducer of 1.16N was

only about 2.5% of the maximum range of the dynamome tel".

The environment and temperature enclosure ‘was designed by the author -
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and is shown in Fig. (6.5). [t consisted of an aluminium block (A) onto which was
wound a heating coil (B); temperature sensing was achieved by means of a ‘coi:per/
constantin thermocouple (E) attached to a spring ¢clip (D) which enabled the thermo=
couple to be held firmly in contact with the specimen (C) and close to the indenter.

A Eurotherm_controller was used to maintain the required temperature.

The specimen itself was containea ir; a cavity mi"ed in the centre of the block and
- viewed through a glass window (F).

For the short indentation periods it is impossible to avoid very high contact
speeds and still achieve square load pulses; it was calculated that the electromagnetic
transducer produced <; contact speed of about 104 pym s-l . Marsh has demonstrdfed
. that these high loading rates produce significantly larger indentations in glf:ss and

A ' postulated that this was due to the occurrence of loc.:al adiabatic heating. He was
able to minimise this effect by a double indentation 'technique in which the majority
of the adiabatic heofiﬁg occurred during the first indentation; the second indenfation,
. which wc;; perforrﬁed using a slightly Figher load than the first, tl;en enlarged ‘fhe
indentation to equilibriﬁm size under essentially isothermal coﬁditions. However, .
crack §ropogcfion in our materials rhay not occur under isothermal condition; and
hence isothermal hardnesses determined by Marsh's technique were not considered to
be any more appropriate than the adiabatic hardnesses, which is simpler to measure ,

- ,

All results quoted here are therefore from single indentations performed at these high

loading rates. S

6.4. Specimen Preparation

* Resin samples were cast in the'normal manner but in a chromium plated and

polished mould from which as much of the silicone release coating had been removed
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as would allow a "non=stick" surface to be maintained. Some oddif.ional experiments
were also performed on specimens from which approximately 0.5 mm had been removed
from the "as cost” surfaces. The majority of the material was removed using silicon.
carbide paper lubricated with water; this rather severe treatment of the samples was

followed by a final polishing with diamond paste on an unlubricated selvyt cloth,

6.5. Experimental Procedures

The experimental techniques applied to long and short term hardness tests

are necessarily quite different and will therefore be c;onsider'ed separately,

6.5.1. Long Term Loading

The loaded cantilever was lowered slowly at about 5 ym s-l by manual
rotation of screw (G) until the full load was appli\ed to the specimen, timing was
started immediately this hod been ochievgd. The required diagonal lengths of an
indentation were determined using a double cross=hair bifilar ey;spiece . A period
of about 30s was required to complete a set of bifilar diagonal readings at the four
corners of_the indent and therefore at load durations of 1035 or more the error in
time would not be more than 3%. At shorter pelriods only one diagonal was measured
'anc.l in this case the time fet.quired was only about 35, altemate readings were taken

with the bifilar gyepiece'rotafed through 90°. Indentation sizés at periods of 1033,
1045 and 1053' were obtained from the same indent without removing the diamond.
Unforfunafely, the removal of the diamond from the specimen surface is accompanied

by an elastic contraction of the material skurround?ng the indent which changes the shape
of the impression from a square to that resembling a pin cushion. The dicgorlnl lengths

are not however reduced significantly and any reductions were within the general
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experimental scatter.

The temperature and eniri;'onmenml studies were conducted in a similar
manner to that described above; the specimen was allowed to soak in the required
. environment, at a choser; temperature, for Menfy.,minurés prior to the indentation,
During this period the diamond was left in contact with .the specimen surface to

enable it to attain the same temperature as the specimen,

6.5 2 Short Term Indentations

Clearly in this case it is not possible to observe the indentations with the
load applied and.-hence pin-cushion shaped, elastically contracted, indentations
were measured in all cases; however, as mentioned above, the diagonal contraction

-was within the experimental scatter and a sigﬁifiéont error does not result.

Specimens were again allowed to soak in the required environmentat a

specific'tempemture for twenty minutes prior to the recording of 'uny data. During

- this perfod the indenter was held in contact With the specimen b;' closing switch
(SW3) to allow the diamond pyramid and the specimen to reach thermal equilibrium,
The pulse length was chosen by rotation of switch (SW3) and twenty indentations

performed in rapid succession.

To ensure that "virgin" material was being examined the specimen .wus
moved after each indentation in such a way that the distance between any two
indentations was at least ten times the mean diagonal length. It is a priori possible
.’.hqf, at the higher femp'erafurés some annealing and subsequénf reduction in diagonal
lengths, may have occurred in the period after producing an indentation and before

measurements were taken. However, no reduction in diagonal lengths was observed

at 353K in the period between 5s apd 600s after performing an indantuﬁon;
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6.6. Results

————

| The hardness numbers of "as cast" surfaces of cured C'I:200, LYS558 and
EPON 828, for a load duration of 600s are plotted a; a function of applied force
in Figs. (6.6), (6.7) and (6.8). Hardness numbers obtained under similar conditions
for specimens that had been polishe;i to remove 0.5 mm from the cast surfaces are |
also summarized in these figures.
In Fig. (6.9) the hardness of the resins is shown as a function of time;
results were obtained from polished surfaces using an applied force of 2.0N for the
long term indenter and 1.16N for the short term machine. An increase in hardness
of all the resins is observed as the indentation period is reduced from 1043 to
5 x ]0-4s, the rate of increase of hardness as the period is reduced is however more
pronounced for CT200 than it is for the other _Mo resin systems. Over the temperature
range of 280K to 390K thei hardness of cured CT200 decreases rapidly in a non=linear °
fashion as the temperature fs raised, this effect is illustrated in Fig. (6.10) for an
| applied force of 2.0N and a loading time of 600s. Fig. (6.10) also indicates that
the hardness is environment sensitive, the higHest };ardness at a given temperature
being exhibited in dry silicone oil . |
Similar variations in flow stress with the dufation of the indentation and
temperature are observed for all three resins, The flow stresses presented in Fig.(6.11)
on:i Fig. (6.12) were calculated with the aid of equation [6.4] from the appropriate
hardness numbers using the values of Young's moduli, at 295K, given in Table 6.1,
The conversion of the hérdness numbers of cured CT200 (which were obtainod
in three different environments and as a function of temperature) into the required
stress is o little more complex since the Young's modulus of the material is a function

of temperature; the calculations may however be performed using the values of Young's



- 151 -

2.4 -
CT 200
Q -
2.2 -
2:-0
Nl .
£
=z
m .
POLtSHEQ SURFACE

' CAST éugFAgE )

U

VICKERS HARDNESS NUMBER /10

1.2 1
10 ' ‘ ' ! ] T L]
FORCE /N |

Fig. (6 8) The vVicker's Hardness Number of CT200/HT901 as a function of

applied force



24 LY558 |

POLISHEE°SURFACE '

2 2..

O

)
o
| .

CAST SURFACE

-
ho't

-t
(o)
1

1

VICKERS HARDNESS NUMBER /108 N2

-
"

W 4 6 8 10 1
FORCE| N .

Fig. (6.7) The Vicker's Hardness Number of LY558/HT973 as a function of

applied force



VICKERS HARDNESS NUMBER /108 N2

20

2.4

22-

1.87

1.64

1.4

1.2+

EPON 828

POLISHED ' SURFACE

10

-2 4 6 - 8 10 12

FORCE| N

Fig. (6.8) The Vicker's Hardness Number of EPONB28/NMA/BDMA as o

~ function of applied force.



 VICKERS HARDNESS NUMBER [10° N2

o 22-

- 154 -

3-69

3.4

y | EPON 828
| v LY558

28"

g
o))
i

2.4

g
o
1

T 4 . ¥ )

oot 0 2 4
LOGyq (TIME/S)

Fig..(6-9) The Vicker's Hardness Numbers of the three resin systems os a

function of load duration



-2

. - ) 8
"VICKERS HARDNESS NUMBER / 10 Nm

2.2

2.04

1.8

-t
o
1

~
1

—
N
1

-3
O
]

e AR
B DRY SILICONE OIL
‘v WATER

0-8

280 300 320 340 360 380

.~ TEMPERATURE / K

Fig. (6.10) The Vicker's Hardness Number of CT200/HT901 as a function of

- temperature and environment



- 156 -

2.6+

N
©
o

EPON 828
o 'CT 200

¥ LY558

X
wn

N
o
1

1-87

1.6-

FLOW STRESS / 10° Nrri2

1.0

0.6-

0-6 ! | |
A =2 0 2 4
: LOG 4 ( TIME/S)

Fig~. (6.11) The flow stress of the three resin systems as a function of load duration



FLOW STRESS /10° Nrri2

- 157 -

o AIR |
s DRY SILICON OIL
& WATER

-
N
1

o . o o — —
~ (e} Pe) o -
[ N | 1 1 L

©
N
2

05 -

04 B0 300 30 340 360 380

- TEMPERATURE /K

Fig. (6.12) The flow stress of CT200/HTP01 in various environments as a function of

© ‘temperature



- 158 -

Table 6.1.
The Young's Moduli of the Base Matrices at 295K

Material Young's Modulus/1 07 Nm=2
CT200/HT901 3.
LY558/HT973 3.5
EPONS28/NMA/BDMA 3.5

modulus as a function of temperature summarized in Fig. (6.13), The results presented

in this figure were recorded during one of the earlier double cantilever experiments.

6.7. The Plastic Zone Extension, a

A plastic zone in an ideal eIasﬁc-perfectly-p!asﬁc material is shown
diagrammatically in Fig,(6.'|4). It would therefore be a relatively simple matter to
determine the required extension, a, provided that it is large enough to be measured
by "sfaﬁ;iard" pP;ysical techniques. A photomicrograph of a real crack tip in CT200/
HT901 is shown in Fig. (6.15) where it is cpparen.t that the sh;:pe of the tip is far
from the. ideal and hence since the crack faces are not parallel some ambiguity exists
as to which crack tip dimension should be measured. A further complication arises
for it is only possible to measure the plastic zone extension at the surface of the
séé(:imen , i.e. where conditions of plane stress exist, and not as we would prefer,
for compari'son with our values of fracture energy, under plane strain conditions.
However, sinc; the values of plastic zone extension quoted here are only to be used
in simple or.der of magnitude calculations, the above difficulties need not concern us
greatly, although it is expected that the values to be pr'esented are within + 30% of

the appropriate plane strain extension,
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Fig. (6.15) A crack tip in cured CT200/HT901

(magnification x 1500)
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The plastic zone extension is requir.ed both at the instant of crack
initiation and for arrest. ‘The lcme.r is readily obfainablle using a sirr;ple screw
driven fracture 'machine to propagate a crack. If the screw is stopped as soor; as
'fhe crack jumps, the tip can be examined with an optical microscope and the
necessary dimension measured with a bifilar eyepiéce . The extension at crack
initiation is more difficult to determine because one cannot easily measure the
extension at the instant of initiation. An approximate value was obtained, how=
ever, by i'ncreasing the cantilever opening displacement whilst continuously monitor=
ing. the crack opening displacement; the last recording prior to crack lnitiaﬁon was

_taken as the required parameter.

The measured plastic zone extensions for cured'CT200, LY558 and EPONS28

are presented in Table 6.2.

Table 6.2.

The Plastic Zone Extension of Various Materials

—

Material Plastic Zone Extensiona / um
Initiation . Arrest
CT200/HT901 - 25 R é
LY558/HT973 X 5‘ 2.5
EPO N828/NMA/BDMA . _ 10 5

69 . Preliminary Discussion.

The experiments performed to determine the hardness of "as-cast" and

polished surfaces of our matrix materials as a function of applied force were undertaken .
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to investigate whether the as-cast surface of the materials differed significantly
in hardness from the bulk of the sample. Such differences are a priori possible
and, for example, may result from the loss of curing agent from the surface, from

absorption of the.release agent or from other surface effects. The hardness numbers
have been plotted against the applied force rather than the indentation depth since'
these experiments were performed merely to investigate whether a "modified" surface
layer exists on these materials. Cured CT200 |s;ow;\ to have a hard surface layer
whilst the surfaces of cured LY558 and EPONB828 are softer than the bulk material .
This va.ri.aﬂon in hardness with depth could not be tolerated in our expérimenfs to
explore the effect of loading time on' flow stress since the flow stresses will not only
be a function of the load duration but also of indentation depth. In an attempt to
“avoid ambiguity in the results 0.5 mm was polished off the "as cast" surfaces, to
expos; the inner layers of the cast samples. .Figs. (6.6) to (6.8) indicate that the
hardness is sensibly independent of depth for forces above about 1N, although a thin
surface layer, perhaps produced by the final polishing, still appears to be significantly
different from the bulk material.
Hardnesses as well as flow stresses are quoted in many instances throughout

this chapter; this may appedr to be superfluous but it was considered advisable to
present, in the first instance, the parameter that was actually measured rather than

simply a flow stress which is derived indirectly from the hardness. Some difficulty

existed in deciding which flow stresses should be used in the Irwin expression:=

The problem arises because time scale differences may exist between the formation of

a plastically deformed zone at the crack tip and under the pyramid indenter. Such
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time scale differences are a priori possible and may arise because of the different

conditions under which the deformation is produced. At this stage it is not obvious
 what load duration, and hence flow stress, should be assigned to the material at the

tip of a crack that has been in a loaded state for a known time. The flow stresses

presented with the crack initiation information in Table (6.2) correspond to indent=

ation periods equal to the mean time between successive propagc;ﬁons of a crack in
" a double cantilever specimen fractured at the standard applied cross head speed of

3

6.3x10 " mm s-] . Clearly fhis is a somewhat arBifra'y choice of period and cannot
" be iusﬁfied rigorously but again we are concerned with changes in these parameters
as opposed to the precise period that should be assigned to them.

The average periods between crack jumps are:=

120s for CT200/HT901
35s for LY558/HT973
45s for EPON828/NMA/BDMA

Arbitcayperiods of 10-3s were assigned to the crack arrest data although the relevant
period is probably much shorter than this especially in CT200 where ‘the crack propa-

gates extremely rapidly between successive arrest positions.

The principal features suggested by the data presented in this chapter are:

(i) The Irwin expression is applicable to these materials (See Table 6.3).

(ii) The flow stresses of the three cured resins are very similar and the

]
differences in the fracture energies may be expressed in terms of .



TABLE (6.2)

The Fracture Energies, y, Crack Opening Displacement, « , and

Flow Sx‘ressés, o , of the Matrix Materials

Material 1Y N102m=2] AY /10%0m=2 | ¢/ pm| Ad fum lo,, /108Nm=2 A, /108Nm=2| Io_ | Ao 2a.
: 217 | 2AY
" | cT200/HT9O1 1.2 0.75 25 3 1.05 2.4 1.1 0.96
LY558/HT973 0.33 0.28 5 2.5 1.4 1.85 1.02| 0.82
EPONB28/NMA/BDMA 0.58 0.53 10 5 1.3 1.9 112§ 0.90 -

- 691 -
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differences in the plastic zone extension.

The plastic zone extension of a propagating crack is less than that

at the instant of initiation: this difference in extension is refle;ted .
in the fracture energies:~

viz: initiation fracture energy » arrest fracture energy

initiation plastic zone extension > arrest plastic zone extension

{iv) An inverse correlation exists between the flow stresses and the fracture

energies at different temperatures. Hence changes in the plastic zone

extensions with temperature must be larger than those changes in flow

stress .

In addition, the initiation fracture energy of the CT200/HT901 used in this

work was 1.2 x 102 Jm-2 whereas Griffiths used a different cure schedule and

obtained a value of 0.8 x 102 Jm-z. He estimated the flow stress for a load duration

of 15s to be 1.0 x 108 Nm-z, which agrees very well with the value obtained here.

He also found the plastic zone extension just prior to inifiation to be 15 ym which

_compares with a value of 25 m for our material. The ratio of these plastic zone

extensions correlates well with the ratio of the initiation fracture energies of the two

differently cured materials, i.e.

|o(Grifiith)  _ o

[ « (this work)

I'y (Griffiths) = 0.5

ly " (this work)
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It is also worthy of note that at room temperature the flow stress of solid
uncured CT200 at a load duration of 155 is again about 1.0 x 108 Nm"2 alfhough
the fracture energy is extremely low (approximately 2.0 Jm;2) . The crack tip
plastic zone extension in this material is so small that the crack tip cannot be
resolved on v.;Jn optical microscope having a resolving power of about 1 ym. This is

to be expected since the Irwin expression predicts a plastic zone extension of

4x102 ym. -

The information presented in this chopfer strongly suggests that the fracture
energies of our epoxy resins are dictated primarily by the plastic zone extension and
.again leads us to speculate that the fracture energy of these apparently amorphous
_materials may be determined largely by their microstructure. Some further discussion
on this topic will follow in the next chapter where it will Ee set in context with the

rest of the information that has been obtained.

2y



- 168 - .,

CHAPTER VII

The Fracture of Epoxy Resin Based Composite Materials

7.1. Introduction .

The principal ébiecf of this work was to examine the behaviour of a range
of composite materials in the hope that this might provfde information on some of
the physical processes involved during crack propagation in these mafeljials. How=
ever, it soon became apparent that before any detailed attempt could be made to
interpret the behaviour of the composites, more fundamental information than was
at present available was required on the behaviour of the matrix materials. We shall,
fi-zerefore , begin this chapfer,by considering some c;f these fedtures and then extend
the discqssion to cover the comp.osite materials.

A considerable amount of information has been presented in this thesis con= )
cerning both fh;a.mafrices and the related composites. Clearly, because of space and
‘time limitations not all of this can be discussed in depth although many of the
indi\;iduol effects which were observed in the course of this empirical surve).' have
al:eady been considered briefly in the earlier chapten;s following the description of the
various results. ‘It willi be useful here to collect togeﬂ'ier some‘of the major points;
to examine the possibility that fhevresulfs'do suggest the physical mechanism responsible
for toughening in these ndilute" composites and to introduce a simple model which may

explain some features of their behaviour.

We shall, therefore, confine ourselves primarily to:
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) I discussing the jumping mode of crack prop'agaﬁon in relation to ﬂ;e results
presented concerning the flow stresses cnci.';:rcck opening displacements of the
matrices, and

b) considering the variation in fracture energy with the effective extension
rate at the crdck tip. A model will also be presented which attempts fc; '

explain, in a very general sense, why the addition of a parfiéulafé phase

to an epoxy resin mafrix increases the toughness of that material,

7.2. Base Matrices

One of the more striking behﬁvioural features of the epoxy resin family of
materials is the "jumping“"mode of crack propagation. This type of crack propagation
is exhibited not only by the epoxy resins but occurs more generally and has been |
observéd in these lcb::rafories in other éolymers, notably polystyrene and polycarbonate,
and elsewhere in some aluminium alloys. Any generﬁl interpretation that is offered
for this behaviour must therefore be capable of application to a variety of materials
of quite different structure. It is clearly not appropriate to postulate one unique
mechanism which depends on the nature or structure of our particular type of material.
Although, ultimately, the physical mechanism responsible for this behaviour may well
be quite different, for example in crystalline aluminium ollc‘>ys, in a linear polymer
a;d in a network polymer, if is probable thqt fhese are manifested in a cémmon '
phenomenological, microﬁ'copic mechanism, such as a c'hange in the critical plastic
zone size with crack speed, or with the adiabatic heating brought about in the material
ahead of a rapidly advancing crack. Indeed, as we have seen, GRIFFITHS (1968)

postulated that crack jumping was a consequence of the behaviour of the material around

the crack tip under the influence of the adiabatic heating normally associated with crack
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propagation. WILLIAMS (1965) had shown pre_vn;ously that quite high local crack tip
temperatures could .be attained during propagation and fh; preliminary work of
.Griffifhs had indicated that.the fracture energy of cured CT200 fell as the temperature
was raised above room temperature . 'ﬁwis was in contrast to the increase in fracfui'e
energy with increasing temperature' that he had observed in glass and PMMA, boﬂ%jj,o ¢
which exhibit the continuous type of crack propagation behaviour. The more detailed
_results presented in Chapter 1l show unambiguously that the fracture energy of cured
CT200 does not fall with increasing fem;;erafure between 273K and 390K but in f;cf
" both the initiation and arrest values increase, albeit rather slowly in the latter case’,
- Griffiths adiabatic heating hypothesis would therefore appear to be inappropriate _o‘q;d
" hence we now examine, ata phenomeﬁologicdl level, other possible‘ -°xp|0natioqs‘ c;f
"crack iumpinAg" behaviour. N -
It may, ho;vever, be useful first to summarise some of the results obtained
during the course of this work. A material that exhibits the jumping type of cracl;“"
: propa‘gafi(;n may be characterised by two fracture energies which c“orrespond to

conditions of crack initiation and arrest. The extent of the jumping behaviour, that

is the ratio of the two fracture energies, varies from one material to the next. Table

(3.1) shows that at anarbitrarily chosen cross head speerd of 6.3 x 1073 mms ', cured
CT200 exhibits the largest crack jumps. The extent of crack jumping is also a function
of t’P.\e effective crack tip extension rate, E; , temperature, and to a lesser extent,
environment. In addition there is a characteristic extension rate at the crack tip at
which the crack will propagate without jumping. Crack jumping was also observed in
all the composites, apart from the materials containing a relatively large voiume fraction
of talc. The situation is somewhat complex in the latter materials because the plastic

. zone size is approaching the specimen thickness and hence crack extension does not



- oceur under plane strain conditions. | R

v could be found We have shown earlner, however, that the lrwm expressuon- v:z ‘

Data reporfed in Chapter VI demonstr'at_es that the flow stresses of all three

- epoxy resin systems are functions of load duration although the actual flow streSses
.are all about the same magmtude and show sumxlar dufferences between very short
'-land very long loadmg times .- CT200 does, however, exhibit a pronounced increase
"ln hardness as the mdentatlon period is reduced below 5x 10 3s. Itis probable that
". the appropriate flow stress ot' the materral at the crack tip is lower at crack initiation .
e ',.‘;'.f'_:_.'than durmg propagahon; orkat the instant of crack arrest: the material close toa
4stat|onary tip has been subjected to an applied stress for a greater period of trme.

'. v'-'“Some d,ff;culfy exists in assngnmg an approprrate load duration and related flow

Pl reason, a prrorr, why the compressrve flow stress measured by the indentation techmque

AU ] -

employed here should glve the requnred flow stress, even if an unambrguous penod

“ the begrnmng and at the end ot‘ each increment of crack extensron and flow stresses for

- ‘-'_?:. succéSSlve crack jumps when a standard cantllever beam specimen is fractured atan.

arbntraf)' cross head speed

Observatuons of the crack opemng drsplacement rmmedrately pnor to crack

= ;;." ini “ahon, “l’ and lmmedlately after crack arrest, a 2, reveal that “l > a2, l.e.

a 9 v
o e ST, -'.‘ .

o e

Tl stress ’ to the material near the crack tip, at the begmnmg_ and end of each mcrement .

, “ LUV of crack extension because of problematrc time scale effects. In additlon ' there is no

e works for our materials if we use the measured values of crack opening displacement at -

L a load durahon of * 10 ~§ s, and for a penod equal to the mean time between . . ‘
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the plastic zone extension at initiation is greater, and in the case of CT200 much
greatevr, than at the instant of crack arrest. This is to be expected if, as we have
already shown, the Irwin expression is appropriate for these materials. It is,
however, apparent that the lower flow stress at crack initiation must be more than
compensated by an increase in plastic zone extension if the initiation fracture energy
is to be greater than the arrest val'ue . This point is well illustrated in CT200 whiqh
h.as the highest ratio of short to long time flow stresses but an even greater ratio of
‘ initiation to arrest plastic zone extensions. Fig. (7.1) and Fig. .(7 .2) which are
reproduced by courtesy of B.R. McQuillinand §.P, Gunesekera give the chonge‘ in
flow stress, with time, of . RM.MA. and float g)ass. It may be observed by cor;l.-
| pdring these figures with FFQ . (6.11), that over the range of periods investigated, the
scale of the increase in flow stress as the period is reduced is much greater in glaés

o

and‘ PM MA 'than for the epoxy resins.

| A‘\ cli'ock may therefore be expected to exhibit the jurping mode of
propagation, as opposed to the continuous prqpcgc.ﬁon that occurs in glass and
P.M M A if the variation in flow stress with time can be more than compensated for
by a change in the critical plastic zone extension. It is suggested that the phenomeno-
logical basis of the crack jumping bellmviour lies in the dependence of the critical 6r6ck
tip plastic zone size on crack speed. If the change in the critical plastic zone size is
large enough it will more ‘thcn compensate for any rise in flow sfres.;. with reducing load
duration. This condiﬁén is more easily satisfied in materials where the flow stress does
not increase razidly as the load duration is reduced from, for example, 102s to 10-35.

A more detailed interpretation other than this.rather naive model appedrs to be

inappropricte at this juncture since little information is at present available on the

_ plastic flow mechanism in these materials.
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An important contribution to the unders!andiné of the plastic flow mechanism
in the epoxy resin matrices has been made during the process of this work by the
identification of the craze-like d‘efecls, that occurred within 10 minutes at 350K
around loaded crack tips in all three resin systems. Similar features have also been
detected near the crack tips in specimens of CT200/HT901 c.md. EPONB28/NMA/| BDMA
- loaded for much Ionéer times (100 hours) at room temperature. Crazes could not,
however, be detected at room .temperoture m LY5~5§9/ HT?73 and it may be that crazing
_oceurs in this system only at elevated temperatures.

. In view of the paucity of information on the plastic flow mechanism in our
materials, what inferences can be den about the physics of the crack propagation
processes? We know, for ‘example', that the fracture energy of these materials is much
greater than the surface energy and there is direct evidence of plastic deformation at a
crack tip. Indeed, the magnitudes of the work done during crack propaéafion estimated
using Irwin's expression ’ond selected values of flow stress and observed crack opening
displacerhenfs, appear to agree with the measured fracture energies. Hence the
major parameter determining the different fracture energies of the matrices must be the
critical plastic zone extension, a ! since the flow stresses are similar. A fundamental
question is therefore what detérmines the critical plastic zone extension, or alternatively
what limits the size of the plas‘tic zone to}_a magnitude above w.hich it becomes more
ft:/\;omble to propagate the crack than it is to further extend the plastic zone?

In some metals and alloys it has been dgmonstrafed that the plastic zone
exfeﬁsion at which instability occurs is related to the grain or subgrain size., 'Again no
unambiguous information is at present available on the internal structure of our ep<.>xy
resins. It is common, tacitly, to assume that they are structureless. However, etching

‘ .
experiments; performed by the author in collaboration with B.R. McQuillin provide
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some direct evidence of a microstructure in cured CT200, Etching either with hot
chromic acid or by an argon ion bombardment in a radio frequencyglow discharge,
reveals a structure of the type shown in Fig. (3.13) and Fig. (3 .'14). Much further
work is required, but at first sight the scale of this structural detail ap;:ears to be
too small to en;:ble any simple correlation to be made with the size of the plastic
zone. The identification of a micrestructure now presents us with the po;sibility of
being able to modify the structure, to monitor the changes, and examine the behaviour
of these materials in relation to their structure; this may.be a first step which could
lead to an understanding, in fundamental mechanistic terms, of their physical
properties. |

Figs. (3.1), (3.2) ond (3.3) indicate tha} the fracture energies of our epoxy
resins are rate sensitive; this is new information as far as the epoxy resins are concerned
although the ef'fect is well known for other types of material, for example, many metals,
glasses an‘d polymers have rate sensitive failure conditions., CT200 and LY558 exhibit
broadly»si'milar variations in fracture energy with effective extension rate .. The same
is true of EPON 828 if we ignore, for the moment, the initial decrease in arrest
fracture energy, although for EPON 828 the range of the variation of fracture energy
is much smaller than in the other two. systems. The arrest fracture energy of CT200 is
insensitive to effective rate: in this material the crack propagates between arrest
p;sitions at such a rate that the actual advance of the crack tip cannot be followed
visually ar;d‘hence fho:croc':k may be considered to propagate at constant cantilever
opening displacement. This is not the case for EPON 828 and LY558: the crack
propagates relatively slowly in these materials and hence we may expect the applied
cross-head speed to influence the fracture energy of the§§ non~ideally elastic-plastic

. materials. Any further discussion of this particular aspect of the behaviouf of the base

o



matrices appears to be inappropriate at the moment without more detailed information
on the plastic flow mechanisﬁ . The experiments performed here have however. high=
lighted the fact that it is impossible to quote a single fracture energy for any of these
. moterials and hence effe;:ﬁve extension rate, temperature and the environment which

correspond to any particular value of fracture energy must be specified.

7.3. The Composite Materials

We now discuss some of the behavioural features of our composite materials
and attempt to explain the origin §f the increase in toughness that occurs when
particulate fillers are added to an epoxy resin matrix. Before doing this it may however
be useful to review briefly some of the suggestions which have been offered by previous
workers to explain this kind of effect. We shall ﬁrgue that the surface roughness,
»frozen in" stresses, and crack front pinning are each inadequate to e.xplain the

gmfudes of the observed effects .

The expressions that have been used throughout this work for the eshmohon
of fracture energies were developed with the tacit assumption that the fracture surfoc;s
of our specimens were planar. One may readily conclude however that the extent of
the toughening is not simply due to the increase in true surface area of the principal-
fmcture surface, which is brought about by the deviation of the crack Fronf around the
, second phase inclusions, since it is simple to show that the increase in area is small
compared with the observed increase in fracture energy. Results presented and discussed
'in Chapter IV demonstrate, quite clearly, that the "frozen-in" microstresses which are
generated around the particles due to the mismatch of thermal expansion between the
filler and the matrix, are not responsible for the major proportion of 'the toughening.

WEYL (1959) and SELSING (1961) have shown that a single spherical particle in an
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infinite isotropic matrix will experience a pressure P, due to this mismatch in thermal

expansion, given by:

Em - Ep) AT

(). ()

where g, and ep are the thermal expansion coefficients of the matrix and particle

(7.1

respectively, v and vp are the Poissons ratios of the matrix and particle and Em
and Ep are the Young's moduli. AT is the temperature range over which the stresses

are considered to have developed and where the thermal expansion is a siniple linear
J ' .

function of temperature .

Associated with this pressure are radial and tangential stresses in the matrix

.
’
4

of . '
_,.""PG and Pa3
-3 3
ro- 2r

respecﬁv&ly.. Where a is the particle radius and r.is the distance from a point in the
matrix to the centre of the particle. Ideally these equations hgld only for the case
of a single particle in an infinite isotropic matrix but they may be considered. to be
reasonably accurate at low particle volume fractions. If we substitute typical values
into eq@fion [7.1] then we may determine the maximum mtﬁrix stress, which occurs
at the matrix/particle int;rface, as being approximately 107N. This is, fypi;:ally,
an order of magnitdde lower than the flow siress of our epoxy resins. It is also of note
that the stresses which are developed in the matrix are highly localised around the
particles simfe the stress falls os the inverse cube of the distance from the cenh'.e of

the porﬁcle.' In addition these thermal stresses are small compared with those that



-179 -
may be produced under an applied stress because of differences between the elastic
moduli of the filler particles and the matrices. It is therefore to be expected, as
indeea was observed, that any contribution that the "frozen=in" stresses might make
to the fracture energy of the composite material must be masked by other processes.
LANGE (1970) has investigated the effects, on fracture toughness, of
adding hy‘dmfed alumina (alqmina trihydrate) to an epoxy resin matrix, He postulates
that the increase in toughness observed, after adding the filler, results from the pinning
of the crack front by the second phase particles and the subsequent bowing of the ‘crack
front between the pinning positions. .Lange argues that the crack front may be consid=
ered to have line energy (an assumption which appears to be difficult to justify) and
then uses this concept in attempting to show that a significant amount of energy must
be supplied to the system to bow the crack front between the barﬁc.les and this in turn
leads toa toughenfng of the material.
If we consider for’fhe moment that the concept of a line energy is physically
- adm issibrl'e then Lange's expression for the froctur§ energ}l' of a co;nposite material may
be written: |

[7.2]

where e and ¥, are the fracfure energies of the composite and matrix respectively,
F the line energy of the c::ck front and 5 the mean interparticle spacing. équotion
[7.2] predicts that the fracture energy of the compasite mater}al is difectly‘proportiondl
to the inverse of the 'interpcrticle spacing: we shall see later that this is not borne o.uf
in practice.

Any‘ model that we develop to explain.the observed effects of adding a filler .

to an epoxy resin matrix must take into account the fact that the magnitude of the
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<" increase in fracture energy cannot be wholly attributed to a roughening of the fracture

cou surface, thermal stresses, or as Lange’ suggests, to.the-pinning of the crack front. " In

s *

‘ ').".._.“"‘i:; qddiﬁon we have shown that gloes and aluminium although represenﬁng)fill‘er;rvpes

o ﬂ-.ar are more brittle and fougher, respectively, than the matrix produoe essenﬁclly
B sxmular mcreases in the fracture energies of the composite materials above fhat of the

o matrix. Within the ranges of particle sizes and volume fractions consrdered the

fracture energy increases approximately linearl_y with particle volume fracﬁon and at

. .constan't volume fraction the fracture energy is :insetnsifive'to particle size above a

f.size of about 50 ym.

We posf_u!ate’ here that the predominant effect ]'éading to increases in toughness .

s 'rhe producﬁon oé'secondary‘plasf.ic deformation around , or adiacerif*o' o
the filler particl'ee at a distance frorra the intrinsic plastic zone at the crcok tip. This
'vf"e"“."" plastic deformation will augment the crack tip plastic zone and will produce a. ;
’larg_er, althng highly‘ inhomo\;enous region of .plasﬁc\deformcf‘ion . The‘ fillers may

: - produce this ‘addiﬁonclr deformation because of the ability of the particles to magnify '

e the applied stress to produce locally a stress exceeding the matrix flow stre'ss; plastic

' ‘deformation near a filler particle may in turn leod to local rupture, e » to the

. ;'f formation of subsurface cracks. The stress roisiné properties of a filler particle will be

: a function of ifs shape, Young's.'..modulu':s., .orienfaﬁonvwifh respect to the. mocroscopic

“'f.*{;opplied stress and to some e‘#_fenr upon the adhesion between the nratri;ﬁ ood the filler

mqterials. Glass and aluminium‘ ;Sarﬁcles of a given shape would therefor'e be expected
s to behave in an essenﬁally similar fashion because of their sirﬁilorii‘y |n modulus .. |
'_f:;-,'Lamellar-shaped alummlum parhcles should however produce a much greater increase in

o foughness ,.ata grven volume frachon (or parhcle spacmg) ’ than ballorrm because the

: lamena surfobly orrentufed rs a more potent stress rcuser rhan the sphere .

L
,. K ’ .
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Evndence of addmonal "damage" produced at some d:sh:nce from the crack

‘ tip is presented in the photomacrograph oF a tale~filled specimen shown in Fig. (7. 3)

This provides direct evidence fo supporf_ our hypothesis that toughening is due to an

i increase in the "effective" plastic zone size. The whitened region around the crack

" tip is believed to be the result of the formation of microcracks that are nucleated at <

the talc pa'rﬁcles;. The talc filler is a particularly potent stress raiser because of the‘j -

o ‘_‘f,lamellor shape of the parhcles. In addition, tulc hasa verylow flow stress and can

Q-"'-.:»'_-readnly be deformed and hence the role of falc particles may be like that to be
expected from pre-exushng penny-shaped cracks. |

A very simple physncal model will now be presenfed which predncfs the

ﬁ;{f- .mcgmfude of the increase in toughness that is observed when parhculcte flllers are

o added to an epoxy resin mafrix. We have already postulated thct the role of fhe

: . v'.’parhcles is to produce cddmonal plastic deformaﬂon remote from the mh‘msac plastic .

\l

-

’ zone at the crack tip. To eshmate the extenf of this secondary deformohon and hence

. the fracture energy of the composd'e we will assume that the ,cmenon for fmcfure of '-

: the compgsite is the same as fhaf of the matrix, i.e. the crack wdl become unstcble

, ‘when the Iocal crack tip plcshc zone exceeds a critical length, R . However, the

o toh:l work done in advancing the crack in the filled material is greafer than in the

o unfille d mamx, because addmonal deformanon occurs around the particles.

- We shall now fol low through a rather crude calculahon to eshmate the magni=

s fude of the effects to be expected. This should be regarded sxmpl)' as a pr 9'"’"“"")’

..

" . examination of the :mphcahons of our model- a much more sophnshcefed and ngorous

. calculchon is posszble in prmcxple but was beyond our scope in the time avaslable.

From Lmear Elashc Fracture Mechamcs we know that at a constunt mamx '

\’bq. S

flow sfre:.c that:-; Lo




Fig. (7.3) A cracked talc filled CT200/HT901 double cantilever beam specimen showing

the "damaged" region around the crack tip
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and hence we will assume that contributions from the extra ‘plasﬁc deformation to the

fracture energy are additive This assumption seems'reasonable since the fotc;l work

done in extending the crack to produce unit area of new fracture surface is‘given by:
aya' /2 from the crack tip zone plus qyzpfrom the filler particles which contri=

bute to the work done during the formation of this new fracture surface where

o = Matrix flow stress

a = Plastic zone extension at the crack tip

R
]

Plastic zone extension at a filler particle

.A simple composite material is represented in Fig. (7.4). The probability of
any given particle producing secondary deformation zones will depend not only on f.he
" factors already discussed (Young's modulus, shape and oriemoﬁor\\) but also upon its
'posiﬂén in the stress=field pro&uced by the crack |i;e|f

| The stress components, defined in Fig. (7.5) at a point (r, § ) away from a

crack tip in a linearly - elastic material are given for loading conditions appropriate

to plane strain by:

| 1 | R ] |
Oxx = - (3cos £ "+ cosS—-) - [7.3]
(an).; 4 ( 2 | 2 '
K

g | | 1 | | . cos S |
— - 3cos & ~ %79 - [7.4]
¢ (20r) 4 ( 2 2> o
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Fig. (7.4) Diggrommatic representation O? a simple composite material
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Fig. (7.5) - Tne stress components at a crack tip
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K - | .
O xy = ——-;l ' l -sin€ + .s5in54 {7.5]
o (2 Ir) 4 ( ‘ 2 .-',n 2 ) -

These components may be resolved to give the maximum and minimum principal

stresses, ap, at a point (r,8)

K | o

‘ | . B ‘
= ] ine= 7.
 Tawr U3l e

We can use the above expression to calculate the total energy expended in producing
plastic deformation around the filler parf.icles and hence estimate f;'om first principles
the fracture energy of an idealised composite material .

From equation [7.8 we can see that the maximum princfpal stress o_ is not
a sensitive function of the angle, @, for % 2 '_0' » 0 and hence we may write that

the principal stress at a distance, r, from the tip of an unstable crack (i.e. when Kl =

K"

ch

P (2n r)’}

c

v.7]

where ch is the critical plane strain stress intensity factor for the unfilled matrix
si;ce we have already assumed that the critical plastic zone extension in the local

zone at the crack tip is the same in the composite materials as it is in the base matrix.

If we continue to confine ourselves, for the moment, to a two dimensional
situation represented in Fig. (7. § then the local maximum stress, ¢ ,in the matrix,
at the matrix/particle interface is given by o =38 o (7.8]

where: g is a function of the elastic coefficients of the particle and the matrix and,
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M/‘/\A/\/\WM
8a

Fig. (7.6) Asingle pa}ticle in an infinite isotropic matrix
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%, is the uniaxial stress applied to the matrix. If we consider that the situation
illustrated in Fig. (7.6) represents a single filler particle in the composite material
then the stresses will produce a pair of plastic zone§ each of length Rq’ one on each
side of the particle. Now the normal stress %, across a plane perpendicular to the
local applied str.ess, %a, at a distance q, from the particle will be given by an

expression of the form:

_ _p | '
= —3 (7.9
c_,q (21q) | 1

where Kp is i‘he “stress intensity factor" of the particle ahd is given by
L] -12.. . . . " ‘
K, = o (2nq® . v - [7.10]

where, a, is the radius of the particle, Hence:

hR
3 o €270)°
c = 8P

a (2mq)*

(7.1 -

since the stress at the mafrix particle interface will be 3 pap. By analogy ewith the
situation at a simple crack tip in a homogenous material these stresses, if they are of

sufficient magnitude will produce a pair of plastic zones each of length, Rq’ where;

2 2. L
R = 8o, I | [7.12]
q ﬁ

21 Gj

and hence the total length of the two zones that are associated with each particle will

.
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be:

. 2 .
1887 ¢ "a | : [7.13]

. 2
2 Km'

o . 2 ec——

P . 20r

and therefore:
2 2

. 98 ok, [7.14]

q ‘TI-I’_O_YT .

where K is the plane strain stress intensity factor for the matrix.
m |

We now represent our composite material by a simple cubic array of particles
having an interparticle spacing as defined in Fig. (7.4 ) of n. Suppose that the crack
advances by a distance dL, this will be accompanied by an increase in the total length

of the zones around adjacent filler particle of ARq .

Therefore from equation [7.14] and with reference fo Fige (7.7 ):

98 20K 2 1 1
m -
AR = %
q o, . ( : rij'>

v i3

9ﬂ20Km2 8

I'n
W) (2)
Hoy rij
2, 2

% Kna  /dL cos ' 7151

n

fi

n"y rij
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Fig. (7 }) The geometry of the regioh around a crack tip



T I

We now require the total work done during the increment of crack extension

from L to L'+ dL. If all the secondary plastic zones tho'f are formed involve an

' exfem.cn a and thesefare produced ina mofnx havmg a constant flow sfress o

(| .. Nno work hor denmg occurs) then the work done in producmg these zones will be

e d

leinzstress' [aroa] 'displace'me'nf"

here, a, is again the radius of the parhcle . The above expressnon cannot be |ushfxed

!

ngorously but it is considered that the mean depth . of the plosho zone wnll be of the some "

order as the .radius ", of the parhcle._ Equation. [7 16] sfnctly applies (if we may

,,, '_: |gnore end effects) to cylmdrucdl rods of radxus , q, and ]ength @, whuch are ornented
b 2{.‘5 with their |°ng|tudmal axis parollel to the crock front. |
" So far we have only conszderod a sm.gle "plane" conmin?ng these‘porﬁoles,
,f fhe lnferparncle spocmg is, n, then fhére will bei- of these "planes“ in a.specimen
.of fhnckness, 1. Hence the foiol work.A w; done durmg’the extension dL w:ll be the sum
e of.the plashc work dono at the crock hp ond thot around the‘ por;lcles, therefore'; |

E ‘?\‘Nhere{‘A'pt is a coefficient that depends upon the orientation of the particles.




" - Hence:

. or rewritings .

' " and 's.inc‘e. the fracture energy ¥ m..OF the matrix is giy'eriiby:
SO D e R T e s

e ﬁ-acngn_, Vf ’ of the fsller is, fherefore ngen by. A

R

I'Io'y riJ L

2sz 2Ar

v

From Fug (7. %) we also have that the volume of a “cell" of fhe composne is

,73 -and fhe volume of fhe pcrhcle contcuned wﬂ‘hm thxs cell IS i 3103'- . The volume

i
PR AATS




v .o . Volume of particle B T
BEVIPES -

770 Volume of cell -

oo

? composnfe “ (l +0 7p Ken A

02 : EW) ['7.24']'.,

- . '
- .

',i’;"\ U Equation 7.24 - therefore predicts l‘hct‘the" fracture energy'of the composite is prop= |

i orhonal to the volume fraction of the filler. Thns is observed in prachce, as Fig. (4 3) :
b ";-"",.;_;:Areveals fora CTZOO/HT?Ol matrix conlmnmg ballotini of 'lOO um in dnamefer. o
: ""':A'l"_»;Eq uation [7 24] also preducts that the fracfure energies of our epoxy resin/ballotini
: composites are mversely propornonal to the parhcle size; tl'us is to some extent
L :'observed in prclchce for in various cases an cpparenf increase in fracture energy occurs .
; ;f__.‘when particles smaller fhan about 50 um are used . ‘

To evaluate equchon [7 241 l"or c  range of parhcle sizes and volume frachons
k3 A:;f_‘jwe ,-equnre a knowledge of the values ol-' the onentuhon consiunf, AP’ the coeffacsent, B

i, wluch depends upon the elashc modul: of the fuller and the mamx, and we also

N .
,\

Ce need fo sum fhe term~
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i
&+

over an appropriate range.

Clearly, for spherical particles, we may set Ap equal to unity, this will
not however be the case for lamellaror ather shapes of particles where Ap will be
expected to have a value of less than unity'. The coefficient, g , is somewhat
more difficult to determine: however, EDMONDS and BEEVERS (1948) have carried
out a detailed photoelastic analysis of the stress distribution around circular inclusions '
(of a similar modulus to glass) in a cured CT200 matrix and have obtained a value for
the siress at the interface of the particle of 2.5 times the uniaxially applied stress,
o4° We have previously assumed that the interfacial stress is 3 8 A and hence g

‘will be approximately equal to 0.85. To evaluate the summation

we will have to-make some, further approximations but as stated previously we are
attempting to show that our simple mbdel predicts the types and magnitudes of the change
- that may be expected when a filler is added to an epoxy resin matrix. In deriving
equation [7.24] we have assumed that our composite material may be represented (in
two dimensions) by a square array of circular particles but of ;ourse in practice the
composite will not be orde?ed in this manner and the particles will be randomly dis=
persed. However, let us still retain the square networkvand assume that to the first
approximation we may consider that the tip of the crack is situated at the centre of the
unit square of particles. If this is the situation then we may determine the region over

which our summation must be evaluated.



-195 - -

~ Now since the stress af the mafrrx/parhcle interface is given by

o= 3 ﬂ.(local macroscoprc stress) and we have assumed that secondary deformation erl

‘»A.
’

. ’-.,

Doyl

o ;'_- . oceur when rhe local stress exceeds fhe flow sfress of the matrix then we have from

. equahon [7 7] thaf addmonal plashc zones wrll be produced at fhose parhcles where

If we substitute typical values for K " ';3, and ay (which we vvill rake as that |

value of flow stress at anarbrfrary perrod of 1353, whrch is approxrmafely equal fo rhe -

mean time between successwe |umps in a specimen fracrured at the srandard cross

’

head speed) then plastic deformahon will oceur when r.i < 70 um. L '.‘? S

Let us now consrder the followmg composrtes-- :

)

. - . . - . . . . . g . ,

R I . . . L) o .
. . e . Vo

4
e

e cnoo plus @ 0.3 and 6..1 vol(.rme.fracﬁon: of 100 .ym ballotini

“.‘The mean interparticle spacings for the above ‘composites may be calculated from

equahon [7 23], these are presenfed in Table (7.1).

..v__..

Table (7.1) ?ndrcafes that fo a reasonable approxrmahon we need only consrder , '

the parr of parhcles rmmedrately ahead of the crack hp smce we already have thaf

3 musf be less than 70 pm and hence s
N g . PATE T ’ .;':. “:4
: i LT
= 2,85 ‘ ! N
."‘.’_ Y . t'"
BT R T N S N o

© CT200 plus a 0.1 volume fraction of 200 ‘um, and 25 pm ballotini. - L



o | CT200 plusa 0.1 volume frachon :: o o ‘.'3,»»45 i S
TR of25mba”ohnl o U A

. Equahon[724}tow reduces to: R - ' :\‘ ;

196 = e e

o TABLE (7.1)
The Mean 'I.r\fca.;pdrficle' Spacings of Some Cdrr;posife's e L
Material : | " Mean Interparticle Spacing/ um

CT200. pl us a 0.3 volume frachonf . s Lo 1200
of 100 um ballotini SPTRA IRV AT |
CT200 plus a 0.1 volume fraction = = | - R o azsn o
.| of 100 um ballotini . S T R
CT200 plus @ 0.1 volume fraction | - .- 30000
of 200 um ballotini B B

(@

Yeomposite « Ym l_-] YT 2 [7 26]

~
L i

N *"lf we now subsfitufe fypical values into equation [7.26] then we mdy ;;redi;:t from‘

o model a fracture energy of CTZOO/ballohm composites .-

‘This has been done and the two sets of data are presented in Figs. (7. 8)

. and (7.9 ). It may be seen from these figures that the "fit" with the exper.nmenfal

: data |s extremely good_. However, during the derivation of the final ekpreésion we

have necessoruly made a number of quite severe approximutions and the exdellent

"fut" must be conssdered as bemg somewhar fortuutous. Nevertheless ' the model does -

L correcfly predict the rypes and magnxfude of fhe effecfs that may be expecfed when a -

parhculate fuller is added to an epoxy resin mamx.

- Ope of fbd more mpox_‘hnf cppro_xnmch_ons_ thai; have been made is that we

& Dineting e
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Fig. (7.8) The predicted and experimental fracture energies as a function

of filler volume fraction
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- postulated that thére was no overlop of the stress raising zones which areossociated
with the mduwdual parhcles. Thrs assumption is valid only at vety low volume fractions;
: even ot a volume fraction of 0.1, the interparticle spacmg of sphencal particles is only
) - of the order ot' ]'.5 times their d:cmoter and hence overlap may be expected to occur. -
Howevér, as the volume t'roction:ot' filler is increased and the mean interporticle spacing
~’_."i"decreoses the zone‘lengths will at first increase. (because of the stress field overlap)
. ‘;i:;}f‘\':.'obove that allowed in the model buyt furth.e‘r decreases in the particle spacing will be e

. expected to cause “saturation" because the length of the zone may not be greater than |

Vo v

Througnout the derivation of tne simp‘le expression for the fracture energy of a
S ;"L‘;Ef-ccmpos‘ite from our basic hypothesis, we have considered that the filler particles are
acted'upon only'l.ay a unioxiol tensile stress; “this is not the case in praotioo since they .‘
‘ore situated in the bnoxrol stress field associated w:th the principal crack. 'ﬂwe lnkely
. .'error'mvolvecl in makmg this assumptcon is difficult to estimate simply but |t seems @
. priori unlikely that our expression vrhich neglects the presence' of the second principol" B
L stress would be in error by more than a facto‘r of two. In any case we oro concerned
' ""';J".:'v—i;‘j.'here simply with showing that the mechanism proposed is odequote to explain the
8 observed order of magnitude of changes in fracture en‘erg)'l.A It is 'considered that the
L agre.ement between the predlchons. of our still rather crude calculations and the observed
L expenmentol results suggests that the bcstc hypothesrs provndes a useful physnccl basis
o from which to describe the fracture of pcrhculate filled epoxy resin composite'materiols.
From the foregoing discussion it is appcrent that the composrtes with the hlgher
fracture energxes wnll be those where many secondary cmcks or much addntnonal plostrc :

T T e

deformotron occompcmes the propagatron of a prnmcry cruck The composrtes S

[ . B ¥

wrth the hlgher fracture energles wrll therefore be ' T

. . L . .
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those containing particles which are potent stress-raisers and hence will be mctesrials
in which crack nucleation is relatively easy.

We have already postulated that fhe‘maior factor determinjng the Cha_rf:y
‘impact energy of our composites, and matrices, is the amount of stra i‘n energy thgt

must be supplied to the system in order to initiate the fracture. It is, therefore,

apparent that for our range of materials we shall expect those with the higher fracture

energies to have the lower impact energies and also the lower strength., Both thé above

. features are observed in practice.

7 4. Recommendations for Further Work

-

The experimental programme described in this thesis was intended priméi‘illy
as a bread s:Jrvey of the effects on crack propagcﬁén beEaviour of adding a purf?é:ulate
filler to an epoxy resin mafrix.. All the fillers used hmie Young's moduli larger;‘fhon
the matrices and it would now be useful to examine the effects of adding a fille';' of
lower mc;dul'us (for example, elastomeric particles) to ascertain whether our mo;el
could be extended to this situation. Talc may however have provided a fﬂler type
- with a low effective modulus because of the low cohesion within the particles ;nd
the very low flow stress which lead us to suggest that individual filler particles would
act as penny-shaped cracks.,

) Limitations on fil‘ler volume fraction were imposed by the s‘pecimen preparation
technique and hence methods should be investigated to enable composites to be produced
containing high filler Ioadin.gs ‘without seriously modifying the.physical properties of
the matrix. Tl

Little is known about the plastic f_lowbmechanism in the epoxy resin far;qily of

materials. During the course of this work craze-like defects were identified around a
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crack tip. " The sfudy of these crazes may well lead to a better understanding of the
processes involved during plastic deformation. Until very recently the epoxy resins
have been thought to be devoid of any structure; we have however been successful
in these laboratories in revealing an internal structure by two very different etching
techniques. The demonstration of the existence of a structure may now present us
with the |:;ossibiliry of being cbie to modify and observe the structure in relation to
various physical properties which hopefully will lead to a better understanding of
the behaviour of our matrix materials.

During the course of the development of our simple, quantitative model we
made @ number of rather severe cpproximaﬁolns concerni'ng the stress.disfribufion and
shape and size of the plastic zones around filler particles. Appliéafion of the
recently developed "finite element" technique which may be used to determine the
stress distribution in arbitary shaped solids should énable much more accurate estimates
of the fracture energies of the corﬁposites to be made using the same
physical ‘hypofhesisas proposed here .The finite element‘techni_cjue‘employs a system of
integrated computer programs designed to perform the general sfress analysis of arbitrary.
two, or if.sufficient computer capacity is available, three dimensional structures. The
ustructure” may be subjected to pressures, poir’mthloads , body forces, rotational forces,
and temperature distribUtions. In addition, various parts of the vs?ructure may be -
al/loccfed displacements, material prope;rl'ies may be temperature dependent and vary
throughout the structure...This technique therefore appears to present us with the
possibility of performing a ,compl;ate stress analysis of a typical cracked composite
material . |

The basic postulate of our model is that the critical length of the local crack

tip plastic zone is the same in the unfilled matrix as it is in all the composites. The
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verification of this postulate does however appear to be difficult.. Two possi'ble
methods are: by determining the strain in the material adjacent to the crack tip by,
for example, a moiré fringe method. [t should then be possible to measure the
length of the zone since a disconﬁnuit'y in the strain will occur at its edge. Or
alternatively by using an interferometric technique to examine the surface profile
of the region close to the crack tip. Very simple experiments have shown that the
formation of a.plcstically'deformed region at the crack tip is accompanied by a
"sinking" in the surface of the material. It is recommended that these techniques

are persued since this assumption is a central feature of our model.

7..5. Final'Summcry

The original aim of this work was to.e*am?ne the effect on the crack
proﬁcgafion behaviour in 5 composite of adding a range of particulate fillers to
three commercial epoxy resin matrices. However, because of fhe paucity of inform=
. ation on the mechanical properties of the matrices a quite extensive experimental
programme was undertaken to provide information that could be used in conjunction
with the results obtained for the composite materials. Asa conseq;Jence the main
body of the data is concerned with iusf one matrix; CT200/HT?01.

Nevertheless simple phenomenological models have been presented which in
a general qualitative way have been able to account for the main features of the
observations. It was suggested that crack jumping occurs in the epoxy resins, and
possibly other materials, because the critical crack tip plastic zone size (or exfens;ion)
at which local rupture occurs is lower when the strain rate in the material just ahead
of the crack is high. Hence two 'fracture energies will be exhibited despite the fact

that the flow stress of the material may fall with time if the variations in flow stress
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can be more than compensated for by changes in the plastic zone size (or extension).
Regions close to a crack tip, on fracture surfaces, and on the tensile surfaces of
simple cantilever beams have been identified in our epoxy resins which closely re=
semble the crazes that are often found in stressed, glassy, thermoplastic polymers
such as PMMA, polystyrene and polycarbonate. A simple phenomenological model
“has also been developed which ex;;loins some of the behavioural features that are
observed when particulate fillers are added to our r:u;ﬁ-ix.

However, a number of features still remain to be explained, for example,
.why does .fhe addition of quite small quantities of filler remove the depehdence of
fracture energy on effective extension rate, or what is the nature of the structure of
the epoxy resins? Although, many of our conclusions must be regarded as tentative

the initial concept of a broad survey has proved useful if only to provide some new

working hypothesis which can be tested in further detail at a later date.
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