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Abstract

Based on the previously established knowledge about the micro-mechanical deformations occurring during the fracture of glass bead filled
epoxies, the major energy dissipation mechanisms are investigated. Correlation studies between the fracture toughness of composites and th
size of micro-mechanical deformation zones (or areal density of deformation) are used to assess the contributions of the deformations to
toughening. Among the deformations found in the fracture of glass bead filled epoxies, i.e. micro-shear banding, debonding of glass beads/
diffuse matrix shear yielding, and step formation, micro-shear banding is established as the major and most effective toughening mechanism.
In terms of this mechanism, the negligible effect of surface treatments of glass beads on the fracture toughness of glass bead/thermoset
composites can be explained successfully. This mechanism is expected to give more detailed and fundamental understanding of inorganic
particle toughening than the crack front bowing mechanien2000 Published by Elsevier Science Ltd.
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1. Introduction between particles (bowing). The bowed secondary crack
front has more elastic energy stored than the straight
Numerous previous studies [1-6] have shown that the unbowed crack front. Therefore, more energy is needed
toughening of thermosets using inorganic particles has for a crack to propagate. Lange derived a simple equation
some rather complicated aspects. Consequently, it seem®ased on this line tension concept [8]:
improbable that a simple mechanism can explain all the
observed fracture behavior. Despite this reservation, in G, = 2(G, + 2T/D)) D
most publications [1-7], the crack front bowing (or crack
front pinning) mechanism is considered the major toughen- Where G, is the fracture energy of the composi, the
ing mechanism for inorganic particle toughening. Indeed, fracture energy of the matrixT the line energy per unit
this theory can offer simple and satisfying predictions about length of crack, and; the inter-particle separation.
the effect of particle volume fraction. However, as can be  Lange observed experimentally the crack front bowing in
expected, many of the complicated aspects have never beetthe fracture of magnesium oxide crystals containing small
explained successfully by this theory. voids [8]. Because of the mismatch between two planes of
The crack front bowing mechanism was first proposed by crack propagation divided by a particle, the bowed second-
Lange [8]. To explain the toughening effect from the incor- ary crack fronts leave characteristic step structures behind
poration of rigid particles into brittle matrices, he used the particles, also known as characteristic tails. This tail struc-
‘line tension concept’ that had been developed in studies onture is often regarded as evidence for the action of the crack
dislocation motion in ceramic materials. According to this front bowing mechanism [2,3,5,8-11]. However, it is not
mechanism, when a crack propagates in a rigid particle definitely evident because any source that can divide the
filled composite, the rigid particles will resist it. Because Plane of crack propagation will cause similar step formation
of this resistance, the primary crack front has to bend without crack front bowing.
In subsequent studies, Lange [5,12,13] introduced an
mponding author. Faxe 1.734.763.4788 gdjustable parameter to modify Eq. (1) to predict the signif—
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same line tension concept developed by Lange, Evans and As a whole, the crack front bowing theory is able to
Rice et al. expanded the line energy calculations for various explain the crack propagation and the macroscopic fracture
particle configurations. Evans calculated the line energy toughness of inhomogeneous materials, if the local fluctua-
from the ratio of the stress for propagation of the secondary tion of fracture toughness in materials (or impenetrability of
bowed cracks and the stress for the propagation of theparticles) is known. In this theory, the local fluctuation of
primary straight crack without obstacles. These calculations fracture toughness is not explained in detail, but assumed as
explain the dependence of fracture toughness on the inter-a starting point for the line tension analysis. Therefore, the
particle separation, the size of particles, the shape of bowedtheory cannot be used for identifying and controlling the
secondary cracks (semicircular or semi-elliptical), and the origin of the local fluctuation of fracture toughness, which
interaction between secondary cracks. Although particles is more important in developing future composite materials.
were considered as impenetrable obstacles in these analyses fact, the impenetrability of particles seems to be a func-
Evans noted the importance of the impenetrability of parti- tion of various parameters, instead of a simple function of
cles [14]. Thus, he proposed the use of a parametgr, interfacial strength.
(‘impenetrability factor’) [14]. Green et al. [9-11] Only a few toughening mechanisms other than crack front
suggested that the impenetrability of particles might depend bowing have been suggested for inorganic particle toughen-
on various factors: size, volume fraction, and fracture ing. Rose [18] argued that the line tension concept is not an
toughness of the particles, interfacial strength, coefficients appropriate description for toughening by rigid inclusions in
of thermal expansion (CTE) and elastic modulus mismatch brittle matrices. He developed his own crack front inter-
[9-11,14]. However, its dependence could not be predicted action model based on the premise that the particles exert
by the crack front bowing mechanism. a spring-like closure force on two crack surfaces. Several
Using the modified theory of Green et al. [9—11], Spanou- adjustable parameters were used, many of which are some-
dakis and Young [2,3] made reasonable predictions for the what difficult to precisely quantify. The agreement between
fracture toughness of glass bead filled epoxies. The theore-prediction and experiment, which he found should be trea-
tical prediction of toughness increase with increasing ted with caution given the many adjustable parameters
volume fraction of glass beads agrees well with the experi- involved. Brown [19] suggested enhanced matrix shear
mental data except for high-volume content regions [2,3]. yielding as an important mechanism, because he found the
They believed that the degree of debonding related to thesimilar temperature dependence of fracture toughness as
penetrability of particles, and so more glass beads debondedhat in rubber particle filled thermosets. However, no
as the volume fraction of glass beads increased, resulting inevidence of shear yielding was provided. Nakamura et al.
less effective crack front bowing. However, the indepen- [20—25] focused on crack deflection behavior to explain the
dence of fracture toughness on the surface treatments ofeffect of particle size on the fracture toughness of silica
glass beads, which was found in their study, could not be filled epoxies. They found a small but significant increase
explained. In addition to the crack front bowing mechanism, of fracture toughness with increasing particle size. They
the crack-tip blunting mechanism was offered as another believed that larger particles are more effective tougheners,
underlying mechanism for glass bead filled epoxies, becausebecause the larger particles can make the crack propagation
the strain rate dependence of the fracture toughness coulgpath more meandering. Nonetheless, the size effect is not
not be understood by using the crack front bowing mechan- large enough to warrant accepting this proposed mechanism
ism. However, neither direct evidence nor details of this as the major toughening mechanism. Furthermore, the theo-
crack-tip blunting mechanism was provided in their studies. retical consideration of the crack deflection toughening
According to the modified crack front bowing theories, mechanism [26] predicts no particle size effect on the tough-
the line energy or the stress for crack extension depends omess of composites.
the ratio of particle size and inter-particle spacing, where  Recently, Azimi et al. [27] argued that microcracking
this ratio is a function of particle volume fraction. Thus, the could be an important mechanism for toughening in glass
line tension, the volume fraction of particles, and the size of microballoon filled epoxies. More supportive evidence may
particles can be interrelated successfully. However, the be required before the micro-cracking mechanism [28—-31]
quantitative predictions of this theory cannot consider the can be considered as the major mechanism instead of the
effect of interfacial strength, matrix ductility, temperature, crack front bowing mechanism.
strain rate and other materials variables. As an example, an As mentioned previously, although the crack front
increase in interfacial strength could be expected to improve bowing mechanism has been treated as the major toughen-
the impenetrability of particles, resulting in an increase in ing mechanism in inorganic particle filled thermosets, there
fracture toughness if cracks propagate along the particle—are many experimental results, which cannot be explained
matrix interface. However, in most studies, the fracture using this mechanism. Therefore, it is clear that further
toughness of glass bead filled epoxies does not show anyinvestigation is needed to arrive at a complete explanation
significant dependence on interfacial strength, and in somefor the toughness increase in inorganic particle filled
cases, the fracture toughness increases slightly with thethermosets. In the current experiment, the possible energy
decrease of interfacial strength [2,3]. dissipating mechanisms are investigated to obtain more
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10 vol% LG/B! (_ —2.28) cured by 4,4diaminodiphenylsulphone (DDS), respec-
— -30 vol% LG/661 (r:::=4Aos) tively.

— — -10 vol% LG/667 (r, =3.37) Debonding zone (region containing debonded glass
e e E:":;Zg beads) size was measured using both optical microscopy

- (OM) and scanning electron microscopy (SEM) of the

g i :?.;_? 112 prerrprrre e, middle portions of a fracture surface. A total of 15 repeated
- A - BT 4 /_ measurements on more than three fractured SEN-3PB
E F® i E sk @ s (single-edge-notched three-point bend) [32—35] specimens
2, 108E /‘ < F ‘ E were averaged for each debonding zone size. Micro-shear
S F P 3 1'06;' ,/ E (MS) band zone size was measured by using OM micro-

£ 10af - = s ; graphs of thin sections of SEN-3PB and DEN-4PB
s b - 1 & 102p - S (double-edge-notched four-point bend) [32—35] specimens.
(ﬁg e d  § S R R The area of MS band zone encompassing all MS bands at
g 0 01 02 03 8 average Step Height (um) the crack tip region was first measured, and the equivalent

Volume Fraction .
radius of MS band zone (gs) was then calculated assum-

Fig. 1. Toughening effect due to fracture surface increase: (A) fracture ing this zone to be circular. The equivalent radius data can
energy increase due to the debonding of glass beads versus the volumgyg compared readily with theoretical predictions. The areal

fraction of glass beads; _(B) fracture energy increase due to _step formation density of steps was measured by using digitized SEM
versus average step height. Tihg, value in the parentheses is measured

and ther, (y-axis) is calculated toughness increase. images. Regions |arger thar_" 4]40m in the process ZOI‘\GSI )
of fractured SEN-3PB specimens were selected and digi-

tized. The lengths of steps were then measured by counting
fundamental understanding than the crack front bowing the number of pixels along the steps.
mechanism, which can disclose the origin of impenetrability ~ The critical strain, defined as the point where tangential
(local fluctuation of fracture toughness in materials). In modulus drops to 80% of initial modulusgygs was
particular, the sizes of micro-mechanical deformation measured by using the uniaxial tensile test data [32—35].
zones where the mechanisms are active are quantified andeasuring this strain qualitatively assesses the interfacial
correlation studies between the sizes and the fracture toughstrength between glass beads and matrix. Stress—strain
ness of composites are performed. From these approachessurves were smoothed and differentiated, and the measure-
micro-shear banding is identified as the major energy dissi- ments ofey ge by using the differentiated data follows. More
pating mechanism for glass bead filled epoxies. Cumulative than 5 different stress—strain curves were used to obtain an
experimental results on the fracture behavior of glass beadaverages, g Value.
filled epoxies are explained in terms of this mechanism.
Finally, the applicability and limitations of the crack front
bowing mechanism are reexamined in the light of our
studies.

3. Results and discussion

The various micro-mechanical deformations found in
glass bead filled epoxies [32—35] can be categorized into
three possible energy absorbing mechanisms which are the
candidates for the major toughening mechanism: 1. step
i _ _ . formation; 2. debonding of glass beads/diffuse matrix

The same glass bead filled epoxies as used in the previoug,o o (bs) yielding; 3. micro-shear (MS) banding. In the
studies [32-35] were used again in this experiment. GlassfoIIowing sections, each mechanism is discussed in detail to

beads O.f two different sizes were used and r_1amed LG discover the major toughening source for glass bead filled
(mean diameter= 244 um) and SG (mean diameter epoxies

= 3.3 um). All glass beads were cleaned using distilled
water [32-35]. When they are not cleaned, ‘u-" precedes 3 1. Step formation

the designations of glass beads, e.g. u-LG. When the desig-

nations of glass beads have numbers, e.g. 0.5-LG, it indi- Step formation may increase fracture energy, because it
cates the feed fraction (%) of rubbery materials (CDI adduct can increase actual fracture surface area. The mixed mode
[32-35]), which form an interlayer around glass beads. The crack propagation involved in step formation can further
t/r (thickness of interlayer/mean radius of glass beads) ratiosincrease the fracture toughness of materials. Under the
were found to be 0.55, 1.54, and 2.28% for the feed fraction assumption that local crack propagation was always in
of 0.5, 1.5, and 3%, respectively [32—35]. Details of clean- mode I, the maximum increase of toughness due to the
ing process and rubber encapsulation of glass beads arenode Il stress component was calculated to be approxi-
available elsewhere [32—35]. Four different epoxy matrices, mately +/32K,c [36]. Although this pure mode Il stress
332, 661, 664, and 667, were used, which were DER*332 condition is unlikely to happen in reality, it is true that
DER 661°, DER 664", and DER 667 (Dow Chemical Co.) mixed mode fracture toughness is usually higher than pure

2. Experimental
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Dj: Inter-particle separation usually less than 1.1. However, the measured toughness
increases due to the incorporation of glass beaggs,are
o LG/661 . .
o u-LG/es1 much larger than the calculated increases. In Fig. 1(B), the
_4 _%S'LG/661 minimum measured value is 1.68, which is still much larger
i Glass Bead . .
than the maximum calculated value. Consequently, it can be
400 pror e stated that the contribution of step formation to toughening
L 1 by increasing actual fracture surface area is not substantial.
2 a0k ] The possible plastic deformation during the mixed mode
g E o ] fracture of step formation is also unlikely to be a significant
'g, 250 £ & ] mechanism. Although the contribution of plastic deforma-
T 200 \\ ; tions is not considered in the calculation of the toughness
S : 8 3 . ; ; . .
§ 150 ] increases, Fig. 1(B) provides this result by showing that the
5 100k UAN 3 measured fracture toughness increases do not follow an
% : N i 3 increase in the areal density of steps. As a result, step forma-
S0E 3 3 tion can not be the dominant energy dissipating mechanism
0 bl : for glass bead filled epoxies.

0 5 10 15 20 25 30 35 40

Content of Glass Beads (vol%) 3.2. Debonding of glass beads/diffuse matrix shear (DS)
Fig. 2. Debonding zone sizer@) in SEN-3PB specimens of glass bead yleldlng
filled epoxies measured by optical microscopy on fracture surface. Theo-
retical inter-particle distancd)) is also plotted for comparison.

Debonding of glass beads and diffuse shear (DS) yielding
of matrix are combined into one mechanism, because they

mode | fracture toughness [36]. A mixed mode stress condi- Were always found together in our previous studies [32—36].
tion in step formation can also enhance plastic deformation The proposed formation mechanism is consistent with our
around the step, resulting in the further increase in fracture €xperimental finding: Once a glass bead debonds from the
toughness. matrix, matrix shear yielding can then occur around this
F|g 1(A) shows the calculated toughness increal&@ ( surface region in a plane stress condition. The direct
from the increase of actual fracture surface area by debond-measurement of fracture energy dissipated through the
ing of glass beads. In this calculation, the critical strain debonding/DS yielding is currently impossible. Therefore,
energy release rat&() of unmodified epoxy was used as only a correlation study between the size of the debonding/
the energy to generate a new unit fracture surface, so theDS Yielding zone (debonding zone) and the fracture tough-
increased fracture surface considered in this calculation is of N€ss of composites was conducted.
debonded matrix (fracture surface of the epoxy matrix Several debonding zone sizes P measured by using
facing debonded glass beads), not of debonded glassOM and SEM are given in Fig. 2. Generally, as the glass
beads. Within the composition range investigated in the bead content increases, the debonding zone size also
p|0t, the maximum calculated toughness increase is 0n|yincreases. (The error range is the standard deviation of
less than 8%. This is significantly lower than the measured €xperimental data.) The cleaned glass bead system (LG/
toughness increaseg)&]) [32_36] C|ear|y’ the increase of 661) has a Slgnlflcantly smaller zone size than.the other
surface area by debonding is not an important mechanismtwo systems at 10 vol% glass bead content. This may be
for glass bead filled epoxies. reasonable, because our microscopy [32—36] showed that
Among the various types of steps, the basic longitudinal uncleaned and rubber encapsulated glass bead systems had
texture (BLT) was a|ready found to be independent of the lower interfacial Strength than cleaned gIaSS bead Systems.
fracture toughness of composites [32,36]. All the other steps Larger debonding zone sizes could result from lower inter-
except debonded matrix and BLT are characterized in Fig. facial strength, ifK,c is not significantly varied. However,
1(B). First, the total length of steps per unit area (areal the difference found at 10 vol% is not noticeable at 20 and
density) is measured using SEM micrographs, and using 30 vol%, where the error ranges are comparable to the
this data, the toughness increase by step formation througrdifferences among the debonding zone sizes. As glass
increasing actual fracture surface area is calculated andbPead content increases, the overlap of stress fields around
plotted against the average step height (Fig. 1(B)). Since glass beads will make the situation even more complicated.
the OM and SEM micrographs of fracture surface do not InFig. 2, an interesting comparison can be made between
allow the step height to be precisely measured, the averagedebonding zone size and inter-particle separafipicalcu-
step height is treated as a variable in a reasonable rangelated by using this equation [2,3].
from O to 5um. Most SEM and OM micrographs show the 2D,(1 — Cy)
step heights to be in this range. The toughness increase i = T
calculated based on th&¢ of unmodified epoxies. As can
be seen in the plot, the calculated toughness increggés Compared td;, 10 vol% LG/661 has a relatively small

(3]
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A reasonable relation similar to the theoretical prediction

® 10vol% LG (K) ) )
can be observed among the data points of series 2 aid 3:

B 20vol% LG (K C)

A 30V0I% LG (K,) increases with increasing debonding zone size. As inherent
----- Irwin's equation matrix toughness or glass bead content increases, debonding
3 [T e zone size increases, resulting in the increase of fracture
r / 1 toughness. On the other hand, the series 1 data show a differ-
25 + _ﬁi ent relationkKc is independent of debonding zone size. This
ot J ] result reveals that an increase of debonding zone size is not
i i h always followed by an increase of fracture toughness.
§ 2r / —8— . If a micro-mechanical deformation can dissipate a signif-
30 ; # ] icant amount of fracture energy resulting in the increase of
X s _ + ] fracture toughnes\G,c), AG,c must scale with the size of
Tt >—,_¢; ] this deformation zonerg). A simple relationship has been
Ly ] proposed as follows:
NI EEETE IR FREES NS T PN NN
1050 100 150 200 250 300 350 AGc = mrp ©)
Size of Debonding Zone (2r,) or 2r, (um) wheren is a coefficient dependent on the characteristics of
the micro-mechanical deformation [37-39]. (The direct
Fig. 3. Relationship betwedfc and debonding zone sizer(g for various proportionality Olezc to G in our systems can be found

lass bead filled epoxies. The dashed line is calculated from Irwin’s theo- . S -
?etical relationKc p= [311(2rp)]”20y, usingoy (yield stress) of 661 epoxy elsewher(_a [32-36].) Accordmgly, Itis _no-t the debonding/
resin (88 MPa), where, is the plastic zone size. DS yielding mechanism that can dissipate the largest
amount of fracture energy during the fracture of glass
bead filled epoxies. There must be more dominant energy
dissipating mechanism(s) other than debonding/DS
debonding zone size. On the other hand, u-LG or 0.5-LG yielding.
systems have debonding zone sizes comparabl; tat Three important differences between the debonding/DS
10 vol%. In other words, the debonding zone of the former yielding mechanism for glass bead filled epoxies and the
has only one array of glass beads and that of the latter has arcavitation/shear yielding mechanism [40—43] for rubber
average of two arrays of glass beads. For 20 and 30 vol%,particle toughened epoxies need to be discussed to satisfac-
3-5 arrays of glass beads can exist inside the debondingtorily understand the results shown in Fig. 3. First,
zones. compared to the cavitation/shear yielding mechanism, the
Fig. 3 provides a plot dkc versus 24 For reference, the  debonding/DS yielding mechanism does not occur over as
prediction of Irwin’s theory [36] for plastic zone sizer much of the volume [32-35]. In rubber particle toughened
under plane strain conditions is also presented. Since thesystems, profuse matrix shear yielding is triggered by dense
debonding zone is not the plastic zone, the theoretical rubber particle cavitation. In glass bead filled systems, only
prediction is not necessarily consistent with the measuredglass beads along the crack propagation path usually debond
values of debonding zone size. The prediction shows aand DS yielding follows the debonding over relatively small
general trend instead: As plastic (or damage) zone sizeregions. Furthermore, since the glass beads used in this
increasesKc increases. Fig. 3 clearly shows no correlation study were much larger than the common rubber particles
betweerKc and debonding zone size. In particular, the data used as tougheners, the surface area in plane stress condition
of 10 vol% systems show too much scatter and no reason-generated by debonding will be relatively small. As a result,

able correlation in accordance with the general trend. even in a debonding zone whose size is comparable to the
All data points in Fig. 3 can be categorized into three typical cavitation/shear yielding zone size, the volume of
series of composites: material actively dissipating fracture energy does not seem

to be large enough to significantly contribute to toughening.
Series 1. Different Surface Treatments of Glass Beads— Another difference is that, contrary to the cavitation
The five data points below 1.50 MP&a'of, from left to process, debonding seldom produces complete interfacial
right in the plot, 10 vol% LG, u-LG, 0.5-LG, 1.5-LG, 3.0- failure around glass beads. The initiation of debonding
LG filled epoxies, usually occurs from defects at the pole regions of the inter-
Series 2. Different Inherent Matrix Toughness—10 vol% face. (The pole region refers to the interfacial region
LG/661 (54um, 1.50 MPam?), 10vol% LG/664 between glass beads and the matrix perpendicular to the
(116 um, 1.99 MPa nf?), and 10 vol% LG/667 (143m, direction of the far-field stress.) From the initiation sites,
2.54 MPa ni?), debonding will then spread out along the interface. As
Series 3. Different Volume Fraction of Glass Beads—20 debonding progresses to the equatorial parts of glass
and 30 vol% data with the data of 10 vol% LG, u-LG, 0.5- beads, the stress needed to break the interface increases,
LG filled epoxies in series 1. as can be expected [44]. As discovered in the previous
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® SEN-3PB specimens (K ) 3.3. Micro-shear (MS) banding

o DEN-4PB specimens (ch) . ) ) ) )
_____ Irwin's equation As is the case in the study on debonding/DS yielding

mechanism, since the direct measurement of energy dissi-
. ] pated by MS banding is not experimentally accessible, only

[ . 1 a correlation study between fracture toughness and MS band

251 S~ ‘§ § ] zone size was conducted. Fig. 4 shows a plaKgfversus

. 1 2rys (equivalent diameter of MS band zone)ry2 is

./ ] measured by using SEN-3PB and DEN-4PB specimens.

; 1 The data obtained by using DEN-4PB specimens are usually

; ] smaller than those obtained by using SEN-3PB specimens.

1sF & ] This is reasonable, because a crack in a DEN-4PB specimen

Y A 1 is not yet critically loaded, so MS bands at the crack tip

L) 1 region are not fully developed yet.

| | FEVE NI PP P ST PP ST S B i . .
0 20 40 60 80 100 120 140 160 Although the plastic zone (2) in Irwin’s theory [36] is

not precisely the same as the MS band zone found in this

experiment, the prediction of the theory shows very good

agreement with the measured MS band zone sizes. This does

K _(MPa-m'?)
(3]
T
HA
Y

IC
~

2rMS or 2rp (um)

Fig. 4. Relationship betweeli,c and micro-shear band zone sizeg)

measured for various 10 vol% glass bead filled epoxigg i 2(Aus/m) "% not necessarily mean that Irwin’s equation can be used to
whereAys is the area of micro-shear band zone measured. The dashed linepredict Zys; rather it indicates that thergs values may be
is calculated from Irwin’s theoretical relatio,c = [317(2rp)]1’2<ry, using large enough to allow the MS banding to dissipate a signifi-

oy (yield stress) of 661 epoxy resin (88 MPa), wheyés the plastic zone

Sive cant amount of fracture energy. The calculated valugg (2

can be converted directly into the fracture energy of compo-
sites under a linear elastic condition [36].

Contrary to Figs. 3 and 4 shows a simple relationship
SEM and OM microscopy studies [32—35], only half or less betweenK,c and 2ys, which is similar to Eq. (3):Kc
than half of the surface area of glass beads are usuallyincreases with s, regardless of the surface treatments of
debonded. Consequently, the volume fraction of micro- glass beads and inherent matrix toughness. In particular, the
cracks in a debonding zone will be smaller than expected. scattered data set of series 1 in Fig. 3 are collapsed into a
Thus, this incomplete debonding could be less effective in small region (around 2@m, 1.3 MPa mf?) in Fig. 4. This
triggering matrix shear yielding than the cavitation of collapsing result tells us that the change of interfacial
rubber particles. strength according to the surface treatments could not affect

The last difference is the mismatch of coefficients of both MS band zone size and the fracture toughness of
thermal expansion (CTE). In general, rubber particles composites. While the composites in series 1 prepared by
have larger CTE than epoxy. Thus, during the preparation different surface treatments have a similar MS band zone
of rubber-toughened epoxies, tensile radial stresses andsize and fracture toughness, their debonding zone sizes vary
compressive hoop stresses are developed around rubbein a wide range. Thus, the fracture toughness can achieve a
particles. This stress condition can help the cavitation simple correlation with not debonding zone size but MS
process. In contrast, glass bead filled epoxies have anband zone size. This is a unique discovery. If the MS
opposite situation. Since glass beads have smaller CTEband zone size of a composite is known, the approximate
than epoxy matrix, compressive radial stresses andfracture toughness of the composite can be estimated.
tensile hoop stresses are developed around glassAccordingly, MS banding must be the major source of
beads. This stress condition suppresses the debondindgoughness for glass bead filled epoxies.
process, resulting in less extensive and less dense It is worth mentioning that MS bands were not always
debonding/DS vyielding. found in all the glass bead filled epoxies prepared in our

From the analysis of thermal residual misfit stress experiments. When 332 epoxy resin was used as a matrix,
around glass beads, it has been expected [27,28,45]no MS bands were found in the process zone [32-35].
that microcracking can occur in the matrix around Therefore, it can be expected that the MS banding mechan-
glass beads initiating from the equatorial regions and ism is not the major toughening mechanism in these more
propagating out in the radial direction. However, these brittle matrix systems. However, the toughness increase
annular microcracks isolated from the primary crack found in 332 systems due to the incorporation of glass
were not found in the SEM or OM micrographs of beads is much smaller than those found in other tough
our previous studies [32—35]. Thus, what needs to be matrix systems [32—35]. The very small toughness increase
considered is not the role of thermal residual misfit in can be attributed to the other mechanisms, e.g. debonding/
initiating annular microcracks but its suppression effect DS yielding and step formation. If successful and significant
on debonding. toughening results from the use of glass beads in a
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o Size of Debonding Zone (2r ) the currenft experi_ments and also the previous reports [2—

O Size of Micro-shear Band Zene (er ) 6,52], the |r_1terfaC|aI strength between the_ glass beads and
epoxy matrix has not been found to significantly affect the

350 prrerprrrrrrTT fracture toughness of composites. Even silation and releas-
b b ing agent treatments have not been found effective in

300 - E improving the fracture toughness of the composites. These

250 3 findings have never been explained successfully. The crack
: ] front bowing mechanism [5,8—11,14,15] cannot explain

200;’ ‘ properly this effect either. Fortunately, the relationship
150 B E between the fracture toughness and the size of micro-

mechanical deformations is successfully established in this

2r_or 2r, (um)

100;‘ “ study. Therefore, if the relationship between the size of
50 F E deformation zones and the interfacial strength can be estab-
0 P e ] lished, the mystery is more likely to be solved.

08 09 1 L1 12 13 14 15 16 For the correlation study, the absolute values or at least
the relative degree of the interfacial strength between glass
beads and matrix in various composites must be obtained.
Fig. 5. Relationship betwees g and debonding zone sizer(@ or micro- Measuring the absolute values does not seem possible. The
shear band zone sizer(g) measured for various 10 vol% glass bead filled relative degree of the interfacial strength can be qualita-
_e[_)(_)xies. They ge is_ the strain_ W_here ta_ngential modulus drops to 80%_of tively assessed by SEM microscopy studies [32-35].
initial modulus during the uniaxial tensile test of glass bead filled epoxies. However, this method is not really sensitive to changes of
the interfacial strength. Thus, a new paramet®pg, is
composite system, MS banding is most likely to be the introduced as a measure of interfacial strengihe & the
major toughening mechanism. critical strain where tangential modulus drops to 80% of
MS banding is thought to occur due to the strain softening initial Young’'s modulus during uniaxial tensile testing of
behavior of materials and the existence of initial strain inho- glass bead filled epoxies. It must depend on the load carry-
mogeneities [46—51]. If the characteristic strain of materials ing capability of the glass beads, and in turn, this capability

€ose (%)

(") and the initial strain inhomogeneity\¢) are known, should depend on the area of debonded surface during load-
the critical strain to initiate MS banding:f) can be calcu- ing. Consequently,eyge Will depend on the interfacial
lated by the model proposed by Bowden [47]: strength between glass beads and the matrix. However,

since the debonding is not a simple processgthe values
cannot be easily converted into quantitative data on inter-

In glass bead filled epoxies, the existence of glass beadsfacial strength. Moreover, the size dependence of the critical
can provide large\e values and the strain softening beha- Stress for debonding [32,44] makes the situation more
vior of epoxies can provide favorable® values for MS ~ complicated. Thereforey g will be used simply as a rela-
banding. Therefore, the existence of glass beads in thetive measure of the interfacial strength.
epoxy matrix is likely to facilitate MS deformation which The plot of MS band zone or debonding zone sizes versus
is otherwise difficult to occur. MS bands initiate from the €o.seis given in Fig. 5. All the data in this plot belong to the
interface between glass beads and matrix ahead of crackseries 1, whose interfacial strength is found to decrease in
tips, and then propagate through the matrix. A significant the following order: LG, u-LG, 0.5-LG, 1,5-LG, 3.0-LG
amount of energy can be absorbed during MS banding. TheSystems. This is similar to our previous SEM results [32—
propagation of MS bands is not likely to be affected 35]. (Theey gevalues of glass bead filled epoxies were found
seriously by the debonding of glass beads. Once a glassl0 be smaller than that of unmodified epoxy.) Although not
bead debonds from the matrix, DS yielding around the many data points are used in Fig. 5, it can be noticed that the
debonded surface of matrix seems to be the favored modedebonding zone size is inversely proportional to the inter-
of deformation. To confirm the initiation and propagation facial strength. As interfacial strength decreases, there are

mechanism of MS bands proposed above, future studies arénore debonded glass beads. On the other hand, the MS band
necessary. zone size shows no relationship with the interfacial strength.

These results are consistent with the proposed initiation
3.4. Interfacial strength between glass beads and matrix ~Mechanisms of MS banding and debonding/DS yielding.
Since MS banding is found to be the major energy dissipat-
In inorganic particle filled polymers, the interfacial ing mechanism and does not significantly depend on the
strength between inorganic particles and the matrix is an interfacial strength, the interfacial strength cannot signifi-
important material parameter. It has a significant effect on cantly affect the fracture toughness of composites.
the various mechanical properties of materials (e.g. modu- Before thee;ge measurements, tensile dilatometry was
lus, tensile strength, elongation to break, etc.). However, in carried out to evaluate the interfacial strength using the

e = £ In(g'/Ag) 4
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Nord - — K,c/KE varies from 2.0 to 2.97. This variation comes from
on-interacting elliptical cracks [8] . . .
— - Non-interacting elliptical cracks [10] changes in material parameters (e.g. size of glass beads,
T merating Slibtical sracke 135, inherent matrix toughness, surface treatments). The crack
° u—%/g?6161 front bowing theory cannot relate this variation to the
m  LG/661 change of material parameters. The different assumptions
o ulreet in the theoretical approaches regarding non-interacting or
A r-LG/661 interacting and elliptical or circular cracks are related with
35 ] neither material parameters nor experimental findings. The
s shape of commonly observed secondary crack fronts at
5 ,/,, 7 ] break-away positions is neither elliptical nor circular [9—
: P 7 ] 11]. Furthermore, it seems to be independent of most mate-
L ] rial parameters [9—11].
" / . The fundamental limitation of the crack front bowing
N ] theory comes from its assumption that there is a certain
& 2 ] degree of resistance (impenetrability) of particles against
crack propagation. This theory does not identify the source
of the resistance. Consequently, this theory can hardly be
connected with material parameters.
In fact, the basic concept of crack front bowing theory is

valid and the crack front bowing between particles is indeed
] 15 5 found to occur i_n the fracture of glass b_ead filled epoxies.
However, it mainly focuses on the relation between parti-

b/D, cle’s resistance against crack propagation and the fracture
) . ) ) o toughness of composites rather than the origin of the resis-

f'g' 6. Kic/Kic from experiments and theoretical predictions verSyi tance. The current approach aimed at a more fundamental
or glass bead filled epoxieK;c andK¢ is the critical stress intensity factor . . . .

of glass bead filled and unmodified epoxy resins, respectiglyis the level can glve more de_ta”S of the toughening mechanism for

diameter of glass beads abxlis inter-particle distance. glass bead filled epoxies.

In this study, only glass bead filled epoxies were used as
same experimental techniques reported by Yee and Pearsotthe model systems of inorganic particle toughening. To
[40]. However, this method was found to be less sensitive generalize the results for understanding other inorganic
than ey g measurement. Meddad and Fisa also showed theparticle toughened systems; more studies on the fundamen-
same sensitivity problem of tensile dilatometry in their tal sources of toughness similar to this study are necessary.
study on glass bead filled thermoplastics [53].

3.5. On crack front bowing mechanism 4. Conclusions

Among the micro-mechanical deformations, MS banding  The major energy dissipating mechanism for glass bead
was established as the major toughening mechanism forfilled epoxies was determined. Unlike the crack front
glass bead filled epoxies. A question is then raised: Is the bowing mechanism, it is related to material properties and
crack front bowing mechanism wrong? This mechanism parameters. This was done by studying correlation between
could not explain the effect of various material variables, the size of micro-mechanical deformation zone and fracture
such as the interfacial strength. toughness of materials. If a micro-mechanical deformation

The predictions of fracture toughness based on the crackcould dissipate a dominant amount of fracture energy, frac-
front bowing mechanism were found to be roughly consis- ture toughness should increase in proportional to the size of
tent with experimental values. The experimental data of the the deformation. Three kinds of micro-mechanical deforma-
current research roughly follow the predictions as well. An tions occurring in the fracture of glass bead filled epoxies
example is given in Fig. 6. The predictions of four different were investigated, i.e. (1) step formation; (2) debonding of
theoretical approaches are compared with our experimentalglass beads/DS yielding of matrix; and (3) MS banding.
data. The experimental data show a reasonably good agree- Among the micro-mechanical deformations, step forma-

ment with the increase of fracture toughne§g/Ki2) calcu- tion and debonding/DS yielding were identified as second-
lated by using the two equations for non-interacting ary-toughening mechanisms for glass bead filled epoxies.
elliptical cracks. The areal density of steps was varied by changes in the

Although the predictions of the crack front bowing theory volume content and size of glass beads and also inherent
approximate the experimental data, the variation of the matrix toughness. However, the fracture toughness of
experimentakK,c/K% values in Fig. 6 cannot be explained composites was shown to be independent of changes in
by using this theory. For example,D, = 0.64 in Fig. 6, step formations. Furthermore, the estimated contribution
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