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Abstract

General characteristics of micro-mechanical deformations found in the fracture of various glass bead filled epoxies are investigated.
Among the various types of step features on fracture surfaces, the basic longitudinal texture is not influenced by the existence of glass beads,
but most other steps formed are significantly affected. Various microscopic investigations show that microcracking does not extensively
occur in the fracture of glass bead filled epoxies. Microcracking other than debonding of glass beads is seldom observed, and furthermore,
debonding is found to occur only on and near the fracture surface. Micro-shear bands are clearly identified and distinguished from
microcracks found in unnotched tensile specimens. Based on examination of micro-mechanical deformations, three types of fracture

processes are proposed for glass bead filled epoxies having different glass bead contents and interfacial@tgd@filiEsevier Science
Ltd. All rights reserved.
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1. Introduction The moderate toughness increase achieved by the incor-
poration of inorganic particles has been explained mainly by
Toughening polymers is a continually challenging area the crack front bowing mechanism [1,2]. According to this
for polymer scientists and engineers. Among various mechanism, inorganic particles inside the polymer matrix
successful toughening methods developed for more thancan resist crack propagation. Therefore, a crack front starts
four decades, rubber and inorganic particle tougheningsto bow out between particles, when it meets the particles. By
are the most popular. Understanding the fracture behavioranalyzing the line tension stored along the bowed secondary
of the two types of toughened systems, one containing soft crack fronts, the toughness increase due to the incorporation
(rubber) particles and the other rigid (inorganic) particles, is of inorganic particles can be assessed. Although some
important not only because these systems have successfullyaspects of inorganic particle toughening have successfully
improved toughness, but also because it can provide funda-been explained by this mechanism [3—8], many of them are
mentals for researches on more complicated blends andstill left unexplained. For example, the insignificant effect of
composites. surface treatment of glass beads on the fracture toughness of
While rubber toughening can provide a dramatic tough- glass beads/thermoset composites has never been under-
ness increase, the effect of inorganic particle toughening isstood using the crack front bowing mechanism [1,9]. The
more modest. However, inorganic particle toughening has limits of this mechanism result from the assumption that
an attractive advantage over rubber toughening, which isinorganic particles have a certain amount of resistance
that it can also improve modulus. It is generally true in (impenetrability) against crack propagation. (In most
rubber toughening that toughness increase is achieved astudies, perfect impenetrability has been assumed.)
the expense of modulus decrease. Although this mechanism can explain the relationship
between the resistance of particles and the macroscopic
- fracture toughness of composites by analyzing the line
* Corresponding author. Fax::1-734-763-4788. ~_ tension, it cannot link the resistance and design variables
Ch‘eEd'lT?A".:dgg.seslong@Cems'“mn'edu (. Lee), alyee@enginumi- . the hreparation of toughened composites. Discovering
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extra fracture energy and toughen polymer matrices) seemsproduced sub-critically loaded cracks, which were exam-
to be more essential in understanding inorganic particle ined using the petrographic thin-sectioning technique.
toughening and developing future toughened composites. In situ observation of the surface of SEN samples fractur-
We first started phenomenological studies on the effect of ing in the 3PB geometry was made using a Nikon Microphot
material variables on micro-mechanical deformations, and Il microscope. The same kinds of glass bead filled epoxies
their results were reported elsewhere [10—13]. The micro- used for the fracture toughness assessment were cut into
mechanical deformations could dissipate a significant 6.35x 12.7 x 50.8 mnt. The surface of samples was care-
amount of fracture energy. In these series of studies, glassfully polished following the petrographic thin-sectioning
bead filled epoxies were used as model systems for inor-technique [14-16]. After creating sharp initial notches
ganic particle toughened polymers. In our previous phenom- following the method described in Ref. [10—-13], samples
enological studies, the effect of material variables such aswere fractured on the sample stage of the microscope at an
inherent matrix toughness and cleaning process of glassarbitrary strain rate driven by hand. A series of surface
beads on micro-mechanical deformations explored. events, which occurred during fracture, was observed.
Contrary to the common generalization about inorganic  For an investigation on a cryofractured surface, samples of
particle toughening [1,9], the fracture of glass bead filled about 2 to 4 mm thickness were immersed in liquid nitrogen
epoxies was found to have noticeable ductile characteristics,for more than an hour and then fractured in liquid nitrogen.
e.g. diffuse shear yielding and micro-shear banding of The brittle fracture surface of epoxies exhibits a basic
matrix. As a whole, four types of micro-mechanical defor- longitudinal texture (BLT) [17,18], which is thought to
mations including step formation, debonding of glass beads, give rise to toughening effect. For the analysis of BLT,
diffuse matrix shear (DS) yielding, and micro-shear (MS) three different microscopy techniques were used to cover
banding were found to be the major ones that can be founda wide range of magnification: atomic force microscopy
in the fracture of glass bead filled epoxies. (AFM), SEM, and OM. For AFM, a Digital Instruments
In this study, the micro-mechanical deformations were NanoScope Il equipped with an etched silicon probe (Digi-
studied in depth using the same glass bead filled epoxiestal Instrument TESP) was used. The analysis at the lowest
as previously prepared and studied in Ref. [10—13]. Under- magnification was performed by using a reflected light opti-
standing the general properties of the deformations is the cal microscope (Nikon Microphot II). Plot profiles showing
main objective in this study (part 1) and it is basic knowl- the gray scale (0—256) of digitized images (600 dpi) were
edge for the correlation studies in the following part Il. obtained using a commercial software (NIH image). This
Eventually, these two studies enable us to establish thesoftware was also used to obtain the power spectrum, i.e.
major toughening mechanisms of glass bead filled epoxies.the 2D plot of the Fast Fourier transform of the image
[19]. The power spectrum was quantitatively analyzed to
obtain the characteristic periodicity of basic longitudinal
2. Experimental texture (BLT) [17]. For each composition, more than 5
different regions(size= 1.6 x 10° um?) in micrographs
Glass bead filled epoxies were prepared from diglycidyl were examined, and the average value of spatial frequency
ether of bisphenol A (DGEBA) resins, 4:diaminodiphe- showing a peak in the plot profile of the power spectra (see
nylsulphone (DDS), and Spherigldsa-glass beads (soda-  Fig. 3) was taken as the characteristic periodicity of BLT.
lime) as described in the previous publications [10-13]. The effect of thermal energy on the micro-mechanical
Four types of DGEBA resins, DER 332 (M,, = 343, deformations in the thin-sections of fractured or sub-criti-
661 (M,, = 1050, 664 (M,, = 1850, 667 (M,, = 3600, cally damaged specimens was studied using an Olympus
and two kinds of glass beads, SG (mean diamet8r3 .m) BH-2 optical microscope and a Mettler EP 82 hot stage.
and LG (mean diameter 24.4pm) were used. The While a thin-section was heated on the hot stage &00.5
numbers in the commercial names of DGEBA resins will min, changes in micro-mechanical deformations in the
be used as the designations of epoxy matrix, e.g. 661. Thesection were observed. Transmission electron microscopy
basic physical properties of materials, and the experimental(TEM) was also carried out on ultramicrotomed thin
details of composite preparation and basic characterizationssections using a JEOL JEM-2000FX Analytical Electron
(fracture toughness measurement, double-edge-notchedVicroscope. For TEM observation, thin sections of ca.
four-point bend (DEN-4PB) technique, scanning electron 60 nm thickness were prepared by microtoming DEN-4PB
microscopy (SEM), optical microscopy (OM), and petro- and SEN-3PB samples using a Reichert-Jung Ultracut E
graphic thin-sectioning technique) are available in the microtome at room temperature.
previous publication [10—13]. For the assessment of fracture
toughness, single-edge-notched (SEN) specimens
(thickness=6.35, width=12.7, and spas 50.8 mm) 3. Results and discussion
were fractured in three-point bend (3PB) geometry. A
screw-driven Instron machine (Instron 4502) was used at a Before the micro-mechanical deformations in process
crosshead speed of 2.54 mm/min. The DEN-4PB techniquezone, which could dissipate fracture energy, are discussed,
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the precise definition of process zone must be established.
The process zone is a region where sub-critical (stable) A
crack growth occurs [14,20]. This region ranges from an
initial crack tip to the onset point of unstable crack propaga-
tion, where the fast-fracture region starts. Instability in crack
propagation occurs when the following two requirements

are met:

G—R=0 and d5/dA > dR/dA D

Fast-Fracture
Region

Process Zone

Initial Crack

whereG is the energy release ratR,is the fracture resis-
tance of materials, andlis the fracture area [20]. Therefore, ()
the process zone size depends on the chang&afd R

with increase ofA.

In SEN-3PB specimens used in the current experiment,
sub-critical crack growth occurs in a very limited area, i.e.
the process zone. While a crack front is moving in this zone,
the fracture resistance of materials significantly increases.
SinceGc (or Kc) is measured at the onset point of unstable
crack propagation, micro-mechanical deformations occur-
ring in the process zone are important for understanding
the sources of toughness.

In various microscopy studies, several micro-mechanical
deformations have been found in the process zone, which Process Zone
occur during the fracture of glass bead filled epoxies. All of
these deformations can be categorized into three groups:
step formation, debonding/diffuse matrix shear (DS) yield-
ing, and micro-shear (MS) banding. Debonding of glass ; _l Initial Crack
beads and DS yielding of matrix can be treated as a combined
process because the former was found to be always accom-
panied by the latter in the previous studies [10-13]. The
debonding of glass beads was thought to trigger DS yielding. Fig. 1. Reflected light optical micrographs of fracture surface of SEN-3PB
In this study, microcracking including debonding, which has specimens: (A) and (B) 5 vol% LG/661; (C) 20 vol% LG/661. The arrows
been proposed as one of toughening mechanisms of glas#side micrographs indicate the direction of crack propagation.
bead filled epoxies [21-23], is investigated.

Fast-Fracture
Region

62.5 um

OM and SEM micrographs of fracture surfaces, most of
3.1. Step structures which are thought to be formed due to mixed mode fracture
in a constrained crack propagation situation [28,32—35].
The fracture surface of any material is not perfectly  Besides the steps discussed above, there are slightly
smooth; it is rough on all scales [24,25]. Several kinds of curved line features roughly perpendicular to the direction
step structures contributing to the roughness can beof crack propagation in Fig. 1(A). These lines were formed
observed on fracture surface, viz. characteristic tail structure where crack fronts are arrested for a certain period of time
behind glass beads [3,26,27], ‘lance’ [28,29], basic long- and break away upon further loading. The small angle
itudinal texture (BLT) [17,18], etc. The characteristic tail between two crack planes behind and ahead of a crack arrest
structure and the ‘lance’ can be observed at a lower magni-line renders this line visible on the fracture surface. When
fication than the basic longitudinal texture. The ‘lance’ is the glass bead content is relatively low (usually less than
also called either ‘river’ or ‘hackle’ [29—35], but sometimes 5 vol%), only a few but distinct crack arrest lines are visible,
these nomenclatures refer to different features [29]. as can be seen in Fig. 1(A). In this case, the process zone is
Fig. 1 shows the typical surface topology of glass bead confined within a small region around the crack arrest lines
filled epoxies. The dark spheres in these micrographs arehaving a few glass beads. As glass bead content increases,
glass beads. A large step parallel to the direction of crack more crack arrest lines become visible in the process zone,
propagation can be seen behind the glass bead in the centeand the directions of the lines become more irregular
of the micrograph (A). This is the characteristic tail struc- (Fig. 1(C)). The irregular directions show that the directions
ture [3,26,27] formed when two secondary crack fronts of local crack propagation in the process zone are not
separated by a glass bead meet with each other. Besideslways the same as that of macroscopic crack propagation.
the characteristic tails, many kinds of steps, particularly This is mainly due to the secondary crack fronts generated
‘lance’, ‘river’, and ‘hackles’, can also be found in the by glass beads ahead of primary crack tips. In contrast to
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Fig. 1(A) and (C), the micrograph Fig. 1(B) does not show crack arrest line is inclined at about°3@om the horizon of
any distinct crack arrest line. This is because a crack front the micrograph Fig. 2(B), and the directions of BLT above
can hardly be arrested in the fast-fracture region. and below this line are significantly different. The two frac-
In addition to the relatively large steps described above, ture surfaces above and below this line have different levels
there is another kind of fine step structure parallel to crack of brightness, because they are inclined at different angles to
propagation direction in Fig. 1, i.e. basic longitudinal the electron beam. The periodicity of BLT is rather difficult
texture (BLT). It has been reported [17,18,36] that this to notice in this micrograph, but periodicities of approxi-
texture is visible on the fracture surface of all brittle poly- mately 2—3um and=1 pum can be observed in Fig. 2(B).
mers, and its wavelength (periodicity) is approximately 0.2 Fig. 2(C) is a plot of the gray scale of digitized image versus
to 1 wm. Interestingly, the wavelength of the textures in Fig. the y-direction of a selected area (C) in the micrograph
1 seems to be larger thanyIn. Because BLT is always Fig. 2(A). Although the existence of a crack arrest line is
parallel to the crack propagation direction [17,18], the direc- not clear in the micrograph Fig. 2(A), the plot profile shows
tion of local crack propagation can be traced by an exam- a deflection in the middle of the selected area Fig. 2(C),
ination of BLT. The BLT shows that the crack fronts were which results from the existence of the crack arrest line.
bowed out between glass beads during fracture as the crack An interesting observation is that the crack arrest line
arrest lines in Fig. 1 show. The crack front bowing can also seems to be unrelated to the existence of BLT. At the high
be found around the characteristic tails and ‘lances’ [37]. magnification views (Fig. 2(B)), the crack arrest line is
These results conclusively prove that crack front bowing is straight. Therefore, the crack front should also be straight
present during fracture in these particulate composite in the region of the crack arrest line. This finding can make
systems. the fingering hypothesis open to question, which was
Both crack arrest lines and BLT can also be found in SEM proposed [17] to explain the formation mechanism of
micrographs (Fig. 2), but they are not observed as clearly asBLT. The hypothesis was also used to explain craze propa-
in OM micrographs (Fig. 1). While characteristic tails and gation [38—40]. According to the hypothesis, the existence
‘lances’ are clearly noticeable, crack arrest lines and BLT of a liquefied region at the crack tip enables the meniscus
are not visible in Fig. 2(A). A horizontal (slightly curved) instability mechanism [17] to operate during crack propaga-
line perpendicular to the direction of crack propagation tion, resulting in crack front fingering. If the fingering
exists in the middle of the micrograph Fig. 2(A), which is mechanism occurs during crack propagation [17], the
a crack arrest line. This blurred crack arrest line becomes crack front will be wavy.
more distinct in the magnified micrograph Fig. 2(B). The Robertson et al. first used the terminology, BLT, and
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Fig. 2. SEM micrographs of a crack arrest line on the fracture surface of a SEN-3PB specimen of 10 vol% LG/661: (A) process zone; (B) higher magnification
micrograph of a region in (A); and (C) plot profile (gray scale 0—256) of a region in (A). The arrows inside micrographs indicate the direction of crack
propagation.
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Fig. 3. Basic longitudinal texture on the fracture surface of 10 vol% LG/661: (1) AFM micrograph data; (2) SEM micrograph data; and (3) OM micrograph
data; (A) micrographs; (B) power spectrum of Fourier transform of A; (C) plot profile along the half equatorial line of B. The arrows indicate ibe direct
crack propagation.

studied the relationship between the periodicity of BLT and characteristic periodicity and material parameters, the char-
material properties [17,41]. While the SEM micrographs of acteristic periodicity of unmodified and glass bead filled
only one magnification were used in their studies, in this epoxies versus epoxide molecular weight is plotted in
experiment, three microscopy techniques, AFM, SEM, and Fig. 4. The error range in this plot is the range between
OM, were used to observe textures at a wide range of magni-the maximum and the minimum values measured by using
fications. This is important because the topology of fracture
surfaces can have fractal-like (self-consistency at different — -
scales) structures [24,25]. & Yomodiiod CpoKes. ¢ oiss
Fig. 3 shows typical micrographs of fracture surfaces and

their Fourier transforms. The power spectra of Fourier trans- 8
forms are similar to the X-ray diffraction image in reciprocal 05 s
space [19]. To make observations of the power spectra r
easier, the plot profiles of the half-equatorial lines in the £ of l T
power spectra were obtained. Thus, in the plot profiles, b !
Figs. 1(C), 2(C), and 3(C), theaxis is the reciprocal peri- i 15 [ # ; %
odicity of BLT, and they-axis is the population of textures s 3
in arbitrary units. 8 N

In Fig. 3, BLT seems to have a fractal-like characteristic. & X ]
There is still a specific periodicity of about 1-43n, which 05 . ]
is the most intense in the plot profile Figs. 2(C) and 3(C). X ]
This periodicity is designated as the characteristic periodi- 0 s p

city of BLT. It should be noted that the characteristic peri- 0 1000 2000 3000 4000
odicity found in this experiment is significantly larger than

that previously reported by Robertson and co-workers Epoxide Mw (g/mol)

[17,18,41]. ] ) ] Fig. 4. Characteristic periodicity of basic longitudinal texture versus the
In an attempt to establish the relationship between the epoxide molecular weight of matrices.
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the plot profiles of four power spectra. Fig. 4 shows no Crack Glass Bead
significant dependence of the periodicity on the existence . :

of glass beads. While the addition of glass beads into epoxy (A)
resins does not influence the characteristic periodicity,
different epoxy matrices seem to have slightly different

characteristic periodicities. When epoxide molecular weight
is below 2000 g/mol, the characteristic periodicity seems to
decrease slightly with increasing epoxide molecular weight.
Above 2000 g/mol, the periodicity may be independent of

epoxide molecular weight. However, the differences among
the values in Fig. 4 are not large enough to establish a
significant trend. Future studies are definitely needed.

3.2. Microcracks — types of microcracks

Three different types of microcracks can be generated in
the fracture of glass bead filled epoxies: (1) microcracks in
the matrix; (2) in the glass beads; and (3) along the interface
between glass beads and the matrix (debonding). Among the
three types, the second was not commonly observed in our
SEM studies [10-13]. On very rare occasions, fractured
glass beads were found both among the glass beads on the
fracture surface of composites, and among the glass beads ©
for the preparation of composites before they were mixed
with epoxides. Consequently, itis believed that the very rare
second type of microcracks result not from the fracture of
composites but from the preparation of glass beads, such as
the cleaning and the sieving processes [10-13].

In situ observation of the surface of fracturing specimens
using SEM has been used to directly investigate the fracture
processes of glass bead filled epoxies [42,43]. However, the :
limitations of this approach must be taken into account 75 um

Wher? interpreting -the results. The 'fra_ctu're process on aFig. 5. Fracture process at the polished surface of a SEN-3PB specimen of
?p‘?c'me” Surfa_ce is not necessarily m_dlcatlve of the processso vol% LG/661: (A) initial appearance before loading (reflected light
inside the specimen, because of possible surface defects angyyicar micrograph); (B) appearance of the same area after some crack
a different stress condition (plane stress). In the current propagation (reflected light optical micrograph); and (C) after complete
experiment, the results obtained by using a similar in-situ fracture (SEM micrograph). The arrows indicate the direction of crack
technique, i.e. a reflected light OM instead of SEM, are Propagation.
given in Fig. 5(A) and (B). In these OM micrographs,
glass beads look darker than the matrix, and the cracksrange (about 0.3—14m for visible light) [44]. Therefore, it
look completely dark. cannot definitively be confirmed by OM studies whether the
In Fig. 5(A) and (B), as fracture progresses, the total debonding (interfacial failure) of glass beads can generally
number of microcracks obviously increases. Contrary to occur beneath a fracture surface as found in Fig. 5. This is
the discussion above, all three types of microcracks canthe reason why an investigation on the surface cryofractured
be observed in these micrographs. Microcracks running perpendicular to the original fracture surface was
inside glass beads are just artifacts of specimen preparationperformed. If glass beads beneath the original fracture
as mentioned above. Furthermore, since sub-surface microsurface debond from matrix during crack propagation,
cracks of any type are rarely found in the microscopy study debonded glass beads must be visible on a cryofractured
of Fig. 6, the significant number of microcracks in matrix surface.
and along the particle-matrix interface in Fig. 5 seem to be  Fig. 6 shows typical SEM micrographs of a cryofractured
also artifacts. and an original fracture surface. On the original fracture
Debonding of glass beads is difficult to detect by OM surface generated during the SEN-3PB fracture toughness
observation on thin-sectioned specimens, because atest, debonded glass beads can clearly be discerned. On the
debonded region is not always discernible. A debonded other hand, the cryofractured surface shows no debonded
region appears dark due to destructive interference if the glass beads. Even more than 20 cryofractured specimens
gap between the glass bead and the matrix is within a certainshowed the same result. It follows that only the glass
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3PB specimen Fractured specimen
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3PB
& test Cryo-
A > fracturing
— process
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Low magnification High magnification

75 um 38 um

Fig. 6. SEM micrographs of a cryofractured SEN-3PB specimen of 30 vol% LG/661. The original fracture surface (process zone) from the SEN-3@B test is th
right side, and the cryofractured surface perpendicular to the original fracture surface is the left side.

beads on a crack propagation path can debond from thedebonding can occur under normal or shear stress. Thermal
matrix. Likewise, microcracks in the matrix and in glass residual misfit between glass beads and the matrix can also
beads were not found beneath the original fracture surface.affect the debonding process. Fig. 7 shows a complexity
This result is important because it can enable us to esti-found in debonding. Glass beads used in this experiment
mate the contribution of the toughening mechanisms relatedhave a certain range of size distributions [10-13], and
to microcracks. Several researchers suggest that the debondaccording to their size, debonded glass beads have different
ing of glass beads is one of the major toughening mechan-structures of gaps. Most large glass beads (usually larger
isms [21,23] or is a mechanism, which triggers matrix than 5-10um) in the process zone are clearly debonded
plastic deformation [45]. The debonding of glass beads, from the matrix, having fully grown gaps (Fig. 7(A)).
which is found to be the most prominent mode of micro- However, most small glass beads are only partially
cracking in glass bead filled epoxies, can reduce the crackdebonded from the matrix, having the drawn fibril-like
driving force resulting in toughening [22,23,46,47]. The structure of the matrix in the gaps, as can be seen in Fig.
debonding/matrix plastic deformation theory is based on a 7(B). The fully-grown gap probably results through drawing
concept similar to the rubber toughening mechanism (cavi- the epoxy matrix into fibril-like structure followed by
tation of rubber particles/matrix shear yielding) [14,48—-50]. rupture of the drawn structure. Thus, the partially grown
However, the results presented above show that the volumegap in Fig. 7(B) might be an intermediate step. The bulged
fraction of microcracks is not large enough to consider parts of the matrix around debonded glass beads in Fig. 7(A)
microcracking as the major toughening mechanism. Using show that plastic dilatation of the matrix accompanies
the same reasoning, the debonding/matrix plastic deforma-debonding.
tion mechanism cannot be considered to be the major The drawn structures could result from two causes.
mechanism. One is that crack propagation at the equatorial regions
of glass beads showing the structures is mixed mode, not
pure mode I. (The equatorial region refers to the inter-
facial region between glass beads and the matrix parallel
The debonding of glass beads is not a simple process.to the direction of the far-field stress.) This is because
According to the position on the glass bead surface, the angle between the directions of crack propagation

3.3. Microcracks — debonding process
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and the far-field stress is not 90and furthermore, the  stress §;) necessary to cause debonding:
modulus mismatch between glass beads and the matrix is .
significant [51-54]. Mixed mode stress states usually of = 8nGy/3KE sirf g [58] @
enhance matrix plastic deformation. The other reason is
that the local cross-link density of the epoxy matrix near “i = ~ 7t 2GGofloilkr 59 &)
glass beads may be different from that of the rest of the where G, is the bond fracture energy per unit of bonded
matrix. The glass bead surface might be able to retard thesurface k is a constant, E is Young’s modulus of compo-
reactions of epoxides with amines, resulting in a decrease insites,q is angle from the pole to a position on a glass bead,
the local cross-link density. Based on previous studies of is radius of the glass bea@, is shear modulus of the matrix,
crazing in polymers [38,39,40,55], it can be expected that and ¢ is thermal stress. Although these equations cannot
the drawn structures more easily form as the cross-link precisely predica ando;, they show the basic relationship
density decreases. The local cross-link density very nearbetweere(g-i) andr: as the size of a glass bead decreases,
the glass bead surface has never been measured, but thet@e critical stress or strain necessary to cause debonding
is a report showing that the cross-linking kinetics of epoxy increases, resulting in more difficult debonding. This is
resins can be altered due to the existence of glass beadgecause stored strain energy before debonding depends on
[56,57]. r3, but the energy release due to debonding dependg on

Next, it must be shown why the debonding process instead [58,60,61]. Therefore, in view of these analyses on
depends on the size of glass beads as shown in Fig. 7debonding, the size dependence of the debonding process
Although the debonding process is quite complex, simple (Fig. 7) is not surprising.
equations were proposed to predict the critical strajnof

3.4. Existence of micro-shear bands

One important result from the current experiments is that

(A)

(A)30°C Without Polarizers Between Crossed Polarizers

(B)

(B)goc°c  Without Polarizers Between Crossed Polarizers

-

(C) 150 °C  Without Polarizers Between Crossed Polarizers
125 pm

8 um

Fig. 8. Transmitted light optical micrographs of a sub-critically loaded
Fig. 7. SEM micrographs of the fracture surface (process zone) of SEN-3PB crack in a DEN-4PB specimen of 10 vol% LG/66T, of matrix= 99°C)
specimens of 10 vol% SG/661: (A) a typical micrograph of glass beads taken without (left three micrographs) or between (right three micrographs)
larger than 5-1@m; (B) a typical micrograph of glass beads smaller crossed polarizers: (A) at 30 before heating; (B) at 9C during heating at
than 5-1Qum. The arrows indicate the direction of crack propagation. 0.5°C/min; and (C) at 15TC.
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micro-shear (MS) bands exist at crack tip regions. This is even after cooling the thin-section to room temperature.
shown in Figs. 8-11. Fig. 8(A) shows the dark line struc- From many heating experiments on thin-sections of differ-
tures developed extensively at the crack tip. When theseent epoxies, it was concluded that the dark line structures
structures were first found in our experiment, they were found at crack tip regions or in process zones could be
thought to be microcracks instead of MS bands. Possibleremoved by thermal energy at a temperature belowTthe
reasons are given in a subsequent section. of the epoxy matrix.

MS bands are usually birefringent [9,62,63], yet they are  If the dark line structures are microcracks, the thermal
shown in Fig. 8(A). Even though polarized light is used, the energy is not enough to remove them. To remove (heal)
birefringence of the line structures is not obvious. They are microcracks, usually temperature higher thignand pres-
not crazes either, because crazing is unlikely to occur in the sure are needed [64—66]. Below tfig of the matrix, the
highly cross-linked thermosets used in this experiment interdiffusion rates of macromolecular chains are too low to
[38,39,55]. Furthermore, it has been reported [55] that, in heal microcracks. Furthermore, the matrices used in this
DDS-cured bisphenol A epoxies, as the cross-link density of study were not thermoplastics but thermosets. In thermosets,
the epoxies decreased, the major deformation mechanism ofnacromolecular chains are anchored by chemical cross-
the epoxies changed from shear yielding to microcracking, links. Therefore, their interdiffusion rate must be much
not to crazing. lower than that of thermoplastics. Moreover, the restoration

A heating experiment proved that the line structures are of chemical cross-links in epoxy matrices is impossible at a
not microcracks. Fig. 8 shows the OM micrographs taken temperature below, (90°C in Fig. 8). Accordingly, crack
during heating of a thin-section at 6&'min. At 90C, healing cannot occur during the heating experiments, so the
which is still C below the glass transition temperature results of heating experiments show that the dark lines must
(Tg) of matrix, the line structures are completely removed be something other than microcracks.

(Fig. 8(B)). When polarized light is used, birefringent lines Not all of the dark lines found in thin-sections can be
become visible, which were not birefringent before heating. removed. Fig. 9 shows the dark lines found in fractured
These birefringent lines can be removed by further heating tensile specimens. Their positions and directions are more
as can be seen in the micrograph Fig. 8(C). It was also foundirregular than the line structures in SEN-3PB and DEN-4PB
that, once removed, the line structures were not restoredspecimens. The most distinct difference between the two

Between Crossed Polarizers

B) 130 °C Without Polarizers Between Crossed Polarizers
125 um

Fig. 9. Transmitted light optical micrographs of a thin section taken in a tensile specimen of 10 vol% L&{@6Iratrix= 124C): (A) at 30C before
heating; and (B) at 13C during heating at 0°&/min. The arrows indicate the fracture surface.
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line structures is the fact that the lines found in fractured primary crack can be found in this micrograph. A total of
tensile specimens cannot be removed by heating. In Fig.more than 15 specimens were cryofractured and investi-
9(B), even after heating above tfig of the matrix, the gated, and not a single microcrack or craze was found in
lines are still apparent. In contrast to the lines found in all the specimens. Fig. 10(B) shows a typical TEM micro-
SEN-3PB specimens, these lines are likely to be micro- graph of a sub-critically loaded crack tip. Similar to the
cracks. It can also be noticed by examining the micrographs SEM micrograph, this TEM micrograph shows a single
in Fig. 9 that the birefringence of shear bands and thermal crack tip without showing any microcracks or craze struc-
residual misfit becomes weaker by heating. tures. More than 5 microtomed sections were investigated
To conclusively identify the dark line structures found in using TEM, and more than 10 microtomed sections were
the crack tip regions, SEM and TEM microscopy were used. investigated using OM to confirm the result of Fig. 10(B).
If the dark lines are microcracks or crazes that can appear asAll these results confirm that the dark line structures found
dark lines in the OM micrographs of thin sections, they will in the crack tip regions are MS bands.
be observed in one of microscopy studies or both. Since it The MS bands in Fig. 8 do not show any significant
was reported [66] that crazes in thermoplastics could be birefringence. Although polarized light is normally able to
removed by heating belowy of materials, the heating pass through shear yielded regions, their birefringence can
experiment alone cannot be conclusive evidence for MS be obscure if the angle between the shear bands and light
banding. path is not near zero. Refraction by the yielded regions is
Asiillustrated in Fig. 10, a DEN-4PB specimen containing able to make MS bands look dark. Upon heating, the angle
a sub-critically loaded crack was cryofractured, and the sub- or width of MS bands can be changed due to relaxation. The
critically loaded crack tip region was observed by SEM. Fig. refraction will also decrease. In a thin section, the removal
10(A) shows neither microcracks nor crazes around the of MS bands will first occur near the surface of sections.
crack tip (note the size of dark lines in Fig. 8). Only a single Thus, the shape of MS bands can be changed by heating,

|
Cryo-
fracturing
Sub- (A) —eoum—
critically
Loaded
Crack

o—
\Microloming

@ — |

(B) 400 nm

Fig. 10. No microcracks or crazes can be found in the tip regions of sub-critically loaded cracks in DEN-4PB specimens: (A) SEM micrograph of a 10 vol%

LG/664 specimen cryofractured perpendicular to initial crack plane; (B) TEM micrograph of a 10 vol% LG/667 specimen microtomed perpenditialar to ini
crack plane. The arrows indicate the tips of sub-critically loaded cracks.



J. Lee, A.F. Yee / Polymer 42 (2001) 577-588 587

resulting in the birefringence of yielded regions becoming _ Glass Crack Ste
visible. However, these explanations, though plausible, PePerdngZene  Beads Arest Line Structure
need future verification. It is also unclear whether a dark | crack Tip 6 After

line is a single MS band or a composite of many even >é —>

thinner MS bands. If the width of the thinner bands is o5 Fracture

much narrower than the wavelength of the light, MS \\ /\\
bands will have the appearance of dark lines instead of (A) MS bands DS zofle  MS bands

birefringent bands.

Debonding Zone
) ) ] — Step Structure
3.5. Summary of micro-mechanical deformations Q /
After
Using various microscopy techniques, the important |ele =" \ e
micro-mechanical deformations occurring during the frac- \ O\ J
ture of glass bead filled epoxies were identified, and their (B MS b\ands VS b oS 2o
anas

characteristics were examined in this current study and also
our previous studies [10—13]. The results of the microscopy
studies are summarized in Fig. 11 as schematic illustrations
of the three groups of glass bead filled epoxies: (1) low glass

Debonding
of glass beads

Step Structure

bead content and good interfacial strength between glass Dre_tfw]
beads and the matrix; (2) low glass bead content and poor 0] e) =7
interfacial strength; and (3) high glass bead content regard- o 0 After
less of the degree of interfacial strength. Fracture' 17\
In Fig. 11(A) (when glass bead content is less than O © O ~
10 vol% in our experiment), the primary crack front first ©) \ MS bands
MS bands DS zone

stays in an array of glass beads, and upon loading, MS
bands develop around the glass beads in the crack tip regionrig. 11. Schematic illustration of fracture process in glass bead filled
In addition to MS banding, debonding of glass beads and DS epoxies: (A) low glass bead content and good interfacial adhesion; (B)
yielding of matrix occur as well. Before the next array of low glass bead content _and poor interfacial adhesion;_and © _high glass
glass beads debonds or the primary crack front propagateéjead content.. All cracks in here propagate from left to right. @&icro-
shear, DS= diffuse shear).

stably to the next array, the crack front starts to propagate
unstably (catastrophically) at a critical stress. As a result,
both debonding/DS zone and MS band zone are confineddebonded glass beads regardless of the degree of interfacial
within a very narrow region containing an array of glass strength. A large MS band zone develops between glass
beads. After fracture, step structures including characteristicbeads ahead of the crack tip. In the case of Fig. 11(C),
tails are left on the fracture surface. step structures on fracture surface are quite intense and

As the interfacial strength decreases without increasing complex. Their directions are more irregular, indicating
glass bead content, the size of debonding/DS zone increaseghe very complicated directions of local crack propagation.
as shown in Fig. 11(B). Before it propagates unstably, the
primary crack front can get to the next array of glass beads.
On the other hand, the size of MS band zone does not4. Conclusions
change significantly. It can be expected that MS banding
is triggered before debonding of glass beads occurs and Micro-mechanical deformations occurring in the fracture
propagates into the matrix. Therefore, MS banding seemsof glass bead filled epoxies were investigated by using
to occur independently of the debonding process. In fact, various microscopy techniques. The fracture processes of
since isolated MS bands can be found around the bondedglass bead filled epoxies were identified. Three kinds of
glass beads ahead of crack tip in the previous OM micro- the major micro-mechanical deformations were observed:
graphs (Fig. 8(A)), stress concentrations due to the existence(1) step formation; (2) debonding of glass beads/DS vyield-
of glass beads in the epoxy matrix appear to be sufficient toing of matrix; and (3) MS banding.
initiate MS banding. After a free (plane stress condition) On the fracture surface of glass bead filled epoxies,
surface is generated by debonding, DS yielding become several types of steps such as characteristic tails behind
the preferred mode of deformation [10—13]. Consequently, glass beads, crack arrest lines, basic longitudinal textures,
the decrease of interfacial strength facilitates the debonding‘lances’, etc, were observed. While the basic longitudinal
of glass beads, resulting in increasing the debonding/DS texturing was found to be rather insensitive to the existence
yielding zone size, but not MS band zone size. of glass beads, all the other step formations were.

In the case of Fig. 11(C), which has high glass bead From OM studies on sub-surface damage, it was found
content, the process zone contains more than an array othat debonding of glass beads and microcracking in the
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matrix seldom occurred beneath the fracture surface. Micro-
cracks in glass beads were also not generally found. The

contribution of the combined process, debonding/DS vyield-

ing, to toughening can be larger than that of step formation. ]
However, this process was found not to occur extensively. It [25]
was found that larger debonding zone size resulted with

decreasing the interfacial strength between glass beadd26

and matrix.
MS bands were clearly identified by a heating experiment
and direct observations using SEM and TEM. It may be
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