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Effect of rubber interlayers on the fracture
of glass bead/epoxy composites
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The effectiveness of rubber interlayers between inorganic particles and polymer matrix for
toughening has been a controversial subject. In this research, a series of
rubber-encapsulated glass beads and its epoxy composites were prepared, and underlying
mechanisms which can connect material parameters related with rubber interlayers with
energy dissipation mechanisms, were investigated. The critical stress intensity factor (Kc)
and critical strain energy release rate (Gic) of rubber-encapsulated glass bead filled epoxies
were found to insignificantly depend on the existence and thickness of rubber interlayers.
Microscopy studies on fracture process identified four different micro-mechanical
deformations which can dissipate fracture energy: step formation, micro-shear banding,
debonding of glass beads, and diffuse matrix shear yielding. It was found that the first two
became less extensive and the others became more extensive as the thickness of rubber
interlayers increases. This offsetting effect of micro-mechanical deformations seems to be
the reason for the absence of significant toughening effect of rubber interlayers.
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1. Introduction For example, uniaxial tensile stress and linear elas-
It is well known that most polymers can be madeticity conditions assumed in these works are too sim-
tougher by the addition of a small amount of rubberyplistic. Because of difficulties in the encapsulation of
particles, dispersed on a microscopic scale [1, 2]. Buticron-sized particles with rubbery material, not many
this toughening is achieved with a loss in modulus andexperiments have been conducted on these types of
hardness of the material. On the other hand, inorganicomposites [10-14]. These experiments have their own
particles such as silica, alumina and talc can improveroblems, which will be discussed below. Among them,
both toughness and modulus [1-3]. Unfortunately, thisseveral studies showed that this core/shell structure
toughness increase by inorganic particles is usuallgoes increase the effectiveness of rubber as a tough-
smaller than that achievable by rubbery particles. Thusgner [11-13, 15, 16]. However, other studies showed
it has been suggested that combinations of inorganicontradictory results, i.e., simple hybrid composites are
particles and rubber may be able to give effectivebetter for toughening and stiffening than the encapsu-
toughening without loss in modulus and strength [4].lated particle filled composites [10, 14, 17]. Further-
Simple hybrid-particulate composites with separatemore, these previous studies did not focus on the frac-
dispersions of inorganic and rubber particles have beeture behavior of filled composites and so the underlying
studied by several research groups [5-7]. Their studiesiechanism of toughening has never been established.
show that it is possible for this simple combination to Thus, the effectiveness of this core/shell structure and,
toughen as well as stiffen polymer matrices. particularly, its fracture behavior need to be investi-
Core/shell structures of inorganic particles encapsugated.

lated by rubber, has been developed to improve the ef- Inthe current study, the changes in underlying tough-
fectiveness ofthe rubber and therigid particles as toughening mechanisms due to the existence of rubber in-
eners. Theoretical analyses developed on encapsulatestlayers will be examined. This approach is expected
rigid particle filled composites predicted the effective-to give a common ground for understanding the two
ness of a flexible interlayer due to stress relief in theprevious kinds of studies discussed above. Our work
interface region [8, 9]. These works suggest the possistarted from the attempted encapsulation of inorganic
bility of toughening, but cannot reflect the real situationparticles, which was not successful initially. In this step,
in the encapsulated inorganic particle filled polymers.inorganic particles must be encapsulated with a uniform
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layer of rubber without causing particle agglomeration,significant effect on the fracture toughness of compos-
and this rubber interlayer must remain stable duringtes [25—28]. Alternatively, surface treatments using re-
subsequent processing. Furthermore, the thickness t#asing agents have also been used to study the effect
the rubber interlayer, which is an important parameterpf weakening the interface between inorganic particles
must be easily controlled. and thermoset matrices on fracture toughness [25, 28].
Approaches such as surface polymerization [18]|nterestingly, in most cases, these surface treatments do
in-situ methods [11, 13, 14, 19-22], and solution/ not significantly affect the fracture toughness of com-
evaporation methods [12, 15] have been attempted, angbsites [25, 28] either. In some cases, it was found that
several modifications of them were tried. The surfacehe fracture toughness actually increases with the de-
polymerization technique involves two steps: immobi-crease of interfacial strength [25, 29]. The results re-
lization of initiators on the surface of rigid particles garding surface treatments are important and intrigu-
and polymerization of rubber from the initiators. This ing, particularly because the well-accepted toughening
method can yield well-bonded rubber coating on themechanism for inorganic particle filled polymers, the
surface of the glass beads. But in this case, the thickerack front bowing mechanism, cannot successfully ex-
ness can be difficult to control. plain these results [1, 30-36]. The current approach
In thein-situmethods, including Hilborn’s [11], rub- should give new important results on the effect of in-
ber migrates onto the surface of inorganic particles anderfacial strength, which can eventually lead us to un-
forms an interlayer during composite preparation. Thisderstand the major energy absorption mechanisms for
technique can improve the uniformity of the rubber in-inorganic particle filled polymers.
terlayer. However, if reactive functional groups, e.g.
silane, are used for the rubber migration, itis difficult to E . tal
preserve the reactive groups until the curing step of thé' Xperimenta

; . .1. Materials
composites [11]. The fraction of reacted groups amon he DGEBA epoxides, DER 382and DER 66,

the total reactive groups can affect thesituformation are commercial resins produced by the Dow Chemi-

of the rubber interlayer, which depends on thermody- X
namic and kinetic factors [14]. Because of these two(cjal Cg.bTht(a C;EI\CISI;)UO%??(:rhISC;'ZSnaiL ;38?3_:_@\,\,2?;” ds
competing factors, this method can give separate rub(—)? CTassybeaeds are used in this ex erimént Both are
ber phases (rubber particles in matrix) in addition to the gie @ _EXP '
rubber interlayer. Speriglass A-glass beads (sodalime) of Potters Indus-

: : try Co, butthe mean diameter of one (SG) is3r8 and
The encapsulation method described by Geeaad : . .
[12,15, 16], asimple solution/evaporation method, usu-}EaDt (:I Etrfjimrg?r: (LhG)rLS |23iﬂr?2)'nzn(%h|§ gygpsr:;?g?]'dn;’)l_
ally ends up with severe agglomeration, but this situ-V nt’ w ra roﬁ € gfsr rrp1th AIdricH Ch;mical Co
ation is relatively easy to overcome using ball milling ents were purchased from the / ’
and screening techniques. As the rubber interlayer bezgnd used without further purification. Glass beads were

comes thinner, the aggregates of encapsulated glag'ged after cle_aning and'drying. Cleaning of glass bead;
beads can be easily broken up. Therefore, in this stud as accomplished by dispersing 290 g of glass beadsin

thin rubber-encapsulated inorganic particles are pr L of distilled water under mechanical stirring at room

pared by means of Gerard's method and put into (Zemperature for 6 hours, followed by filtration. This
polymer matrix. The rubbery material for encapsula-CIean'ng/f'ltrat'on process was repeated three times,

tion is synthesized from carboxyl terminated butadi-agdhgIaSS b?ads dW.ere drI'Ed u;)va((j:uum at*@ofor
ene acrylonitrile copolymer (CTBN), diglycidyl ether 12 hours. Ater_ rying, glass bead aggregates were
of bisphenol A (DGEBA) epoxide, and isophorone di- screened out using a {&m sieve (mesh size 200).
amine (IPD). The inorganic particles and the polymer
matrix are glass beads and epoxy resin, respectively. 2.2. Preparation of composites

Rubber encapsulation has many aspects in commonhe rubber adduct for the encapsulation of glass beads
with surface treatment of glass beads. Complete rubwas prepared in a two-stage process from a CTBN, an
ber encapsulation will give a totally different interfa- epoxide (DER 332), and IPD following the method
cial strength between glass beads and matrix. The ebf Gerardet al. [12, 15], with some modifications. In
fect of surface treatment on the fracture toughness ahe first stage, the epoxide was reacted with CTBN at
composites is one of the most complicated issues i85 °C for 19 hours (stoichiometric ratie 0.5) under
understanding inorganic particle toughening. Variousa nitrogen atmosphere and mechanical stirring, with
surface treatments have been developed to improve tt@&15 wt% of triphenylphosphine as a catalyst. Chain
interfacial strength between two different phases, espeextension was carried out by adding IPD (stoichio-
cially between inorganic particles and organic matricesmetric ratio=2) and methylethylketone (MEK/
Typical surface treatments used in particulate composDGEBA =5 mL/g) at 20°C. After reacting for a week,
ites use silane compounds, fatty acids, organotitanatethe incompletely cured CTBN-DGEBA-IPD (CDI)
polymeric compounds, etc. [23, 24]. The actions ofadduct remains soluble in MEK and could be deposited
these compounds are not simple and more details amnto glass beads.
available in several references [23, 24]. The rubber-encapsulated glass beads were prepared

In most reports on glass bead filled polymers, surfacédy the solution/evaporation method [12, 15], while
treatments are generally found effective in increasinghanging the feed fraction of the CDI adduct. The
the interfacial strength between the particles and theglass beads cleaned with distilled water as described
matrices, but these surface treatments usually show ngefore were mixed with the adduct dissolved in MEK
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at room temperature for 20 min. Then, MEK was evap-was heated from 120C to 650°C at 10°C/min using
orated and the glass beads were dried under vacuum aitrogen as a balance gas and air as a purge gas.
120°Cfor 12 hours. Under this condition, the secondary The mean diameter of glass beads was measured
amine of IPD can attack the unreacted epoxides in thi triplicate by the liquid-phase sedimentation method
adduct, resulting in an insoluble network. The rubber-using a Horiba CAPA-700 patrticle size distribution an-
encapsulated glass beads were ball-milled and sievealyzer. Glass beads (0.01 wt%) were dispersed in ethy-
through 75um and 250um sieves (mesh size200  lene glycol with hexametaphosphate (0.1 wt%) in ultra-
and 60, respectively) to remove large aggregates. Thgonic bath for 1.5 hours and the mixture was centrifuged
condition for ball milling was carefully chosen to pre- by the analyzer. The change in particle concentration
vent significant fracturing of glass beads during thison the basis of light transmission was converted into
pulverizing. In the sieving step, when the only 256  the mean diameter data. The mean diameters of glass
sieve was used, the sieved glass beads contained mabgads characterized are given in Table Il.
aggregates. Inidentifying the glass beads, the letter “w” The designation of glass beads, which can be found
will be used to indicate a wide size distribution due toin Table Il, indicates the size of glass beads and the feed
the presence of aggregates, e.g. LG(w). fraction of CDI adduct in the solution/evaporation en-
Rubber-encapsulated glass bead filled epoxies wereapsulation step. The number in front of the hyphen is
prepared from DER 661, DDS, and the rubber- the feed fraction (wt%) of CDI adduct, so the thickness
encapsulated glass beads. The epoxide resin was firgt CDI adduct layer in composites increases with this
dried under vacuum at 16@ for 1.5 hours, and mixed number. As for the designations of all encapsulated SG
with glass beads under the same condition for 1.5 hourand LG systems, r-SG and r-LG will be used respec-
DDS was then mixed with the glass beads/melted epoxtively, where ‘r’ indicates rubber encapsulation.
ide mixture for another 40 min. The degassed mixture For fracture toughness assessment, single-edge-
was cured in a vertically mounted metal mold in a con-notched (SEN) type specimens were fractured in three-
vection oven at 160C for 15 hours and post-cured at point bend (3PB) geometry (spa®=50.8 mm) using
200°C for 2 hours. During the curing step, glass beadsa screw-driven Instron machine (Instron 4502). The
were prevented from settling to the bottom of mold bycrosshead speed of 3PB test was 2.54 mm/min. SEN
the relatively high viscosity of epoxide. It was found type specimens (thicknes8)=6.35 mm and width
by thermogravimetric analysis (TGA) that the high vis- (W) = 12.7 mm) were prepared, and a sharp notch was
cosity produced no more than 1 vol% void content. Theintroduced by tapping a hammer on a razor blade in-
compositions of glass beads filled epoxies are presenteskrted into the specimen. Before a razor blade was in-
in Table I. The epoxy matrix of DER 6&1DDS will  serted into a specimen, the blade was cooled in liquid ni-
be designated as ‘661’. trogen until boiling around it stopped. The sharp notch
introduced in this manner was always longer than the
insertion length of razor blade. For each composition,
2.3. Characterization, fracture toughness twelve to eighteen specimens were prepared and tested.
assessment and microscopy Critical stress intensity factoi(c) and critical strain
Gel permeation chromatography (GPC, Waters 600gnergy release rate&(c) were calculated using these
was calibrated by using standard polystyrene samrelationships:
ples. During the measurements, the flow rate of sol-

vent (tetrahydrofuran) was 1 mm/min. FT-IR data were Kic =Y 3Ps/a (1)
taken by using Nicolet 5DXB, following standard pro- 2BW?
cedures. For TGA, a TA Instrument SDT 2960 Simul- )
- a a
taneous DTA-TGA was used. About 40 mg of sample Yy =193-307( &) + 1453 2
w w
TABLE | Formulations of various toughened epoxies 3 4
a a
iti —2511( — 25.80( —
Component Composition (pHr) <W> + (W)
DER 662 100 5
DDS 12.2 Kic
Gec=— (2
Glass Beads 0,4.8,12.3, 26,58.5 IC="E
Lphr = Parts per hundred of epoxide by weight. whereY is a shape factoR is the load at failure, and
2\Weight of only glass beads except CDI adduct layers. a is the crack length. Although Equation 2 givesg:

TABLE |l Mean diameter of various kinds of glass beads used in this experiment obtained by using a particle size analyser

Glass Beads SG 0.5-SG 1.5-SG 3.0-SG 4.5-SG 6.0-SG
Mean Diametergm) 33 6.6 9.6 17.6 17.0 216
Glass Beads LG 0.5-LG 1.5-LG 3.0-LG — —

Mean Diametergm) 24.4 29.6 255 39.0 — —

Glass Beads — 0.5-LG (w) 1.5-LG (w) 3.0-LG (w) 4.5-LG (w) —

Mean Diametergm) — 34.4 37.9 49.4 91.6 —




values in the plane stress condition, the use of this eque
tion does not change our conclusions on the effect o
rubber interlayer, as will be explained later. After the
fracture toughness test, the fracture surface of speci
mens was examined using a scanning electron micro
scope, Hitachi S-800, at an accelerating voltage of 50
3 kV. For this microscopy study, the fracture surface
was coated with a thin layer of gold-palladium.

For understanding the fracture process of glass bea 25 30 35 40 45
filled epoxies, sub-critically loaded cracks were pre- Elution time (minutes)
pared by using the double-edge-notched four-point_
bend (DEN-4PB) technique [37]. Then, thin-sections®

Relative Abundance

containing the cracks were taken anq examined usin (R —- MM\ W ﬂm

an optical microscope (OM), Nikon Microphot II. The g \ [ iUW\/ ] w_
DEN-4PB technique is well described elsewhere [37]. 5 ¥ I !
This technique enables the preparation of sub-criticallye \[ ll \.
loaded cracks by fracturing specimens having two al-§ | ® | Il
most identical cracks on the same edge in the four-'c_z 2000 a200 " 200 1et0 " 8%

point bend geometry. The two cracks cannot be com:
pletely identical, and so one of them will break while
the other experienced sub-critical (just before failure)rigure 1 Analysis on CDI adduct before complete cross-linking: (A)
loading. Thin-sections of about 40m thickness were SEC traces (Ma= 7500, Mw= 14500, polydispersits= 1.94); (B) FT-IR
taken from the mid-planes of the specimens using thénote the peak at 910 cmh that indicates the existence of oxirane).
petrographic thin-sectioning technique [38—40]. Rough
to fine silicon carbide (SiC) grinding discs (grit size
80, 250, 400, 600, 1000) and alumina Suspensiongnreacted monomers. Although most monomers are
(5, 1, 0.3, 0.05um) were used for polishing. At thought to be consumed, the existence of unreacted
least two sections were prepared for a compositiorgPoxide rings (oxirane) can be found around 910tm
of epoxy resin. The surface artifacts [40] generated” the FT-IR spectrum shown in Fig. 1B. From these
from the polishing was identified using a reflected light'wo characterizations, it is confirmed that the incom-
OM before the investigation on sub-critically loaded Pletely cured adduct which has unreacted epoxide func-
cracks. Sub-surface damages in SEN-3PB specimedi®nal groups, is successfully prepared. The unreacted
were also examined by using the same thin-sectionin§P0Xide groups in the adduct are supposed to enhance
technique. e interfacial strength between the adduct layer and
Uniaxial tensile specimens (gauge sectioh5 x epoxy me_ltrix in composites through main_ly the chem—
5 x 7 mm) whose surface was polished using SiC grindJcaI reactions betwe'en them and the amines of curing
ing discs (grit size 600), were also tested. The averaga@9ents [12, 15]. Besides GPC and FT-IR, FT-NMR was
the test results of more than five specimens. The sam®€ FT-NMR spectrum of the CDI adduct was found

screw-driven Instron machine was used at a crosshed@ Pe complicated, the peak of unreacted epoxide rings
speed of 2.54 mm/min. was found around 3.8 ppm to indicate the presence of

oxirane.
After the incompletely cured CDI adduct was pre-
pared, it was used to encapsulate glass beads using the

Wavenumbers (cm-1)

3. Results and discussion solution/evaporation method [12, 15, 16]. After this
3.1. Encapsulation of glass beads with CDI encapsulation step, the incompletely cured CDI lay-
adduct ers were completely cured at 120. The glass transi-

The first step for encapsulation is the synthesis of CDlion temperatureTg) of completely cured CDI adduct
adduct. Gerard’s method [12, 15] is modified by themeasured using DSC (differential scanning calorime-
addition of MEK at the second step. A small amounttry) was—24°C and its density was 1.01 g/én©On the
of MEK (MEK/DGEBA =5 mL/g) is used at the sec- other hand;Ty of the CTBN liquid rubber used in the
ond step, because the viscosity of the DGEBA-CTBNpreparation of CDI adduct was36 °C and its density
adduct is too high to be homogeneously mixed withwas 0.96 g/cri[41]. Itis obvious and, in fact, expected
IPD in the second step. Since the addition of MEK maythat there would be an increaseTp and density due
retard the reaction between IPD and DGEBA-CTBNto the cross-linking reaction.
adduct, the final CDI adduct was used after reacting for The existence of CDI adduct layers is confirmed by
a week. using TGA (Fig. 2) and SEM (Fig. 3). Fig. 2 shows
Fig. 1 shows the results of GPC and FT-IR whichthat the weight fraction of rubber layers measured by
were used to characterize the incompletely cured CDTGA follows the increase of their feed fraction. This
adduct as in ref 12. In Fig. 1A, size exclusion chro-simple relationship can be expected, because the solu-
matography (SEC) trace shows a single but broad peakion/evaporation method is simple. Tha (thickness
This result proves that the adduct is not monodis-of rubberlayer/meanradius of glass beads) datain Fig. 2
perse, but does not contain a significant amount ofre calculated from the weight fraction of CDI adduct
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lation will change the surface chemical composition of

—i— Bai atracti ith MEK
il ket glass beads, X-ray photoelectron spectroscopy (XPS)

(waight fraction)

W After extraction with MEK was also used to confirm the encapsulation. Its result
(waight fraction) Q 1-"r| showed that the concentration of carbon species was
higher on the surface of encapsulated glass beads than
ol "AAR LAt LAAAS RARLS RASAI ARAMS AARA" b that of uncoated glass beads. However, because of the
- ; carbonaceous overlayer on the uncoated glass bead sur-
apE -5 face [42], a quantitative comparison is not possible.
[ a ! As seen in Fig. 3, more aggregation results from the
4 F 44 encapsulation as the feed fraction of CDI adduct in-
; ] creases. As a simple way to characterize the degree
afb ri} i ; of aggregation, the size distribution measurement by

the liquid-phase sedimentation method was performed
in triplicate. The size distribution curves obtained from
this method show the equivalent diameter of aggregates,
because it assumes perfectly spherical shape of parti-
cles. The mean diameters are givenin Table Il. Asarule,
[ i the mean diameter increases with increasing feed frac-
Dbt ol e liandn tion of CDI adduct. The increase appears to be more
c 1 2 3 4 5 & 7 systematic and noticeable in small glass bead (r-SG)
Fead fraction (wi%) of CDI adduct systems than in large glass bead (r-LG) systems (see
also Fig. 3).
Figure 2 Weight fraction of the rubber layer on glass beads versus

the feed fraction of CDI adduct. The ratig)r, is thickness of rubber
layer/mean radius of glass beads.

Waight fraction (%) of rubber layer

3.2. Mechanical properties of composites
The K¢ data of rubber-encapsulated glass bead filled

and the densities of glass beads and completely curegpoxies are shown in Fig. 4. First of all, there is no
CDI adduct. significant increase or decreasdqf compared to the

Before the final curing step of the CDI layer, the CDI error ranges regardlessofr values. (The error range
adduct was soluble in MEK, but after curing, it be- is the standard deviation of experimental data.) There
came almost insoluble. Results showing this solubilityis only a slight increase or decreasekag. Therefore,
change can be found in Fig. 2 (also Fig. 3D). After thethickness of the rubber interlayer) (does not appear
extraction of cured CDI layers with MEK, the weight to have any significant influence éfc. Furthermore,
fraction of rubber layers decreased only a little. Thisthe comparison between the fracture toughness data of
experiment on solubility confirmed the existence of ar-LG and r-LG(w) systems in Fig. 4 proves that the
stable CDI layer for the preparation of composites. Fordegree of aggregation does not have any significant in-
the extraction, encapsulated glass beads were first difluence orK ¢ either.
persed in MEK under mechanical mixing for 30 min  The effect of rubber encapsulation dfic with
and then MEK was filtered out. During this extraction, changing glass bead content is presented in Fig. 5.
a significant amount of CDI adduct fragments whichWhile K¢ distinctly increases with the increase in glass
can be produced by mainly ball-milling can be filtered bead content, there is no effect Kz from the rubber
out, if their size is smaller than the filter pores. Accord-encapsulation and the degree of aggregation. This result
ingly, the decrease in the weight fraction of rubber layeragrees well with the results of Fig. @,c data in Fig. 6
due to the extraction increases significantly, as the feedupport this result as well. Although, with increasing
fraction increases (Fig. 2). t/r, Gic slightly increases in r-SG/661 systems and

The other method to confirm the existence of rubbesslightly decreases in r-LG/661 and r-LG(w)/661 sys-
layers is by the use of SEM. All three micrographs oftems, these changes are not large enough to show a
glass bead (SG) surfaces in Fig. 3 except the microsignificant effect of rubber encapsulation and aggrega-
graph (A) directly show the existence of rubber lay-tion. In fact, theG,c data in Fig. 6 convey the same
ers. Although the layers are not of uniform thicknessinformation as that in Fig. 4. This is because the mod-
and many aggregates obviously exist, the rubber layerslus of these composites does not change significantly
foundin (B), (C) and (D) are fairly well spread out over within the ranges of thickness of rubber interlayer and
the surface of glass beads. In fact, there is continuity irthe degree of aggregation (Fig. 7).
and among the rubber layers: A coating on a glass bead These results are surprising, because several groups
is found to be smoothly connected with the coating[10—16] report an increase in the fracture toughness of
on the next glass bead. Consequently, the encapsulancapsulated-particle filled composites due to the exis-
tion of glass beads appears to have been successfulignce of rubber interlayers, while others [11-13] show
performed. Furthermore, in Fig. 3A, the CDI adducta decrease [10, 14, 17]. Unfortunately, in these reports,
appears to be spread out over the surface of glass beads information on the degree of aggregation was
forming a very thin and rather uniform layer, which is given, and the matrices and the rubbery materials are
not easily discerned. TGA analysis proved the existencdifferent from those used here. Therefore, it is difficult
of the layers in 0.5-SG of Fig. 3A. Since the encapsu-+o directly compare our data with those of others. It can
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(C) 6.0-8G (D 6-50

T.5um

T.5um

Figure 3 SEM micrographs of the glass beads (SG) that are encapsulated with changing the feed fraction of CDI add0cb:\{4%6; (B)= 3.0 wt%,
(C)= 6.0 wt% before the extraction with MEK; (B 6.0 wt% after the extraction with MEK.

2.5

i 2.5 g
-] b [ ]
1. - C ]
= 3 g L
w : E 15F g ; 3]
e : B p
r-SE B51 i | ]
Lo LG/ 661 = e @ ]
r-LG{w)/ 661 P ]
| o :
o 1 2 3 4 5 & e
tr (%) :
L
Figure 4 Effect of the thickness of a rubber interlayer on the critical 0 10 20 30 40 50 60 7O
stress intensity factor for epoxies filled with rubber-encapsulated glass Content of Glass Beads (phr)

beads:t/r (%) =thickness of rubber interlayer/mean radius of glass
beads. (content of glass bead§8.5 phr in r-SG/661, and 26 phr in  Figure 5 Critical stress intensity factor of rubber-encapsulated glass
r-LG/661 and r-LG(w)/661.) bead filled epoxies versus glass beads content.
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1000 e 3.3. Microscopy Study | - SEM micrographs
] Up to now, no noticeable effect of rubber encapsula-
800 2 - tion and aggregation has been found. However, SEM
. . ] microscopy study on fracture surface reveals signifi-
a0 BO0g L] - cant changes in micro-mechanical deformations, par-
5_ i ] ticularly debonding of glass beads, due to the rubber
o aoo | . s ¥ o ] encapsulation.
i For easy comparison with non-encapsulated systems,

P ® r-560 661 interfacial strength and debonding in encapsulated sys-
iy iy t ill be defined as follows. The interfacial h
" B LG{wWY 661 tems will be defined as follows. The interfacial strength

o bicideinas ol o in encapsulated systems is the critical stress or strain

0 i = 3 4 K to cause one of two interfaces in encapsulated systems

tir(%) to fail, one between glass beads and rubber interlayers,

and the other between rubber interlayers and matrix.
Figure 6 Effect of the thickness of a rubber interlayer on the critical Therefore, debonding or interfacial failure in encapsu-

strain energy release rate of epoxies filled with rubber-encapsulate ted svstems means the failure of stress transfer be-
glass beads;r (%) = thickness of rubber interlayer/mean radius of glass y

beads. (Content of glass bead58.5 phr in r-SG/661, and 26 phr in tween glass beads and matrix.

r-LG/661 and r-LG(w)/661.) Micrographs of the fracture surface of LG/661 and
. 0.5-LG/661 are in Fig. 8. Step structures in the encap-
SRR R ML R * nSG/ EET sulated system ((B) and (D)) are as noticeable as in
- ® LG 661 the non-encapsulated system ((A) and (C)). Debonding
Ll O r-LG{w) 661 zone size is wider in the encapsulated system than in
E X 1 the non-encapsulated system. Average debonding zone
g S5¢ = sizes measured using more than 15 OM and SEM mi-
@ i 1 l 1 crographs are 54+13) and 125453) um for LG/661
3 4f r A and 0.5-LG/661, respectively. The decrease of interfa-
z ® é i 1 cial strength due to the rubber encapsulation is evident
5 3 B in the SEM micrographs from the fast-fracture regions;
X ] Fig. 8D and F show more adhesive failure than Fig. 8C
;l-....l....l.. il s oo llis sy andE'
0 1 o 5 4 F: Aggregation becomes more prevalent in thicker rub-
e (%) ber interlayer systems. While the fracture surface of

3.0-LG/661 in Fig. 9A shows a small aggregate, thicker
Figure 7 Effect of the thickness of a rubber interlayer on the ten- interlayer systems are found to have much Iarger aggre-

sile modulus of epoxies filled with rubber-encapsulated glass beadsgates as the fracture surface of 0.5-LG(W)/661 shows
t/r (%) =thickness of rubber interlayer/mean radius of glass beads

(Content of glass bea€s58.5 phrin r-SG/661, and 26 phr in r-LG/661 in. Fig. 9B. In.\/.es“gation of the inside of aggregates. at
and r-LG(w)/661.) higher magnification, Fig. 9C and D, shows that the in-

terstitial sites between glass beads are well filled with

be stated only for the epoxies prepared here that neith@poxy resin. As can be seen in non-encapsulated sys-
the rubber encapsulation nor the aggregation of glastems, plastic dilatation of the matrix around debonded
beads significantly affect the fracture toughness of thglass beads can also be found in these micrographs. In
composites. addition to this matrix dilatation, the drawing of a rub-

The tensile modulus data of encapsulated glass bedakr layer between glass beads is evident in Fig. 9D. The
filled composites versugr are presented in Fig. 7. As residual strain in this layer seems to be larger than that
already mentioned above, there is no significant changmm the dilated matrix.
of modulus due to the rubber encapsulation and the de- An interesting feature seen in Fig. 9D is that the
gree of aggregation. The moduli of all --SG and r-LG debonding of glass beads from the matrix occurs at the
systems lie well between the upper and lower boundinterface between rubber and epoxy, not at the interface
calculated by the equations proposed by Ishai andbetween rubber and glass. Since epoxide functional
Cohen [43] (5.8-4.1 GPa for r-SG systems and 4.6-groups can exist in rubber layers, the interface between
3.3 GPa for r-LG). Since modulus is a material prop-the layers and matrix can be strengthened by chemical
erty measured at very small strains, it seems possibleactions between these groups and amine functional
that neither the thin rubber layer around glass beads ngroups in the matrix [12, 15]. On the other hand, the
the aggregates of encapsulated glass beads can signiiterface between glass and rubber might not have
icantly decrease the modulus of composites. In Fig. 7as strong chemical linkages as the other interface.
the very small decrease of modulus with increase ofContrary to this reasoning, debonding mostly occurs
t/r and the relatively large error range of the modulusat the interface between rubber and matrix. It is
of -SG/661 systems might lead us to suspect the influpossible that the shrinkage of CDI adduct during
ence of aggregates (inhomogeneous dispersion). Sinemcapsulation and curing processes is a reason for
r-SG has a higher degree of aggregation than in r-LGthe unexpectedly strong interface between glass and
the large error range seems to be more noticeable in theibber. Functional groups on the glass surface, such
r-SG systems than the r-LG systems. as hydroxyls, might also strengthen the interface by
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Figure 8 SEM micrographs of the fracture surface of SEN-3PB specimens of (A), (C) and (E) 26 phr LG/661 and (B), (D) and (F) 26 phr 0.5-LG/661:
(A) and (B) process zone; (C), (D), (E) and (F) fast fracture region. The arrows indicate the direction of crack propagation.
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Figure 9 SEM micrographs of the fracture surface of SEN-3PB specimens (process zone): (A) 26 phr 3.0-LG/661; (B), (C) and (D) 26 phr
0.5-LG(w)/661. The arrows indicate the direction of crack propagation.

interacting with functional groups in rubber, such asmore than a split point, i.e. a point that divides the pri-
amines. mary crack front into two secondary crack fronts. Con-
The results of SEM micrographs show that encapsequently, the areal density of split points available will
sulated glass beads can more easily debond from thdecrease as more aggregation results from the encapsu-
matrix than non-encapsulated glass beads. Yet, the fratation of glass beads. In the crack front bowing mech-
ture toughness of composites does not reflect this deanism, the split point in here is the pinning point [4,
crease in the interfacial strength. The same conclusio81-36]. When two secondary cracks generated by a
has been obtained from the previous researches [25inning point meet with each other, the characteristic
28] on the effect of silation, which is that the surfacetail structure is formed.
treatments of glass beads can affect micro-deformations
occurring during fracture but not the fracture toughness3.4. Microscopy Study Il - OM micrographs
of composites. Interestingly, our OM study on sub-surface micro-
It is also worth mentioning that the areal density of mechanical deformations provides the salient features
characteristic tails (the major type of step structure inof fracture. Because of the macroscopically brittle frac-
our systems) behind glass beads decreases as aggregyae behavior of glass bead filled epoxies, fractographic
tion becomes more severe (Fig. 8A and Fig. 9A andnvestigation on fracture surface have been more per-
B). This is because an aggregate cannot play a role dormed than sub-surface investigation.
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Figure 10 Transmitted light optical micrographs of thin sections of 26 phr LG/661: (A) tip of a sub-critically loaded crack in a DEN-4PB specimen;
(B) process zone in a SEN-3PB specimen (without polarizers); (C) the same region as that in (B), but between crossed polarizers.

Figs 10-12 show optical micrographs of the sub-shearbands, debonding of glass beads can also be found
surface damages in composites containing relativelyn Figs 10 and 12 as indicated by the crater structures.
little aggregation, and Fig. 13 shows the sub-surfac&he glass bead at the bottom right corner of Fig. 11Ais
damages around large aggregates. In Figs 10 and 14urrounded by concentric semicircles, which can also
micro-shear bands [44—46] (fine dark lines) developedndicate that debonding had occurred.
in a sub-critically loaded crack tip region can be found. In Figs 10-12, there are birefringent regions around
These micro-shear bands were clearly identified usingraters indicating diffuse matrix shear yielding. This
several experiments [47, 48]. They were found to bebirefringence is more intense around the equatorial
removable by heating up to about 10 below theTy  region of ‘craters’. (The equatorial region refers to
of the matrix. Furthermore, SEM and OM micrographsthe interfacial region between glass beads and the ma-
show neither cracks [49] nor crazes in the location oftrix parallel to the direction of the far-field stress.)
the dark lines (micro-shear bands). In addition to micro-This is because stress is inevitably amplified at these
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Figure 11 Transmitted light optical micrographs of thin sections of 26 phr 0.5-LG/661: (A) tip of a sub-critically loaded crack in a DEN-4PB
specimen; (B) process zone in a SEN-3PB specimen (without polarizers); (C) the same region as that in (B), but between crossed polarizers.

regions after debonding of glass beads [50]. Thisappear to be too small to be able to cause the matrix to
explanation is based on the assumption that shear yielddeld.

ing is initiated by debonding of glass beads. In addi- Since the two mechanisms, debonding of glass beads
tion to debonding, mixed mode stress conditions durand diffuse matrix shear yielding, can be related with
ing crack propagation around glass beads can initiateach other as described above, they can be treated as
matrix shear yielding as well [51, 52]. Since mixed a combined mechanism. It was found in the previous
mode character will be a maximum around the equatosection on SEM micrographs that the size of debond-
rial region, the intense birefringence can be expectedng zone increased as the thickness of rubber interlayers
Nonetheless, Figs 11 and 12 supports the first explanancreased. Thus, debonding/diffuse matrix shear yield-
tion that the diffuse shear yielding of the matrix is ini- ing will also increase, and more fracture energy will be
tiated by the debonding of glass beads. This is becaudtissipated through this mechanism.

the mode Il or lll stress components of the fracture Similar to non-encapsulated systems, encapsulated
around the shear yielded regions in these micrographsystems exhibit the birefringent features generated by
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Figure 12 Transmitted light optical micrographs of a thin section taken in process zone of a SEN-3PB specimen of 26 phr 3.0-LG/661: (A) without
polarizers; (B) the same region as that in (A), but between crossed polarizers.

thermal residual misfit [53-55] (Figs 10—12). However, might bring us the conjecture that crack bridging by
it is not clear in here whether the thin rubber layersaggregates might be possible.
between glass beads and matrix can significantly relieve The contribution of debonding/diffuse matrix shear
thermal residual misfit in the matrix or not. yielding seems able to answer the question why the frac-
Fig. 13 shows the sub-surface damage in compositesire toughness of composites remains constant while
containing a significant number of aggregates. Micro-the thickness of rubber interlayer (or degree of aggrega-
shear bands are still observable around aggregates tn) increases. (Unfortunately, the two variables, thick-
the crack tip region (Fig. 13B). However, the size of theness of rubber interlayer and the degree of aggregation,
micro-shear band zone is not proportional to the numbewere not clearly separated in this experiment (Table II).
of glass beads inside the aggregate. In non-encapsulatédthough 0.5-LG does not contain a significant amount
systems, each glass bead at the crack tip region had aggregation, the comparison between LG/661 and
micro-shear bands developed around it. Thus, the er8.5-LG/661 is not enough to understand the effect of
ergy absorption via micro-shear banding will be smallerthickness change separately from the effect of aggrega-
as the degree of aggregation increases. Micrograph (A)on.) The energy absorption due to debonding/diffuse
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Figure 13 Optical micrographs of thin sections taken near the tip of sub-critically loaded cracks in DEN-4PB specimens: (A) 26 phr 0.5-LG(w)/661;
(B) 58.5 phr 3.0-SG/661.

matrix shear yielding are found to increase as the thickmore ductile epoxy matrix can be expected to enhance

ness of rubber interlayers (or degree of aggregation) indiffuse matrix shear yielding and micro-shear banding,

creases. On the other hand, the energy dissipation duesulting in more effective toughening. This surmise

to the other mechanisms, step formation and microwas found to be true in our experiments, which will be

shear banding, are found to decrease as the thicknessported in future.

increases. Consequently, no significant decrease or in-

crease of toughness can occur (Figs 4—-6). The previouk Conclusions

controversial results on the effect of rubber interlayersRubber-encapsulated glass bead filled epoxies were

on toughening might be caused by different offsettingprepared and their fracture behavior was investigated

between the two mechanisms, i.e. one favorable and thie detail to understand the effect of rubber encapsu-

other adverse. lation. Glass beads were encapsulated with a synthe-
It seemsto be the case that future research must focisszed rubber by using the solution/evaporation method

on how to enhance the favorable effect. For exampleand subsequent curing [12]. As the thickness of the
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rubber layer increased, the degree of aggregation in.

creased, though controlled by milling and sieving. The
fracture toughness,c andG,c, and modulus of com-

posites were found to be marginally affected by rubber,,
encapsulation and aggregation. Rubber encapsulation

was observed to decrease the interfacial strength bez2.

tween glass and matrix. Between the two interfaces in

rubber-encapsulated glass bead filled epoxies, that bé

tween rubber and matrix was found to fail first upon
crack propagation.

Several possible energy dissipating mechanismss.

were identified: step formation, debonding of glass

beads, diffuse matrix shear yielding, and micro-sheaf®

banding. The diffuse matrix shear yielding was initi- .-,
ated by the debonding of glass beads. Among the en-

ergy absorbing deformations, the step formation anas.
the micro-shear banding were found to decrease as tH8-

thickness of rubber layer increased. On the other hand,
the debonding/diffuse shear yielding was found to in-3;
crease with the increase in layer thickness. The lack

of influence of rubber encapsulation on the fractures2.
toughness of composites could be understood by thes.

offsetting effects of several mechanisms.
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