CHAPTER IV

RESULTS AND DISCUSSIONS

4.1 MECHANICAL PROPERTIES OF RUBBER-MODIFIED
EPOXY RESIN

4.1.1 Compression 1

L ——
The ¢ sSion tes to calculate the modulus of
elasticity, the maxd s ture strain of the epoxy and
el 415
the rubber-modifi 8. i tal work, the results of the
compression test a %.m 3 -deformation curve as shown in
Figure 4.1. %ﬁﬂ ‘
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Figure 4.1: The load-deformation curve of 2.5% CTBN with 30% AN-

filled epoxy system from the compression test.
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This compression behaviour of pure epoxy was compare
with those of the epoxy filled with various amount of rubber under
compressed condition. Pure epoxy was found to be more brittle than the
rubber-filled epoxy. This was clearly shown by the easy initiation and
propagation of crack when pure epoxy was compressed. When various

amount of rubber was filled \in tthe epoxy resin, the rubber-modified

epoxy samples tend to shd ¢ Hehayiour beyond the compressive
yield point. The bu d to-have occured due to the shear
yielding in the rubber- untreated NBR and treated

in the present study | of rubber. However, for

the epoxy modified JTEN rubber at 15 and 30 % acrylonitrile
A A

content, crack was not gbserved. Instea e specimens tend to deform

\l

s of rubber and the rubber

content on the compresswe modulus of the rubber-filled epoxy systems
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Figure 4.2: The coniprgssiveimaodalus for pure epoxy and the various
lied e systems.
LA
For '\" yp gpoxy systems in Figure

4.2, it is apparent tlmt the compressive modulll for all types of rubber-
filled epoxy ﬂ % is induced by the
softness of t ﬁﬁgijl ﬂ gj"mlin The rubber can
absorbﬁ\ ﬁﬁ phase. As a
result, rm)qrewc:lorm 1onmwer compresswe modu sﬁ that of the

pure epoxy was observed.

The effect of the titanate coupling agent is clearly depicted
in Figure 4.2. The epoxy modified with titanate treated-NBR possesses
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lower compressive modulus than that of the pure epoxy with untreated
NBR. The titanate coupling agent improves the surface of the NBR
rubber by enhancing a better bonding with the epoxy resin. However,
the compressive modulus of the treated NBR is not much lower than that
of the untreated NBR. For comparison, pure epoxy resin has a
compressive modulus of 2 GPa while those with 20 and 30 % by volume
of untreated NBR-filled can ha ir modulus reduced by 41 and 65 %

respectively. The redu&
NBR where a reducti nd-|B9 compresswe modulus was

ounced with titanate treated

observed. Hence, it is uphng agent is an effective

chemical for decreasi COE .modulus of the NBR-filled
epoxy. ?

For epox d % E the acrylonitrile content
(AN) of 15% and 30%jthe’e oduli are decreased and lie
close to each other This ig: S@;wn; re 4.2. For example, for pure

%. F or the CTBN wﬁ}x 30% AN, the compresswe modulus is reduced by

19and32%ﬂ%&‘ﬂe@ﬂﬂﬂ‘§°ﬂﬂ’]ﬂ'§
9 RRBSES B W B 9 R e

compresswe modulus of epoxy is NBR < treated NBR < CTBN (30%
AN) < CTBN (15% AN) respectively. But it is not yet clear which type

of CTBN rubber would yield easily at a lower compressive modulus.
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The effect of the various types of rubber and the rubber

content on the yield stress of the rubber-filled epoxy systems is shown in

Figure 4.3.
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Figure 4.3: The commessive yield stress for Vamous types of rubber-
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shown ifi Figure 4.3, it is apparent that the compressive yield stress for
all types of rubber-filled epoxy is decreased when the rubber content is
increased. This result goes in the same direction as those of the
compressive modulus. The decrease in the compressive yield stress is

because with the presence of rubber, it is now easier for strain softening
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to take place. When polymer is compressed, only the initial portion of
the stress-strain plot follows the Hookean behavior in which the stress-
strain curve is linear. After that, the stress still increases with an increase
in the strain but the curve is no longer linear. The onset at which the
stress tends to decrease when the strain is increased is called the Yield

point. Beyond this point, epoxy tends to undergo strain softening. The »
lower the yield point, the ea e permanant deformation occur.
In this experimental wor the compressive yield stress

shows that the epoxy @1 r@be r than the pure epoxy.

A com ntreated and treated NBR
r both systems. The
.5 MPa. With 20 and 30

of the NBR-filled epoxy

in Figure 4.3 sho

ai
% untreated NBR, the €0 pre§§ i
AIJ.

Nl oty
q":'“ i
;" [ ¢

The systﬁem modified by CTBN with 15% acrylonitrile

content haveﬂ %'El @T%egiw %Wﬁqfﬂﬁhm by CTBN with

30% acrylomtyle content. At 3-and 10 vol% of CTBN g_/}th 15% AN, the

comprapifd Yidh\fess) ¥ dedfed BYIEFAHRE e white e

compresswe yield stress of the system with CTBN with 30% AN was

reduced by 16 and 28 % respectively. Although the compressive moduli
of epoxy with either CTBN are close, it can be seen from Figure 4.3 that
the CTBN with 30% AN has a better resistance to permanant
deformation than the CTBN with 15% AN.
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As shown in Figure 4.3, the sequence of the ability of rubber
to decrease the yield stress of epoxy is titanate treated NBR < NBR <
CTBN with 30% AN < CTBN with 15% AN respectively. It should be
noted that the treated NBR, NBR and the CTBN with 30% AN reduce
the yield stress at a rate close to each other. Thus it is difficult to

conclude which type of rubber ibits greater ability to decrease the

yield stress.

The effe rubber and the rubber
content on the compze§ fture strain bber-filled epoxy system

is shown in Figure 4. 4¢
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Figure 4.4: Compressive iractu strdin fo [various types of

o

rubber-filled efoEEs

For vaious types of rubber: poky system as shown in

Figure 4.4, it is apparent that the fracture strainds to scatter and does
not exhibit a i ‘ti i ber. In the case of
CTBN-filled ﬂ:ﬁgst ﬂﬂﬁz Yyﬁ ]:Il!ﬁjl an increase in the
fracrurg gy .tzﬂ%ﬂ:mof] ?ﬁa mI ﬁﬂhan 5 vol%.
When the percent of rubber is increased up to 5 % by volume or higher,
the value of the fracture strain can not be measured because the test

sample did not break. Instead, it got buckled and sprang out of the

compression test fixture. The CTBN-filled epoxy has good compressive

property.
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For both the untreated NBR and the treated NBR-filled
epoxy systems shown in Figure 4.4, the fracture strain of both types of
rubber-filled epoxy tends to increase when the volume percent of NBR
used was less than 10 % by volume. However, it tends to decrease again
when the amount of NBR is greater than 10 vol%. The plot in Figure 4.4

ibits higher value of fracture
ﬁ%l of rubber content. When

1ve fracture strain of the

evidently shows that the trea

strain than that of the

compared with the p
NBR-filled epoxy sy ,
reduce by 3.7 and 6 co iy icture strain of the treated
NBR-modified epox i . F | N.S % respectively. The

results clearly show St _ ' led epoxy system can deform

volume of rubber was

Tensile test is one of the most useful test frequently

conducted toﬂl&ﬁ;tgh@ i foledfl ﬁ G| frbparfits of polymers. It is

very similar to'the compression test except that the load for the tensile
st s apple h P Qrpbsi Birabhiof i i f e copiehsion st
this experlmental work, the pure epoxy was tested to compare its tensile
properties with the rubber-filled epoxy. The results of the tensile test as
received are shown in Figure 4.5. The tensile properties obtained for
each rubber-modified epoxy system were averaged from results

generated by eight individual tests.
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Figure 4.5: The load#defor maic e of 2.5 % CTBN (30% AN)-

filled epox :W_ ithe tensile test.

T he i c e test gauge was in the

form of a regtangular aplece and that epoxy 1s hard and brittle thermoset

means thaﬂx%r&,lﬂi%@w ?%ﬁm@ed clearly even when

the tensile t%‘st was conducted to fracturg,
ARIANN I um'mma d
The effect of the various types of rubber and the rubber
content on the tensile modulus of the rubber-filled epoxy system is

shown in Figure 4.6. |
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Tty
systems. ; ——
=) .

LN

The plét In Fig 1C tithe amount of rubber-
filled epoxy resin mas a significant effect @1 the modulus of the

composites. ‘ﬂ)ﬂmﬂﬁ’ﬁﬂ Wepict a decrease in

the tensile ith a ase e rub content. This is
¢ o .,

resultewnlrﬁqaﬂ ﬂ;tﬁ Wbrzﬁﬂw?q?lln the epoxy
sorb t ?;oa opl ot . The

resin which can a applied to the samples rubber-filled

epoxy system deform more easily than the pure epoxy system.

A comparison between the untreated NBR and the treated

NBR-filled epoxies reveals that the tensile modulus of the treated NBR is
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lower than that of the untreated one. This result depicts a trend identical
to that of the compressive modulus from the compression test. It verifies
the effect of the titanate coupling agent in improving the surface
adherance between the NBR rubber and the epoxy resin. The pure epoxy
resin possesses a tensile modulus of 1.1 GPa. With 10, 20 and 30 vol%
rubber added to the epoxy, the tensile modulus of the NBR-filled epoxy
system can be reduced by 12, 53 % while the tensile modulus of
the treated NBR-filled ep,g\h Kﬁ reduced by 16, 40 and 56 %

respectively. A simi su'ln ade as in the case of the

compression test, i. e igent is capable of reducing

the untreated and treated/NF _, 7z e compare with the pure epoxy, the

tensile modulus of the mod,lﬁe_qt?_& tems with 15 and 25 % by volume of

while those of the ﬁjst th
30% acrylonitrile corgent were reduced by 8 and 16 % respectively.

Furthermore, ﬁ ulﬁjlé}&ﬂlﬁj w % w’lﬁquﬂ(ﬁj‘led epoxy systems

are all lower than those of the NBR-modified ones for the same amount
of rubtiet Wdek) The lebaidd wbdltoh b hershb odui in he
CTBN—modlﬁed epoxy systems is believed to be due to the finer rubber
particles dispersed throughout the epoxy resin. Microscopic observation
by application of a scanning electron microscope reveals the average

CTBN particle size for both 15 and 30 % acrylonitrile content to be about
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1 to 20 um. Figure 4.7 and 4.8 shows the CTBN particle size for the 15

and 30 % acrylonitrile-filled epoxy system respectively.

Figure 4. 7ﬂs%h'(g ‘H@a{;gﬁ of CFBN Fithl 5% AN-filled

epoxy system (2000X). ..

ARIANN I 1A1INYA Y
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AN-filled

ﬂ‘lJEJ’J“fIEW]‘ﬁWEJ’]ﬂ‘i

he NBR partigles are m&:h larger. &gmeir average size

a8 W] 0N L | ] 4 B IGURRY i copabe of

mteractmg with the epoxy matrix upon solidification. Hence, better

interfacial bonding is achieved in the CTBN-modified system. The

tensile moduli for both types of CTBN are close to each other.



Figure 4.10: SEM photomicrograph of the titanate treated NBR-filled
epoxy system (500X).

75
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The sequence of the ability for rubber to decrease the tensile
modulus of epoxy is NBR < treated NBR < CTBN with15% AN < CTBN
with 30% AN respectively as shown in Figure 4.6. It is not yet obvious
which type of CTBN, the 15% acrylonitrile or the 30% acrylonitrile

yields lower tensile modulus.

The effect -,n\-;?»
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Figure 4.11: The 0.2% offset yield stress for the various types of
rubber-filled epoxy systems.
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As shown in the load-deformation curve in Figure 4.5, it is
apparent that in the tensile test that most fracture did not occur within the
gauge length. It tends to occur more at the end of the grip. Samples
fractured at these locations, i.e. outside the gauge length, were all
rejected. The yield stress and the fracture strain determined from these
samples are incorrectly. Since pomt on the stress-strain curves

were not well-defined, th / d stress and the 0.2% offset

yield strain were mve

7"’.

It is ap

epoxy systems decreas ith™ A ine in the rubber content. This

epoxy.

ﬁ %%}. i?ﬁrﬁiGF H%ﬁﬂw the treated NBR in

Figure 4.11 reVeals that the treated NBR sgstem has a &wer yield stress
i ) §F5; G TRTITIE 45 T by o 0% o
yield strass of 24.5 Mpa. For epoxy with 20 and 30 vol% rubber, the
0.2% offset yield stress of the treated NBR-filled epoxy system was
reduced by 58 and 68 % while that for the NBR-filled epoxy system was
reduced by 46 and 65 % respectively. It is evident that the titanate
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coupling agent helps the treated NBR-filled system to deform more

easily.

For epoxy systems filled by the CTBN with the acrylonitrile
content of 15% and 30%, Figure 4.11 also shows that the epoxy systems
filled by CTBN with 30% acrylonitrile possess a lower 0.2% offset yield
stress than those from the system filled by CTBN with 15% acrylonitrile.

Compared with pure epo ) t the system with 5 and 10
vol% rubber have thei icld-stress reduced by 17 and 31 %
for CTBN with 15% H\e“systems with the same
amount of CTBN ru lonitrile have theirs reduced
by 17 and 43 % res 0% acrylonitrile cannot
be applied at conce by volume because the
extremely high viscosi impossible to flow and be
processed |

The e—-—— 5 to decrease the 0.2%
offset yield stress ﬁ oXy is ABR < CTBN with 15%

AN < CTBN with 3‘0% AN respectlvely omparison between both

types of CTlﬁ w{'ﬂ W‘%}”W ‘@%r&jﬂf})ﬁ ‘%eater than 10 vol%

because the qu”BN with 30% AN can noLPe processeglat concentration

gresterthabl i @4 ] T A TVIE TR ED

The effect of the various types of rubber and the rubber
content on the 0.2% offset yield strain of rubber-filled epoxy system is

shown in Figure 4.12
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Figure 4.12: The 0.2% :ﬂ -=-§:: n for the various types of

-filled epoxy systems as

shown in Figure 4. 1t is apparent that the 0.2% offset yield strain for

all types of xﬁuﬁ-ﬂcﬂ %}EI lwl?ﬁ gl‘l‘]aﬂ ﬁrease in the rubber

content. This ¥ésult is due to thJ; toughness of the rubber phase dispersed

o 0 R B TR A 44 B e o

property Jand consequently make the epoxy system toughener and easier

to deform.

The epoxy systems with titanate-treated NBR have higher
yield strains than those with untreated NBR. Pure epoxy has a yield
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strain of 1.3%. For epoxy with 20 and 30 vol% rubber, the yield strain of
untreated NBR system can increase by 40 and 32 % while those of the
treated NBR system increase by 40 and 52 % respectively. This is
because the titanate coupling agent is capable of improving the
interfacial bonding between the treated NBR and the epoxy matrix.

Consequently, more extension is observed in the treated NBR systems.

For the CTEM!!/ Figure 4.12 shows that the

system with 30% ac conientm a higher yield strain than
that with 15% acrylonitei ;. With S and 10 vol% CTBN, the
yield strain of the sy I3 Rtan
increased by 34 and : the ‘one 15% acrylonitrile have
theirs increase by onl i ) stively. This is because CTBN

0.2% offset yield stral}x is NBR < treated NBR < CTBN with 15% AN <

CTBNW““P’(WEJ’W]EJV]?WEﬂﬂ'ﬁ
AR1AINT u‘mmﬂa d

4. f 3 Izod Impact Test

Izod impact tests measure the energy expended upto failure

under conditions of rapid loading. Information obtained from impact
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tests may be used to determine whether a given plastic has sufficient

energy-absorbing properties to be useful for a particular application.

The effect of various types of rubber and the rubber content
on the Izod impact strength of the rubber-filled epoxy systems is shown

in Figure 4.13.
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epoxy systems.

The Izod impact energy for all amount of the untreated NBR
and the treated NBR systems is lower than that of the pure epoxy. The

pure epoxy resin possesses an impact energy of 30.4 J/m. The impact
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energy tends to decrease when the amount of NBR and treated NBR
filled in the epoxy is less than 10% by volume. Beyond 10 vol%, the
impact energy was found to increase. With 10, 20 and 30 vol% of rubber
added to the epoxy, the impact energy of the NBR-filled epoxy system
can be reduced by 41, 26, 4 % while those for the treated NBR-filled
epoxy system can be reduced by 32, 22 and 2 % respectively. This is due
to the large particle size and th&r eactive surface of the NBR and the
treated NBR. Althought

NBR, the impact eneth mkreaﬁmuch When the amount of
— initi \\asLQnd it propagated rapidly
: Nge. They ranged from

B\q&of the rubber was raised

sed to treat the surface of the

the NBR was low, cr
because the NBR
about 100-300 um.

S (= 4
to more than 10 vol% Wi 'J %s equired for crack to propagate

, it was found that the impact
energy for CTBNewith 15% ac ':;; tv/increases slower than
that from the CTBN-with 30% acryl | SY tﬂn However, both types
of CTBN show an in%rease in the imglct energy with an increase in the

amount of ruﬂeu ﬁeﬁ%%éﬁ: %%(qrﬂ‘lﬁbout 1-20 pm, they

were much smqa'ller than the NBR. The smaller particlesize means crack

has o @gtiicl b fiors andtalfn oo e i b targer ones,

More energy was dissipated while crack propagated. Hence, greater

energy was required to break the specimen with CTBN finer particles.

In this experimental work, It can be concluded that CTBN(30%

AN) has the most effectively increase the impact energy. Pure epoxy has
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an impact energy of 30.4 J/m. With CTBN with 30% AN by 5 and 10
vol%, the impact energy of the CTBN modified system was increased by
11 and 33 %. For CTBN with 15% AN, the impact energy was raised by
3 and 5.4 %.

4.1.4 Falling weight tes

twltnpﬁ.a circular disc of material
is impacted by a metal da h a hen , cal tip. The result of the

In the falli

falling weight test i d /by estween the force and the

displacement curve as
this test can be calculfitall As’ .‘ ‘ “ hé curve. The tests are
carried out either at condi
of that required to brea ; SPEx in » low level of impact energy

so that damage tolerance and;the [ ble initiation of a crack can be
T e )

observed. Besides;the falli ng weight test can also yield the deformation

H‘-ﬁ-—-u-n-—._ -,

f. . _\
upon fracture while-1zo aly the impact strength and

the impact energy.

ﬂ‘LJEJ’WIEWﬁWEJ’m‘i
ammmm AN Y
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FORCE

'_-3‘ e-displacement

Figure 4.14: y—""" g

cu from the falhng weight tes for brittle and

ﬂﬂﬁ”&%ﬂﬂﬁw g9
Q w’]‘ﬁ% %’ﬂd"“% qth E}%ﬁt&]types of rubber

and thé rubber content on the energy of the rubber-filled epoxy systems

is shown in Figure 4.15.



85

2.5 B
25 CTBN(15% AN)
A / Treated NBR
o
15 | 3 NBR

—& Treated NBR
.2-CTBN (15% AN)
o CTBN (30% AN)

Falling Weight Energy (J)

0.5 L.

0 - P |
0% 5% / \ 30%  35%
‘Amoint ﬁ ’ volume)
e
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|
apparent that the e;l
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A comparison between the untreated NBR and the treated

epoxy systems, it is

rgy for all types of rubdn' filled epoxy increases

NBR shows that the energy of both the untreated NBR and the treated
NBR-modified epoxy was enhanced. However, the treated NBR has a
higher energy than that of the untreated NBR. Pure epoxy possesses a
energy of 0.43 J. The epoxy with 20 and 30 vol% of the untreated NBR-
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filled epoxy can have their energy increase by 158 and 258 % while
those of the NBR-filled epoxy can increase 128 and 237 % respectively.
This is because the titanate coupling agent treated on the surface of the
NBR had reacted and form some interfacial bonding with the epoxy
matrix. When the metal dart dorpped and impacted the sample, the

treated NBR-filled epoxy can absorb more energy than the untreated

NBR ones. The area under e which represent the energy
absorbed by the treated U@y is greater than that of the
untreated NBR.

—'!

The CTBN with 30% acrylonltrlle content solidified to smaller partlcles

and yielded ﬁeuﬁufjaﬁ Wf% wmanbﬂmdlng between the

rubber and th® epoxy matrix 6,than the CTBN with 15% acrylonitrile

contenG R BRI K B G PRpEpsimen.

The sequence of the ability of various types of rubber to
increase the energy of epoxy is NBR < treated NBR < CTBN with 15%
AN < CTBN with 30% AN respectively.
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The effect of the various types of rubber and the rubber
content on the deformation of the rubber-filled epoxy systems is shown

in Figure 4.16.
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For various types of the rubber-filled epoxy systems, it is
apparent that the deformation for all types of rubber-filled epoxy
increases with the rubber content. This can be explained in terms of the
energy dissipation. When rubber is filled in the epoxy matrix, the rubber

phase is the important part to absorb and dissipate the energy applied and
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increase the deformation of the modified epoxy. As shown in Figure

4.16, the more rubber content filled in the epoxy, the greater will be the

deformation.

A comparison of the untreated NBR and the treated NBR

shows the treated NBR to have undergone more deformation than the

which is equivalent to a strain of 240 specimen thickness. With
20 and 30 vol% rubbe% & epe «deformation of the treated
NBR-filled epoxy sys NQre: 4' ‘ and 144 % while the
deformation of the u i AN system were increased by
only 25 and 110 % g,i coupling agent is
capable of increasing ‘ re energy of the treated

X
and- 30 vol% of CTBN with

30% acrylomtrlle coratent was 1ncreased by 30 and 67 % while the

stomaion B3 FRI0AT RN 5 15% e

content was incfeased to only 26.3 and 27 % rﬂspectlvelb

ARIANNTIUARTING IR Y

The sequence of the ability of the rubber to increase the

deformation of the

deformation of epoxy is NBR < treated NBR < CTBN with 15% AN <
CTBN with 30% AN respectively.
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4.1.5 Double Torsion Test

The double torsion test is one type of tests used to evaluate
the energy required to break a material. This energy is known as the
fracture toughness. In the present work, the effect of various types of

rubber and the rubber content on the stress intensity factors (Kic) of the

rubber-filled epoxy system 'Uated in Figure 4.17.
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T | ey .
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. f

&&‘U&JL’J AT T

Amoiint of Rubker (% by volume)

YRIANNIUAUNRIVET1A L

Figur% 4.17: The stress intensity factor for the various types of

rubber-filled epoxy systems.

Figure 4.17 illustreates an increase in the stress intensity

factor (Kic) with the rubber content. The stress field around a sharp crack
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in a linear elastic material can be uniquely defined by a parameter named
the stress-intensity factor, K. Fracture occurs when the value of K
exceeds some critical value, Kc. Thus K is a stress field parameter
independent of the material whereas K¢, often referred to as the fracture
toughness, is a measure of the material property. The results of the

present research show an increase in the stress intensity factor with the

rubber content. This impli t‘ ,}} epoxy is toughened by the amount
of rubber filled into it. ) @

T A—
f

The se the' al f ' Q bber to increase the stress

intensity factor is jate ; CTBN with 15% AN < CTBN |
with 30% AN respécti ‘A \' tween the untreated NBR
and the treated NBR's % : ost the same value of stress
intensity factor. T e * "' 4 ghtly higher stress intensity
factor which may b up;m‘ -~‘ effect of the titanate coupling agent
Figure 4.17 also 1llustral;éﬂ}§/ O¢ pes of CTBN result in greater

levels of stressdintensity factor than the NBR “The smaller particle size

of the CTBN syﬂ' ’
CTBN particles an@tb‘e €poxy matg'}

AUYINYNTNYINT

rom the stress intensity factor, the fracture energy (Gic) can

be chbilated bbb o Basabenia 139 VI EJ 71 &) EJ

erfacial adhesion between the

4

Ge = [(1-VAVE*K 2 + [(1-VAVE]*Ku® + [(1+V)/E]*Kme®  (4.1)

or epuivalently

\
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Gc = Gie + Grie + G (4.2)
For Mode I fracture
Gic = (Kic)"/E (4.3)

E is the modu us, of elasticity. The specimens tested by

double torsion techniq Jue ) 1 ’a prestat work failed in mode I manner.

Hence, Equation (4:3)-caii-be a h@out the present work.

The efi ibber and the rubber content 4

on the fracture e epoxy system is shown in

Figure 4.18.

ﬂuEI’WIEWlﬁWEI'm’i
’QW]NF]‘?ENLIWI’JVIEI’]MI
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Figure 4.18: The frh 88, ous types of rubber-filled

}‘3 dJJ e
epoxy -~-:: : E
.-ﬂf-‘-’ oy ;‘!

L ’Yf- :f of rubber-filled epoxy
increases with thmrubber content. e seq\.@me of the ability of rubber

to increas ﬁ\j fﬁﬁeﬁt ﬁt?R < CTBN with 15%
AN < CT th ﬁﬂzlc vel
AN IHINI NS
A comparison een the d the tréated NBR shows

a higher fracture energy in the treated NBR-modified epoxy. Pure epoxy
system has a fracture energy of 1074 J/m?. With 20 and 30 vol% rubber
added to the epoxy, the fracture energy of the treated NBR-filled epoxy
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was increased by 259 and 543 % while that of the NBR-filled epoxy was
increased by 213 and 385 % respectively.

For CTBN-modified epoxy systems with acrylonitrile

content of 15% and 30%, when compare with the pure epoxy, the

fracture energy of the systems modified by 5 and 10 vol% of CTBN with

ubber which has the density about 0.95

oxy resin. The d 1ty of the epoxy resin is
X
o> densities for the rubber-filled

epoxy systems are ’O 9and 1.2 g/cc The important part of this test is the

B ﬂ%ﬂ]“ﬁ“’f‘} Eﬂ‘ﬁ ST
QI VT S48 A b e sty of

the ruqbber-modlﬁed epoxy with the rubber content. The reduction in the
density tends to follow the Rule of Mixture. Scattered values from the
ideal line calculated from the Rule of Mixture arise possibly due to the
operator’s error in this experiment. The use of an extremely long column

may reduce such error.
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Figure 4.19: The densi_’gg o yarious types of rubber-filled

h.g-_-- .......... _

Vf—— : xl

For g‘e NBR-ﬁlled epoxy systeﬂ shown in Figure 4.19, an

e 8 BR800 s

decrease in’the density by 1 ‘7 3.6, 5.4, 7 1, 9.7 and 12 5 % respectively
in c%ﬁf})ﬁv&ﬂfj m%%q{}ﬂﬁqﬁ Hn of the results
obtaiﬁed from the calculated values based on the Rule of Mixture is most
prominent in the case of NBR. This is possibly due to the fact that the
NBR solid particles tend to form agglomerated upon dispersion in epoxy.
Air or voids might have been entrapped or created in this NBR

agglomerates and consequently the density of the NBR-filled epoxy
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system is reduced. The greater the amount of NBR, the more possibility

of air or voids be created in the agglomerates.

For the treated NBR-filled epoxy system shown in Figure
4.19, an increase in the treated NBR content from 5, 10, 15, 20, 25 and
30 % results in an decrease in the density by 1.5,2.7,4.1,6.1,7.8 and 9.2

omparisorn v‘ﬁ ﬁt of the pure epoxy.
AV,

For the& with 15%-acsylonitrile content or CTBN
(15% AN)-filled e ' show

CTBN content fro

% respectively in ¢

igure 4.19, an increase in the

i
H___ —

- (30% AN)-filled epoxy sysiem SHOWE i

CTBN conten from 2.5. 5. 7.5 an Its in an decrease in the

12,357 _-__ﬁ

density factor byﬁ. 0.8, 1 sectively in comparison with

that of the pure epoxy. w
AUYINININYING

4.2.2%ynamic Mechanical Theamal Analysib(DMTA) Test
ARIANNIUARIINE IR Y
Many important synthetic polymers consist of long, flexible
chains of very high molecular weight. In many cases, individual chains
are randomly coiled and intertwined with no molecular order or structure.
Such a physical state is termed amorphous. Below a certain temperature

called a glass-transition temperature (Tg), long-range cooperative
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motions of individual chains cannot occur; however, short-range motions
involving several contiquous groups along the chain backbone or
substituent group are possible. Such motions are called secondary-
relaxation processes and it can occur at temperatures as low as 70 K.
“The glass-transition temperature can be determined by a wide range of

techniques for example in the measurement of volume (dilatometry),

specific heat (calorimetry) and i @ anical properties and particularly the

mechanical analysis.

The D is : _of measuring viscoelastic
properties of pol fas- 3 odulus (G’) and the loss

ited against the temperature.

in the rubbery statefthé molecular Weightbetween crosslinks (M;) and
the strand density or fhe,& _' ity of polymer can be evaluated

from these property-te mperature | CUrves. Figure 4.20 illustrates an

ﬂ‘IJEJ’J‘VlEJV]ﬁWEﬂﬂ‘i
Q‘W’]ﬂ\‘iﬂ‘im UAINYAY
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‘0’0: 3 10

tan §

01

o 4] T 0 BRI s i

and loss factorgtan & plottﬂ against the temperature at

o VA7) v o b 160 DOEBADDAGbbrk. The

system was cured for 1 hr at 100 °C and 1 hr at 180 °C.

In the present DMTA work, dynamic properties such as the

bending modulus (E’) and the loss factor (tan ) were obtained as plots

\
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against the temperature. The glass transition temperature of the epoxy

and the rubber can be defined and located as illustrated in Figure 4.21.

160
\, Treated NBR l
140 jradetdeefi—=""7" " = e
2 r‘:L NBOR
1 CTBN(15 % AN)
CTBN(30% AN) i
120 +
Tg of Epo y/
O 100 +
N’
o0
a8
s 80 + '
t
= — % NBR
= 7 |
= 60 —a-Treated NBR
=P 5 ‘
g 1'—.-aCTBN(15% AN)
)
~ ----e-CTBN(30% AN)
= 40 +
.2
)
‘%
=
S 20+
=
2 _
=
O 0+ \ ‘
m‘ Treated NBR
0
NBR
-20 +

ﬂfﬁwﬂm wﬂ’lﬂ' TBN(15% AN)

’QW Mﬂ‘ml NMW’JWEI']@EI

9 -60 - +
0% 5% 10% 15%

Amount of Rubber (% by volume)

T

20% 25% 30% 35%

Figure 4.21: Glass transition temperature of epoxy, untreated and treated

)

NBR and CTBN with 15 and 30 % acrylonitrile.
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Figure 4.21 shows the difference between the T, of pure
epoxy system and the T, of the rubber-filled epoxy systems. For
untreated NBR and treated NBR-filled epoxy system, the glass transition
temperature of the epoxy therein is increased with the rubber content.

Pure epoxy has a T, of 138 °C. An addition of 10 vol% NBR can

increase T, of epoxy to 139 10 vol% of the treated NBR-filled
epoxy can increase the 138.5 °C. The increase in the
glass transition te of-l:po to the presence of the NBR

partlcles which M :

more than tha‘.: Df the C wit 15% AN/ For example, 15 vol%
CTBN(15% led e : S€ ﬁj'l‘ of the epoxy to 132 °C
while only 5 vol% CTBN(30% A&D ﬁlled epoxy can decrease the T, of

the epoxyﬁ W’gﬁqsﬁ}'%ﬁw Ejfﬁ}ﬂ%e about 4.4 and 1.5 %

respectlvel

The glass transition temperature of the rubber was observed
over two ranges, one for the untreated NBR and treated NBR and the
other for the CTBN with 15 and 30 % acrylonitrile. The T, for the first
one did not change when the rubber content was increased. But for

CTBN modified epoxy system, the T, of the rubber increased slightly
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when the rubber content was raised. This can be due to the compatibility
between the epoxy resin and the CTBN. However, it must be noted that
for both types of CTBN, the T, of the CTBN itself is about -37 °C. This
T, of the CTBN lies very close to the B peak of the epoxy as shown in
Figure 4.20. Hence, the value of T, of the CTBN rubber may not be

accurately defined because of the difficulty due to the overlap of the two

peak in the DMTA scan. ‘
WY,
From @ n@ test, another significant

ecula t between crosslink or M..

property can be eva

The molucular w ws whether the molecular
weight of the pur ing point is high or low
High M, means the crosslinks which results in
high movement of tk erally, polymer which has high

sht between crosslinks can

be done by apphcatgn of the Stgt] tistical Theory Of Rubber Elasticity

under the ﬂxu &J @M%}:%ﬁpw&} f}lﬂtﬁlastlc and rubber-like.

The molecu?ar weight between crosslinks can be foupd by the use of the

rela@mmmamwm nenae

Log (G'/3) = 6+ (293p/M,) (4.4)
\

G’ is the bending modulus. In the present work the value of

G’ was found at 200 °C. The term p is the density of the corresponding
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rubber-modified epoxy systems and the M. is the molecular weight

between crosslinks.

The bending modulus for the rubber-modified epoxy with

various types and concentrations of rubber is shown in Figure 4.22.

CTBN(15% AN)

Treated NBR
NBR

>

Bending Modulus, E' (MPa)

Il | ‘
30%  35%

Amount of Rubber (% by volume)

e o YA AN i
RIS TINea Y

This study found that the bending moduli for all types of
rubber tend to decrease with the rubber content. This means that the
rubber-filled epoxy system is more flexible than pure epoxy. The

sequence of the ability of rubber to decrease the bending modulus of
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epoxy from low to high is CTBN with 30% AN < CTBN with 15% AN <
treated NBR < NBR respectively.

Figure 4.22 shows that the rate of decreasing in bending
modulus of the treated NBR is smaller than that of the untreated NBR.
For pure epoxy, the bending modulus is 44 MPa but when 5 and 30 vol%

untreated NBR is disperse .\ / oxy, the bending modulus is
decreased to 34 MPa and 10 MF &vely For the treated NBR-

, ﬁ with 30% acrylonitrile,
a decrease in the CTBN content from 2.5, 5, 7. 5 and 10 % results in a

P wg'anw PRty
AMIANTUNNIINYAY
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Figure 4.23: Molucula crosslinks for various types of

rubber-filled ¢pasy ystems.

that molecular weight

between crosslinks or all types of rubber-ﬁlle’ epoxy systems tends to

increase w1tﬂlﬂ12]>l%' ﬂxﬁrﬂ 3\“ mﬂa‘%a molecular weight

between crosslinks of 302 g/ng;ol Increasmg the amo%}t of CTBN with

15 ARAE SR BN 1 20 3 Bden case e

molecuﬂar weight between crosslinks to increase to 390, 470 and 525

g/mol. This is equivalent to an increase by 29, 56 and 74% respectively.
Also implied in Figure 4.23 is the sequence of the ability of rubber to
increase the molecular weight between crosslinks. The order of the

ability is CTBN with 15% AN < CTBN with 30% AN < treated NBR <
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NBR respectively. In the case of CTBN with both 15% AN and 30%
AN, the rate of increasing the molecular weight between crosslinks are

closed to each other.

The strand density of the epoxy resin can also be found

according to Equation 4.5.

v = G’/(KgT) (4;5)

The te at the temperature that

. the epoxy is in its rub is the strand density. It

is defined as the king chains per unit volume.

Boltzmann’s consta < _ésﬁ,' by Kz ' quation 4.5; its value is

- r Ef“: 4 ’
: ;5@ the ab \ e temperature that induce

#

the epoxy to be in its rabbetslike stat

The %— nsity impit i’f’ e epoxy resin has low
or high degree of goss ks. gh strand c@nsity is related to high

degree of crosslinks. fLewer strand density relates more to the softening

oy, A HEANENTHYING
QRAANNAMIAVIILILA Huer e

on the strand density of rubber-filled epoxy systems is shown in Figure

4.24.
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- -A-CTBN(
--9-CTBI
0 + u %
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y volume)
Figure 4.24: The strand densit gus types of rubber-filled epoxy

systems. ,:-r———..—'f =
Y _ _ A A

Y]
e strand density of the

rubber-filled epoxy ‘systems decreases when the rubber content is

s 46 8 PS4 I o i in e

epoxy matrlxq(l,an interupt thecrosslinki ng reaction between the epoxy

and RN I HUTINET Y

The sequence of the ability of the rubber to decrease the
strand density is CTBN with 15% AN < CTBN with 30% AN < treated
NBR < NBR respectively. In fact, the rates of decreasing for CTBN with
15% AN and CTBN with 30% AN are close to each other. The rate of
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decreasing the strain density for CTBN is lower than that for the treated
NBR and the untreated NBR because CTBN particles can react with
epoxy molecules while treated NBR and untreated NBR hardly react or

does not react with epoxy at all.

For NBR-filled epoxy systems, an increase in NBR content

M

system, an increase in treated

\, ults in a decrease in the

0

174 % respectively.

\

For CT AN)-filléd epoxy system, an increase in

strain density by 19 ‘ ‘ 3

5, 20 and 25 % results in a
12, 25, 40, 50 and 57‘%

R0y A £
respectively. T Y]

CTBN content from 1

. . AT "
decrease in the strain density by 2.9 G

J 0

For CTBN(30% AN)-filled epoxy system, an increase in

CTBN cont&}l uﬁliﬁjgl &]%rﬁ w %I %ﬁl}sﬁn a decrease in the

strain density by 10, 16, 27 and 29 % respectively. s

TRANNIUNRING 18 Y
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4.2.3 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry or DSC is a thermal
analysis instrument that can be used to test many plastics. The DSC has
been used to determine the transition temperature and the heat flow
associated with material transition as a function of time and temperature.

litative data on the endothermic

)eat evolution) processes of

. ‘ . . . .
: 1t1(Qs information helps in

nd-usé -performance of the tested

N

It also provides quantitativ
(heat absorption) and .t
materials during p

identifying the pro

polymers. f =2 )

One im ,,r @\\. rty of plastic which can be
tested with the DSC i gl -. " ~. .\- nperature (T,). Figure 4.25
shows the glass transiti Jeny -‘n' or various types of rubber-filled

— —
W,

Y

g
AUEINENINYINT
RINNIUUNIININY
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Figure 4.25: The glass om the DSC test
for various ty hes and concentrations of rubber-filled

_,,-,.f.u

epOX}

e ~5i

The glﬂs transition temperature found in the DSC test is not

identical in ﬂlﬂﬂtkat ﬂ% 43 ngﬂﬂl‘ﬂ ?t. This is because

both equipmehits have a dlfferent rate of heatmg Pure epoxy in the

DN\ Y P DY BT TEIFFE I B B o b

117°C. %

For DSC test, when NBR and treated NBR is filled in epoxy
resin, the glass transition temperature of the epoxy tends to increase with

the rubber content. But when CTBN with 15% AN and CTBN with 30%
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AN is filled in epoxy, the glass transition temperature tends to decrease.
Untreated and treated NBR both have very large particle size. Hence
they tend to interupt the reaction of crosslinking between the epoxy resin
and the DETA curing agent. Hence the T, tends to increase. However,
the T, of the CTBN-filled epoxy resin shows a decrease with increase
CTBN content because CTBN particles was capable of reacting with

epoxy resin. Interfacial bo : developed and hence the epoxy

m are considered partially

e'l'l"g Q -filled epoxy system is

compatible. Conseq
decreased. TARN

T, by 3.4, 6, 8.5, 9,3.

s AR T BRTHTem, a0 s i

CTBN content from 1.5, 2.5,3.5, 5, 10515, 20 and 25 % results in a
decrealégl wam @ ﬁmu %ﬂ Q,ﬂ&l m&l and 11.1 %

respectively.

For CTBN(30% AN)-filled epoxy system, an increase in
CTBN content from 2.5, 5, 7.5 and 10 % results in a decrease in the T,
by 0.9, 3.8, 6.8 and 9.8 % respectively.
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4.2.4 Fractographic Studies

The study of the fracture surface of the rubber-filled epoxy

systems are shown in their fractographs in Figures 4.26 to 4.38.

d
V\
i
3
»
18
i
4
-
;

1)

AMIAINTAUIMINGIAY

Figure 4.26: SEM photomicrograph of pure epoxy (1000X).



Figure 4.27: SEM . %ér%ﬁ of.10 V1% CTBN with
i ﬂe{-,"ﬁl,‘lé_d‘éppxy syéiem (1000X).
-l \ \
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l - 2oky w1, @00 T 18Mn 208314,
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Figure 4.28: SEM photomicrograph of 10 vol% CTBN with
30% acrylonitrile-filled epoxy system (1000X).
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Figure 4.29: SEMgfoidfiiftoora VIQ:L‘;/o CTBN with
15% agtylbulitrilg-illedl epoxyisystem (2000X).

Figure 4.30: SEM photomicrograph of 10 vol% CTBN with

30% acrylonitrile-filled epoxy system (2000X).



Figure 4.32: SEM photomicrograph of 20 vol% NBR-filled epoxy
system (200X).

L13
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1oGum 800112

Figure 4.34: SEM photomicrograph of the hole from NBR-filled epoxy
system (200X).



Figure 4.36: SEM photomicrograph of the hole from treated NBR-filled
epoxy system (500X).
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IPem B06187

003 N

grograph of the hdle from treated NBR-filled

Figure 4.38: SEM photomicrograph of the hole from treated NBR-filled
epoxy system (750X).
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Figures 4.26 to 4.28 compare the surface of pure epoxy,
CTBN with 15% acrylonitrile-filled epoxy and CTBN with 30%
acrylonitrile-filled epoxy. Pure epoxy undergoes brittle fracture and its
fracture surface is flat and smooth. The CTBN with 15% acrylonitrile-
filled epoxy has a rougher surface than that of the pure epoxy. The

CTBN particles fall within th: of 2-20 um. The CTBN with 30%
?

acrylonitrile-filled epoxy: ‘the surface and its particle size

. . ,\; e ——

ent from Figures 4.27 and

4.28 that the dispersi Re/CTB! 30%.acrylonitrile-filled epoxy

acrylonitrile-filled =.<;-:--——:-—:--‘--=:—ff,,—l-:-‘—f'-"—"f“
filled one but at a ggh - caa be seen clearly that the
fracture surface of the CTBN with 3% acrylonitrile-filled epoxy system

is much rougﬁ; uaﬁjt@ mtﬁJ %@W &Jl’-}’ﬂ@lonnﬂle filled one.

This is the reaso i CTBN with 30% acrylomtn&ﬁlled epoxy is

much %ﬂg}ﬁ m Mﬁgﬁx nﬂ q a E.l

Figures 4.31 to 4.33 show a comparison of the fracture
surface between the CTBN with 15% acrylonitrile-filled epoxy system,
NBR-filled and the treated NBR-filled one. It is seen that the fracture
surface of CTBN with 15% acrylonitrile-filled epoxy system is much
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rough than the others. This supports the results that CTBN with 15%
acrylonitrile-filled epoxy system is tougher than NBR and treated NBR-
filled epoxy systems. The surface of the NBR and treated NBR-filled
epoxy systems do not exhibit any significant difference. Both of NBR
and treated NBR-filled epoxy systems are more brittle than the CTBN-

filled ones.

Figures 4 hole which occured after the

NBR particle fromw ' @m had fallen out of the

fracture surface. T he hole and smooth. This implies

that very little or s ‘en the NBR particle and
the epoxy matrix o |
._q_‘,‘

Figures ; éﬂ le which occured after the

treated NBR had failen uﬁﬁ_’lhe SU t can be seen that some parts

Instead, it is rou@ wi mﬂ plastlc deformation had

taken place during fracture. This clearly verifies that the NBR which had

been treatecﬂ ug ’% w ﬁ%ﬁtﬂn&d&?ﬂﬁlg agent forms some

interfacial bondm with the epoxy matrix, However, the bonding is still
not s@nﬁeﬁl@lﬁfﬂ)ﬁm u%a;n&&afmmg out of the

matrix.
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