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Poly(styrene-co-acrylonitrile) (SAN) was found to be miscible with the tetraglycidylether of
4,4’-diaminodiphenylmethane (TGDDM), as shown by the existence of a single glass
transition temperature (T4) over the whole composition range. However, SAN was found to
be immiscible with the 4,4'-diaminodiphenylmethane (DDM)-cured TGDDM. Dynamic
mechanical analysis (DMA) shows that the DDM-cured TGDDM/SAN blends have two Tgs.
A scanning electron microscopy (SEM) study revealed that all the DDM-cured TGDDM/SAN
blends have a two-phase structure. The fracture toughness Kic of the blends increased with
SAN content and showed a maximum at 10 wt% SAN content, followed by a dramatic
decrease for the cured blends containing 15 wt% SAN or more. The SEM investigation of
the K¢ fracture surfaces indicated that the toughening effect of the SAN-modified epoxy
resin was greatly dependent on the morphological structures. © 2000 Kluwer Academic
Publishers

1. Introduction In recent years, high performance thermoplastics
Epoxy resins (ER) are one of the mostimportant classesave been employed to toughen epoxy resins. Vari-
of thermosetting polymers. They are widely used as maeus types of thermoplastics, such as poly(ether sul-
trices for fiber-reinforced composite materials and adgone) (PES) [20—-24], poly(ether imide) (PEI) [25-29],
structural adhesives [1-4] due to their good thermal angholy(ether ether ketone) (PEEK) [30-32], etc. have
chemical resistance, high tensile strength and moduluseen explored to modify epoxy resins. Some results
and dimensional stability. In particular, tetrafunctionalindicate that a fine phase-separated structure and good
epoxy resins have been increasingly used in the applicanterfacial adhesion between the two separated phases
tions for advanced composite materials in the aerospaagsually yield greater fracture toughness. The enhanced
and aircraftindustries [5—-8]. However, the inherent brit-toughness of these systems has been suggested to arise
tleness of these highly crosslinked networks constrainfrom crack pinning and the rupture of the dispersed
their use, and thus many studies have been made thermoplastics [20, 33].

improve their toughness and crack resistance. One of A series of studies on the modifications of difunc-
the most successful methods of improving the toughtional ER with thermoplastics have been investigated
ness of epoxy resin is to incorporate a second phase @fi this laboratory. It is of not only academic but also
dispersed rubbery particles into the crosslinked polypractical interest to study the toughening mechanism
mers [9-15]. As a dispersed phase, the elastomer actof tetrafunctional epoxy resin because of their higher
ally acts to alleviate crack propagation and enhance therosslinking density and increasing use in aero indus-
toughness of epoxy resins. In these systems, the tougkries. In the case of the modification of epoxy resins
ing has been considered mainly to arise from sheamsing high performance thermoplastics (especially with
deformation in the matrices. It is also noted that thehigher strength, ductility and higher temperature resis-
inclusion of a rubbery component could cause the lowtance), the toughening effect should be relative not only
ering of the modulus, and thermal stability of materials.to phase structure and interfacial adhesion, etc., but also
Elastomers have successfully been applied to improvéo the excellent mechanical properties of the thermo-
the toughness of epoxy resins with low crosslinkingplastics used. In order to examine the effect of the mor-
density. However, it has been demonstrated to fail tgphology in the thermoplastics-modified epoxy resins
enhance the toughness of highly crosslinked thermosetn toughing and to separate the effect of ductility of
ting polymers [16—19] such as tetrafunctional epoxythe thermoplastics themselves on the toughening
resins. effect as far as possible, we had studied the
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bisphenol-A-type epoxy resin modified with poly- ‘P

(styreneeo-acrylonitrile) (SAN) [34]. It was found that

the cured ER/SAN blends were heterogeneous ant % W

had a two-phase structure, and the fracture toughnes HA
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showed a substantial improvement. As further research
this work concerns the morphology and fracture be- O
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haviour of blends of tetrafuntional ER, i.e. the tetragly-
cidylether of 4,4diaminodiphenylmethane (TGDDM)
and poly(styrenaso-acrylonitrile) (SAN). The SAN
used is a commercially available thermoplastic poly-
mer, with 25 wt% acrylonitrile content.

Figure 1 The schematic diagram of three-point bending specimen for
measuring fracture toughness.

a torsion pendulum. The frequency used was 5 Hz and
the heating rate was3°C/min. Specimen dimensions

2. Experimental _ were 20x 5 x 1 mn¥,
2.1. Materials and preparation of samples

Tetrafunctional epoxy resin(ER) AG-80, with epoxy
equivalent 115-135, i.e. the tetraglycidylether of2.4. Morphological observations
4,4-diaminodiphenylmethane (TGDDM), was sup- Toinvestigate the phase morphology of the DDM-cured
plied by Shanghai Institute of Synthetic Resins, TGDDM/SAN blends, the specimens were fractured
Shanghai, China. The poly(styrene-acrylonitrile)  under cryogenic conditions using liquid nitrogen. The
(SAN) used was Kibisan PN-127H AS resin with 25 fractured surfaces thus obtained were etched in chlo-
wt% AN content (Chimei Petrochemical Co., Inc., roform at room temperature for 4 hours. The solvent
Taiwan) and a meltflow index of 6.0 g/10 min; it has preferentially etched the SAN phase while the cured ER
a viscosity-average molecular weight of 132 000 [34].network remained unaffected. The etched sample was
The curing agent used was 4gdiaminodiphenyl-  dried to remove the solvent. THéc fracture surface
methane (DDM) (chemically pure grade, Shanghaiwas also observed. A Hitachi X-650 scanning electron
Reagent Co., Inc., Shanghai, China) and was used ificroscope (SEM) was used for these observations, be-
stoichiometric ratios of epoxide/amine. fore which the surfaces were coated with thin layers
TGDDM/SAN blends were prepared by solution (20 nm) of gold.
casting from acetone. The solvent was evaporated
slowly at room temperature. The residual solvent was
removed under vacuum at ambient temperature foR.5. Fracture toughness
2 weeks. Fracture toughness was measured by the notched three-
To prepare the DDM-cured TGDDM/SAN blends, point bending test with an impact velocity of 1.5 m/s
SAN was first dissolved in acetone with continuous stir-according to ASTM E399. The schematic diagram of
ring at 60°C and then poured into TGDDM. The mix- three-point bending specimens is shown in Fig. 1. The
ture obtained was first degassed at atmospheric pressutentral V-notches were machined into the bars, and ex-
and then under vacuum at 120 for half an hour and tended by pressing a fresh razor blade into the tip of
then cooled to 100C. Then, DDM was added to the the notch to give a crack length of33+ 0.3 mm. The
mixture at 100C with continuous stirring until a ho- thickness of the specimens was about 10 mm and a
mogeneous ternary mixture was obtained. The ternaryninimum of five specimens were tested to obtain the
mixture was cured in a Teflon mould that was highly average value in all cases.
polished. The samples were cured successivelyd80  The critical stress intensity factons,c, i.e. fracture
for 2 hours, 140C for 2 hours, 180C for 2 hours, and toughness, were calculated using the equation
post-cured at 220C for 5 hours.

Kic = [PcS/BW¥?] f (ﬁ> (1)
2.2. Differential scanning calorimetry (DSC) W

Calorimetric measurement was performed on a Perkin

Elmer DSC-2C thermal analysis apparatus in a dry ni_whereP(; is the load at crack initiatiorB is the thick-
ess of specimers is the span widthWV is width of

trogen atmosphere. The instrument was calibrated wit X X X

an indium standard. To remove the thermal history of:N® SPecimen, andis the crack length (see Fig. 1).
the samples, a thermal pretreatment was used in which

the sample temperature was elevated to “Za0kept
for 10 minutes and then quenched-t&0°C in a dry
nitrogen atmosphere. All the DSC thermograms wer
recorded at a heating rate of 20/min. The midpoint of A.” the TGDDM/SAN blends were transparent at am-
the slope change of the heat capacity plot of the secon jent temperature. on further heating up to DD

o these blends still remained clear and no phase sep-
n was taken as the gl transition temperaiyye . . .
scan was taken as the glass transition temperalgJe ( aration occurred. This observation suggests that the

TGDDMY/SAN blends possess a single, homogeneous,
2.3. Dynamic mechanical analysis (DMA) amorphous phase.
Dynamic mechanical measurements were carried out Shown in Fig. 2 are the DSC curves of TGDDM/SAN
on a Multifunctional Internal Friction Instrument with blendsat different compositions. All the blends display

3. Results and discussion
e3.1. Miscibility of TGDDM/SAN blends
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Figure 2 DSC curves of the TGDDM/SAN blends. Figure 3 Composition dependence of glass transition temperature of

TGDDM/SAN blends. The curve is as predicted by the Gordon-Taylor
a single glass transition temperatuf®)( intermedi- ~ eauation using & value of 0.45.
ate between those of the two pure components and
changing with the blend composition. In view of F 11
the transparency and glass transition behaviour, the ]
TGDDM/SAN blends are judged to be clearly misci-
ble over the entire composition range. Several theoreti-
cal and empirical equations have been used to describ
the Tg-composition of miscible polymer blends. One of
these, the Gordon-Taylor equation [35], is written as

andk is a constant. Fig. 3 summarizes thgplot as

a function of blend compaosition. The curve is drawn

using the Gordon-Taylor equation, yieldingkavalue

of 0.45, and fitting the experiment data well.
Prud’hommeet al. [36, 37] have suggested tHatan

be taken as a semi-quantitative measure of the strengt

of the interaction between the components of a blend.

For instance, in blends of polkxcaprolactone) with

chlorinated polyethylene, poly(vinyl chloride) (PVC) 0

and chlorinated PVCk increases from 0.26 to 1.0. — — ‘ :

When such an approach is used for the TGDDM/SAN 0 50 100 150 200 250 300

N
2t
Tg = (WiTg, + kWaTg,)/ (W1 + kWs) (2 =
e
whereTy is the glass transition temperature of the blend, g —
Tg, andTg, are the glass transition temperatures of com- 108
ponent 1 and 2, respectively is the weight fraction .= o
©
©
o

blends, we note that thle value (0.45) is small, indi- Temperature ('C)

cating that the interaction between the two pure com-

ponents is relatively weak. Figure 4 Dynamic mechanical spectra of DDM-cured TGDDM.

3.2. DDM-cured TGDDM/SAN blends separation. Fig. 4 shows the dynamic mechanical spec-
3.2.1. Dynamic mechanical analysis trum of the pure DDM-cured TGDDM, and there ex-

All the DDM-cured TGDDM/SAN blends obtained ists a well-defined relaxation peak centered at°’230
were opaque, suggesting the occurrence of phaseghich is ascribed to the glass transition of the cured
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Figure 6 Composition dependence ofy of SAN-rich phase of
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Figure 5 Dynamic mechanical spectra of DDM-cured TGDDM/SAN
blends: (a) 985, (b) 90/10, (c) 8515 and (d) 8020.

say that there exists a competitive process between the

ER. Fig. 5a—d show the dynamic mechanical spectr@hase separation and the crosslinking reaction during
of the DDM-cured TGDDM/SAN blends containing 5, the cure process.
10, 15 and 20 wt% SAN, respectively. All DMA spectra  Fig. 6 shows thég plot as a function of SAN concen-
of the blends clearly display two transition peaks in thetration for the blends studied (DMA results). It can be
tans vs temperature curves in Fig. 5a-b, which corre-seen that th&y increased with increasing SAN content.
sponds to thd@gs of SAN-rich phase and DDM-cured This phenomenon could be ascribed to the incomplete
ER phase, respectively. It is pointed out that Fig. 5cPhase separation between SAN and crosslinked ER.
and 5d only showed the glass transition of SAN-rich
phase. This is due to the occurrence of phase inversion
at this composition (It will be seen below), i.e., SAN- 3.2.2. Morphology
rich phase had become the continuous phase f®85 The morphology of the cured blends were investigated
and 80’20 DDM-cured TGDDM/SAN blends and the by means of SEM. Fig. 7 presents the SEM micrographs
specimens were too soft to be tested when the testingf chloroform-etched fracture ends of the/8590/10,
temperature is higher than tfig of SAN-rich phase. 85/15 and 8020 DDM-cured TGDDM/SAN blend
However, we can say that the trend of a second peak ispecimens frozen by liquid nitrogen. The heteroge-
clear. Dynamic mechanical analysis indicates that th@eous morphology was observed in all the cases, which
DDM-cured TGDDM/SAN blends have a two-phase supports the results of DMA. For the cured blend con-
structure. taining 5 wt% SAN, the discrete thermoplastic particles
In the early stage of curing, the ternary blendswith average size smaller tharudn in diameter were
(TGDDM/SAN/DDM) were a single-phase mixture. relatively uniformly dispersed in the continuous cured
As the cure reaction proceeded, which involved chairER matrices (Fig. 7a). With increasing SAN content,
extension, branching and crosslinking, the moleculathe morphology of the modified epoxy resins changed
weight of the system greatly increased, and the crossdramatically. Inclusion of 10 wt% of SAN gives rise to
linked network structure became three-dimensionalan obviously different morphology, i.e., SAN spherical
The increase in molecular weight caused a decrease particles begin to coagulate and show SAN vacant holes
the configurational entropy of mixing. Therefore cur- with irregular shapes and broadly-distributed size after
ing may cause phase separation in an initially misthe SAN phase was removed by chloroform. The ap-
cible blend. On the other hand, because one compgearance of epoxy-rich particles suggests that partial
nent of the blend can crosslink, semi- interpenetratingphase inversion has occurred. Therefore, this is a
networks (semi-IPN) may form. In this semi-IPN, the combined morphology in which the co-continuous
components which are initially immiscible may exhibit phase begins to appear (Fig. 7b). A similar morphol-
some characteristics of miscibility because phase sepagy was reported in trifunctional ER/PEI blends by
ration was inhibited by crosslinking. Therefore, we canHourstonet al. [26] and difunctional ER/SAN blends
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Figure 7 Scanning electron micrographs of fractured surfaces of DDM-cured TGDDM/SAN blends etched with chloroformy5(ab950/10,
(c) 85/15 and (d) 8020.

[34] in our previous work. When the SAN content 2.0
rises to 15 wt%, the cured blends exhibited a phase
inverted morphology which consisted of epoxy do-
mains wrapped in the thermoplastics continuous phase

Fig. 7c—d show the spherical particles of the epoxy-

rich phase since the continuous SAN-rich matriceswere 1.5
etched by chloroform, and it can be seen that the epox
particle size begins to decrease with increasing SAN
content in the blends. This phenomenon could be ex&
plained by the competition between phase separatio <
and crosslinking reaction. The inclusion of a higher £1.0
SAN content gives rise to an increase of the viscosity —u
of the mixture, which not only reduces the rate of phase <
separation, but also decreases the rate of crosslinkin
reaction, thus resulting in an incomplete curing reac-
tion. Both the factors lead to a smaller size of epoxy 0.5
particles. A similar morphology can be seenin our pre-
vious work both in DDM-cured DGEBA/SAN and in
DDM-cured ER/PVAc blends [34, 38].

3.2.3. Fracture toughness ° 10 15 20 25

The plot of Kic vs. SAN content in the cured blends Wit% SAN

is presented in Fig. 8. It can be seen that the fracture .

toughness first increases with the addition of SAN toED'gl,Ul‘_ecﬁrzga%ge,;wgmeﬁféﬁﬁs a function of SAN content for the
the system, and then reaches its highest value in the

vicinity of 10 wt% SAN blends. The blend exhibited in the epoxy resin systems modified with other high
an improved fracture toughness by about 50%. Thigperformance thermoplastics at the same content of ther-
value is similar to that of DDM-cured DGEBA/SAN moplastics [23, 28]. When the SAN content is more
system [34], and is also comparable to those obtainethan 10 wt%, there is a dramatic decrease in fracture
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Figure 9 Scanning electron micrographs Kfc fracture surfaces of DDM-cured TGDDM/SAN blends: (a) 100(b) 955, (c) 9¢/10, (d) 8515
and (e) 8020.

toughness. As previously reported, better toughness iabsorption of a relatively large part of the fracture en-
obtained with co-continuous phase structures in otheergy may be attributed to crack bifurcation and crack
high performance thermoplastic modified systems. Irpath alternation. The yielding in the continuous resin
this case, the co-continuous structure was obtained fanatrices is the principal mechanism of toughening [39].
the cured blends containing 10-15 wt% of SAN. TheFor 90/10 ER/SAN blends, the SEM micrograph shows
cured blends with 10 wt% SAN content exhibit a com-that ducting drawing phenomenon on the fracture sur-
bined morphology and yield a better fracture toughnessaces, which appears mainly in the SAN phase, since
Phase inversion of the cured blend occurred when théhere is some plastic deformation on the interfaces of the
SAN content was more than 15 wt%, thus the fracturawo phases (Fig. 9¢). The plastic deformation of SAN
toughness of the phase-inverted blends seem to depenaight cause energy absorption and the blend fracture
predominantly on the ductile tearing of the thermoplastoughness increases. After this, the cured blends ex-
tics. As is known, SAN is a relatively brittle polymer hibited a phase-inverted morphology which consists of
in comparison with other high performance polymers,epoxy domains surrounded by the thermoplastics con-
and low values of fracture toughness were obtained. Altinuous phase (Fig. 9d-e). The fracture toughness may
though SAN polymers are brittle, they can substantiallypredominantly depend on the toughness of the thermo-
improve toughness in a certain concentration, and thelastic.
morphology of the modified epoxy resins could play a
very important role in toughening of resins.

The SEM micrographs of thi€,c fracture surfaces of 4. Conclusions
the pure ER and the ER/SAN blends are shown in Fig. 9The results presented here show that TGDDM/SAN
For the pure ER, the cracks spread freely and regularifplends are completely miscible over the entire com-
and are oriented in the direction of loading, suggesting @osition range. DMA and SEM studies revealed that
typical characteristic of brittle fracture (Fig. 9a). How- the DDM-cured TGDDM/SAN blends obtained were
ever, the SEM micrograph of the cured/8%ER/SAN  heterogeneous and had a two-phase structure. At low
blend apparently displays tortuous and trivial cracksconcentrations of SAN (5 wt%), SAN particles were
which could be held back or delayed due to the exisspherically dispersed in the continuous epoxy ma-
tence of the second dispersed SAN phase (Fig. 9b). Theeix. When the SAN content was more than 10 wt%,
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a co-continuous phase structure began to appear ire
the cured blends. With inclusion of SAN 15 wt% or
more, the cured blends exhibited an obvious phase-
inverted structure. The fracture toughness of DDM-;
cured TGDDM/SAN blends increased with SAN con-
tent and reached a maximum at 10 wt% SAN content,
followed by a dramatic decreaseskf: for the cured

blends containing 15 wt% SAN or more. Morphologi- 4

cal investigation of thd,c fracture surfaces indicated
that the toughening effect of the SAN-modified epoxy
resin greatly depended on the phase structures. Both the

SAN-dispersed and the combined phase structures éf-
SAN and epoxy particles can give improved values of*’-

Kic, whereas the cured blend with the phase-inverted
structures possessed a lower toughness.

Acknowledgments
This work was supported by the Presidential Fund o
the Chinese Academy of Sciences and the State Sci-

ence and Technology Commission of China. The auzs.

thors also wish to express their appreciation to the
National Natural Science Foundation for awarding a,,
‘Premier’ Grant for Outstanding Young Scientists (No. ;¢
59525307).
26.
27.
References 28
1. W. G. POTTER, “Epoxide Resins” (Springer-Verlag, New York, '
1970). _ 29
2. C. A. MAY andG. Y. TANAKA (eds.), “Epoxy Resin Chem- 30:

istry and Technology” (Marcel Dekker, New York, 1973).

R. S. BAUER (ed.), “Epoxy Resin Chemistry,” ACS Symposium

Series No. 114 (American Chemical Society, Washington D. C.,

1979).

. Idem.(ed.), “Epoxy Resin Chemistry Il,” ACS Symposium Series
No. 201 (American Chemical Society, Washington D. C., 1983).

. C. E. BROWNING, Polym. Eng. Scil8(1978) 16.

.E. L. MCKANGUE,J. D. REYNOLD andJ. E. HASKIN,
J. Appl. Polym. Sci2 (1978) 1643.

.A. APICELLA, L. NICOLAIS, G.
E. DRIOLI, Polymer20(1979) 1143.

. J. MIJovic, J. KIM andJ. SLABY, Appl. Polym. Sci29
(1984) 144.

.E. H. ROWE, A. R. SIEBERTandR. S. DRAKE, Mod.

Plast.47(1970) 110.

J. M. SULTAN andF. MCGARRY, Polym. Eng. Scil3(1973)

29.

R. S. DRAKE, D. R. EGAN andW. T. MURPHY, in 39

“Epoxy Resin Chemistry I1,” edited by R. S. Bauer, ACS Symposium

3.

32

34.

ASTARITA and

35.
36.

10.

11.

18.
19.
20.
21.

31.

33.

37.

38.

.E. M. YORKITIS, in “Rubber-Modified Thermoset Resins,”
edited by K. Riew and J. K. Gillham, Advances in Chemistry
Series No. 208 (American Chemical Society, Washington DC, 1984)
p. 137.

3.J. S. RIFFLE,Il. YILGOR,A. K. BANTHIA,C. TRAN,

G. L. WILKES andJ. E. MCGRATH, in “Epoxy Resin Chem-
istry,” edited by R. S. Bauer, ACS Symposium Series No. 201 (Amer-
ican Chemical Society, Washington DC, 1983) p. 21.

C. B. BUCKNALL, “Toughened Plastics” (Applied Science,
London, 1977).

15. A. J. KINLOCH, in “Polymer Blends and Mixtures,” edited by

D. J. Walsh, J. S. Higgins and A. Maconnochie (Martinus Nijhoff,
Dordrecht, 1985) p. 393.

M. OCHI andJ. P. BELL,J. Appl. Polym. Sc29 (1984) 1382.
R. A. PEARSONandA. E. YEE, “Tough Composite Materi-
als: Recent Developments” (Noyes Publishing, Park Ridge, 1987)
p. 157.

R. A. PEARSONandA. F. YEE,J. Mater. Sci26(1991) 3828.
Y. HUANG andA. J. KINLOCH, ibid. 27(1992) 2763.

F. J. MCGARRY, Proc. Roy. Soc., Lon&319(1970) 59.

R. S. RAGHAVA, J. Polym. Sci., Polym. Phys. E@&5 (1987)
1017.

f22..]. H. HEDRICK,I. YILGOR,G. L. WILKENS andJ. E.

MCGRATH, Polym. Bull.13(1985) 201.

J. H. HEDRICK,I. YILGOR,M. JUREK,J. C. HEDRICK,

G. L. WILKENS andJ. E. MCGRATH, Polymer32 (1991)
2020.

R. S. RAGHAVA,J. Polym. Sci., Polym. Phys. E@6(1988) 65.
.J. DIAMONT andR. J. MOULTON, 29th National SAMPE
Symposium, California, 1984, p. 422.

D. J. HOURSTONandJ. M. LANE, Polymer33(1992) 1397.
M. C. CHEN,D. J. HOURSTONandw. B. SUN, Eur.

Polym. J.31(1995) 199.

J. B. CHO,J. W. HWANG,K. CHO,J. H. AN andC. E.

PARK, Polymer34 (1993) 4832.

J. JANG andS. SHIN, ibid. 36 (1995) 1199.

T. IIJIMA, T. TOCHIOMOTO andM. TOMOI, J. Appl.

Polym. Sci63(1991) 311.

Q. GUO,J. HUANG, B. LI, T. CHEN, H. ZHANG and
Z. FENG, Polymer32(1991) 58.

.A. F. YEE andR. A. PEARSON Polym. Mater. Sci. Engs3

(1990) 311.

A. J. KINLOCK andR. J. YOUNG, “Fracture Behaviour of
Polymers” (Applied Science, New York, 1983).

S. ZHENG,J. WANG, Q. GUO,J. WEI andJ. LI, Polymer
21(1996) 4667.

M. GORDONandJ. S. TAYLOR,J. Appl. Chem2 (1952) 495.
G. BELORGEY, M. AUBIN andR. E. PRUD'HOMME,

J. Polym. Sci., Polym. Phys. E@0 (1982) 191.

G. BELORGEYandr. E. PRUD'HOMME, Polymer23(1982)
1051.

S. ZHENG,Y. HU,Q. GUO andwEl, J Colloid Polym Sci274

(1996) 410.

.S. C. KIM andH. R. BROWN, J. Mater. Sci22(1987) 2589.

Series No. 221 (American Chemical Society, Washington DC, 1982)Received 13 September 1999

p. 1.

and accepted 23 March 2000

5619



