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ABSTRACT: Aromatic polyesters were prepared and used to improve the brittleness of
the bismaleimide resin composed of 4,4*-bismaleimidediphenyl methane and o,o *-dial-
lyl bisphenol A. The aromatic polyesters contain poly(ethylene phthalate) (PEP) and
poly(ethylene phthalate-co-ethylene isophthalate) (10 mol % isophthalate unit)
(PEPI). PEP and PEPI were effective modifiers for improving the brittleness of the
bismaleimide resin. The most suitable composition for the modification of the bismalei-
mide was inclusion of 20 wt % PEP (MW 18,200) , which led to an 80% increase in the
fracture toughness with retention of flexural properties and a slight decrease in the
glass transition temperature, compared with the mechanical and thermal properties
of the unmodified cured bismaleimide resin (Matrimid resin). Microstructures of the
modified resins were examined by scanning electron microscopy and dynamic viscoelas-
tic analysis. The thermal stability of the modified resin was slightly lower than that
of the unmodified resin by thermogravimetric analysis. The toughening mechanism is
discussed in terms of the morphological and dynamic viscoelastic behavior of the modi-
fied bismaleimide resin system. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 1349–
1357, 1997

Key words: bismaleimide resin; modification; poly(ethylene phthalate); poly(ethyl-
ene phthalate-co-ethylene isophthalate); fracture toughness

INTRODUCTION oped by Ciba Geigy Corp. (Switzerland) to im-
prove mechanical properties and processability.1

Addition polyimide resins are among the most im- DBA copolymerizes with BMI via an ene reaction
portant thermosetting polymers and have re- during curing. The brittleness of the cured resin
ceived attention because of high thermal stability was improved, compared with the conventional
and mechanical properties. The drawback of the bismaleimide resins, but its fracture toughness is
polyimide resins is that they are brittle and diffi- not yet sufficient for use as the composite matrix.
cult to process. Bismaleimide resins were also in- The toughness of epoxy resins has been in-
vestigated because of good processability and non- creased by blending with reactive liquid rubbers
volatility. Recently a two-component bismalei- such as carboxyl-terminated butadiene acryloni-
mide system (Matrimid 5292 A and B), composed trile rubbers (CTBN)2 or engineering thermoplas-
of 4,4 *-bismaleimidediphenyl methane (BMI) and tics (e.g., polysulfones (PSF)3–5 or poly(ether im-
o,o*-diallyl bisphenol A (DBA), has been devel- ide) (PEI)6–8 ) . Engineering thermoplastics are

interesting materials as modifiers for bismalei-
mide resins from the viewpoint of the mainte-Correspondence to: T. Iijima.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/071349-09 nance of mechanical and thermal properties for
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1350 IIJIMA ET AL.

Table I Characterization of Aromatic Polyesters

Polyester
Entry Composition MGPC

a Mn
a Tg

b

Number (mol %) (103) (103) Mw /Mn (7C)

PEP
3 — 7.7 5.6 1.6 —
2 — 9.6 6.7 1.6 26
4 — 12.6 8.4 1.7 —
1 — 18.2 11.7 1.7 27
5 — 26.7 16.3 1.8 30

PEP I
3 IP 10 4.9 3.5 1.7 —
2 10 7.7 4.9 1.8 —
4 10 10.3 6.3 1.8 —
1 10 14.1 8.1 1.9 30

a By GPC.
b By DSC.

the matrix resins. PSF, PEI, and polyhydantoin This paper reports the modification of the bis-
maleimide resin (the Matrimid 5292 A/B system)were used as modifiers in the modification of the

Compimide 796/Compimide TM 123 [4,4 *-bis(o- by aromatic polyesters. PEP and poly(ethylene
phthalate-co-ethylene isophthalate) [10 mol %propenylphenoxy)benzophenone] system (Tech-

nochemie Co., Germany).9 The Compimide/PEI isophthalate (IP) unit] (PEPI) were used as mod-
ifiers for the bismaleimide resin, considering themodification systems were examined in detail.10

Engineering thermoplastics such as PEI, poly- modification results of highly crosslinked epoxy
matrices by the aromatic polyesters.21 The effects(ether sulfone), and poly(ether ketone ketone)

were used for the BMI/diallyl compounds sys- of structure, molecular weight (MW), and amount
of the polyesters used on the toughness of thetems, where the diallyl compounds included Ma-

trimid B (DBA), Compimide TM 121 [bis(allyl- cured resins were examined.
phenyl)ether], and Compimide TM 123.11 Three
structurally different poly(ether ketone)s (PEKs)
were used in the modification of the Compimide EXPERIMENTAL
796/Compimide TM 123 system to examine the
effects of PEK structure, molecular weight, and Materials
concentration on the fracture behavior.12 Further-

The bismaleimide resin was a commercial productmore, functionalized PEKs having pendant prope-
composed of BMI and DBA (Ciba Geigy Corp.,nyl groups were prepared and used as tougheners
Matrimid 5292 A/B). PEP and PEPI were pre-for the Compimide 796/Compimide TM 123 sys-
pared by the reaction of 1,2-ethanediol and aro-tem.13 Amorphous functionalized engineering
matic dicarboxylic acids (phthalic anhydride andplastics such as PSF, 6F polyimide, and poly(ary-
isophthalic acid) reported previously.15 Other re-lene ether phosphine oxide) were prepared and
agents were used as received.used as modifiers for toughening the Matrimid

5292 A/B system.14

Modification of the bismaleimide resin (the Ma- Measurements
trimid 5292 system) has been carried out on the
basis of information on the toughening of epoxies 1H-NMR spectra were recorded on a 90 MHz in-

strument (JEOL JNM-9MX 90) at 607C usingby thermoplastics in our laboratory.15–23 For ex-
ample, N-phenylmaleimide–styrene copolymers CDCl3 as solvent and tetramethylsilane as inter-

nal standard. The molecular weight of the polyes-were effective modifiers for both epoxy18,19 and
bismaleimide resins.24,25 In previous papers we ter was measured by gel permeation chromatogra-

phy (GPC) (Shimadzu LC-5A instrument) usinghave reported that poly(ethylene phthalate)
(PEP) and the related copolyesters were effective polystyrene standards. The mechanical properties

of the cured resins were determined with a Shi-modifiers for the epoxy resins.15,21
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TOUGHENING OF BISMALEIMIDE RESIN 1351

KIC tests. Dynamic viscoelastic analysis was per-
formed with a Rheometrics RDS-II type (Rheome-
trics Co.) between 050 and 4007C at a heating
speed of 57C/min at frequency of 1 Hz. Thermo-
gravimetric analysis (TGA) was carried out at a
heating rate of 107C/min under nitrogen using a
Shimadzu TGA 40.

Curing Procedure

The polyesters were dissolved into DBA at 1307C
without solvents. Then BMI was added to the mix-
ture, which was kept at 1307C to dissolve the BMI.
The resulting clean mixture was degassed in
vacuo at 1307C. BMI and DBA were used in an
equivalent ratio of 1 : 1. The mixture was poured
into molds, preheated to 1307C, to obtain 4- or 7-
mm-thick plaques. The mold consisted of one pair
of upright and metal clip-held glass plates spaced
by U-shaped silicon rubber stick. The amount (wt
%) of the modifier was calculated based on the
matrix resin. The curing cycle was 1607C for 3 h
/ 1807C for 1 h / 2007C for 2 h / 2507C for 6 h.

Figure 1 Physical properties of the modified resins
as functions of PEP concentration. (*) control; (s) MW
(12,600); (l ) MW (18,200); (h ) MW (26,700).

madzu autograph AGS-500B universal testing
machine. Flexural tests were carried out at a
crosshead speed of 2 mm/min (JIS K7203). The
fracture toughness, KIC , was measured in a three-
point bent geometry at a crosshead speed of 1 mm/
min (ASTM E-399). The dimensions of the KIC

specimens are approximately 7 1 14 1 82 mm. A
central notch (ca. 5.5 mm in length) was ma-
chined with a diamond wheel saw, while cooling
with water, and the specimen was dried. A sharp
starter crack (ca. 1.5 mm in length) was intro-
duced at the base of the notch by a new razor
blade. The specimen numbers used were at least
five. The glass transition temperatures (Tgs) of
the polyesters were measured as the onset tem-
peratures by differential scanning calorimetry
(Shimadzu DSC 41M type) at a heating speed of
107C/min. The Tgs of the cured resins were ob-
tained by thermal mechanical analysis (Shi-
madzu TMA 40M type, the penetration mode) at
a heating speed of 57C/min. Scanning electron mi- Figure 2 Dependence of physical properties of the
crographs (SEM) were taken with a Hitachi SEM modified resins on polyester MW on 20 wt % addition.

(* ) control; (s ) PEP; (h ) PEPI (10 mol % IP unit) .S-2100A instrument using failed specimens in the
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1352 IIJIMA ET AL.

Figure 3 SEM of fracture surfaces for the modified resins. (A) PEP (MW 18,200) 10
wt % addition; (B) PEP (MW 18,200) 20 wt % addition; (C) PEP (MW 18,200) 25 wt
% addition; (D) PEP (MW 26,700) 20 wt % addition.

After curing, the oven temperature was decreased at 1607C and heated under the curing conditions.
The reaction product was obtained in 24% yield.from 2507C to 507C at a cooling rate of 257C/h.

Reaction of PEP with Phenols
RESULTS AND DISCUSSION

Transesterification of PEP and DBA or bisphe-
nol A during curing was examined as follows. Characterization of Aromatic Polyesters
PEP was dissolved into DBA in the weight ratio
of 20 wt % PEP inclusion and the reaction was In this study various molecular weights of PEP

and PEPI were prepared in quantitative yield bycarried out under the same reaction conditions
as with the curing. After the reaction was over, polycondensation of 1,2-ethanediol and aromatic

dicarboxylic acids (phthalic anhydride and iso-the reaction mixtures were diluted with CHCl3

and a polymer was isolated using methanol as phthalic acid) as reported previously.15 Table I
reports some characteristic properties of the aro-precipitant. The polymer was purified twice by

reprecipitation with CHCl3/methanol and dried matic polyesters. The GPC-average molecular
weight (MGPC), obtained from the peak positionin vacuo at 807C. The recovery of the polymer was

78%. The resulting polymer was analyzed by 1H- of GPC curve, was used as a measure of the MW
in this article as well as in the previous article15,21NMR spectroscopy (607C in CDCl3) and GPC. The

polymer was recovered 77% in the reaction at because the number-average molecular weight is
highly sensitive to the presence of a small amountlower temperature up to 2007C for 2 h. PEP and

bisphenol A (mp 156–1597C) were homogenized of lower-molecular-weight materials.
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TOUGHENING OF BISMALEIMIDE RESIN 1353

Microstructures of the Modified
Bismaleimide Resins

The morphologies of the cured resins were investi-
gated by the SEM. The unmodified cured Ma-
trimid resins had only one phase, as reported pre-
viously.24 Figure 3 shows SEM for the PEP-modi-
fied resins etched by chloroform (3 days). The
fracture surface of the PEP (MW 18,200) 10 wt
%-modified resin was relatively smooth and fea-
tureless [Fig. 3(A)] . When using 20 wt % of the
same modifier, the fracture surface became rough
and fine particles less than 1 mm were observed,
but the contours of the particles were vague, per-
haps because of transesterification of DBA and

Figure 4 Dynamic viscoelastic analysis for unmodi- PEP as shown later [Fig. 3(B)] . The fracture sur-
fied and PEP-modified resins. ( ) 0 wt % (control); face became rougher on 25 wt % inclusion of the
(-- --- -) PEP (MW 18,200) 10 wt %; ( — – —) PEP (MW same modifier and the contours of the particles
18,200) 20 wt % addition. were also obscure [Fig. 3(C)]. The fracture sur-

faces became rougher with increasing PEP con-
centration and MW, perhaps because of the in-

Mechanical and Thermal Properties of Modified crease in the plastic deformation of the crack tip
Bismaleimide Resins in the process of the crack propagation [Fig.

3(C,D)]. The SEM of the PEPI-modified resinsThe unmodified bismaleimide resin was transpar-
were similar to those of the PEP-modified resins.ent. The modified resins became translucent dur-

Dynamic viscoelastic analysis can give infor-ing curing. Figure 1 shows the mechanical and
mation on the microstructure of cured resins. Fig-thermal properties of the modified resins as a
ure 4 shows the storage moduli, G *, and tan dfunction of PEP concentration. The KIC for the
curves for the unmodified and PEP-modified res-modified resins increased with increasing PEP
ins. When using 10 wt % of PEP (MW 18,200),concentration up to 20 wt % addition of the mod-
the peak position of the a-relaxation in the tan difier and leveled off, independent of PEP MW.
curve shifted considerably toward lower tempera-Flexural strength for the modified resins was
ture, its shape became broader, and the magni-equal to or larger than that for the unmodified

resin. It is noteworthy that flexural moduli for the
modified resins were significantly higher than for
the unmodified resin. The Tg values decreased
gradually with increasing PEP concentration.

Figure 2 shows the dependence of physical
properties of the modified resin on the modifier
MW on 20 wt % inclusion. The KIC for the modified
resins increased with increasing PEP MW and
leveled off. Flexural strength for the modified res-
ins was comparable with that for the unmodified
resin. Flexural moduli for the modified resins
were significantly larger than that for the unmod-
ified resin. This indicates that the matrix compo-
sitions would change because of incorporated
polyester as shown in dynamic viscoelastic behav-
ior. PEP having MW more than 18,200 were most
effective modifiers and the use of 20 wt % of the
PEP (MW 18,200) led to an 80% increase in KIC Figure 5 TGA of the unmodified and PEP-modified
with no loss of flexural properties. PEPI (10 mol resins. (--- --) 0 wt % (control); ( ) PEP (MW
% IP unit) were slightly less effective as modifiers 18,200) 20 wt %.
for the bismaleimide resin than PEP.
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tude of the tan d curve increased in the region resin. The thermal stability of the modified resin
was lower than that of the unmodified resin.from room temperature to the a-relaxation peak

temperature to a considerable extent, compared
with dynamic viscoelastic behavior for the cured

Transesterification of the Matrix and the ModifierMatrimid resin. The broadness of the a-relaxation
and the increase in the magnitude of the tan d The dynamic viscoelastic analysis of the PEP-

modified resins indicated the complexity of thecurve above room temperature indicate the com-
plexity of the matrix structure, which would per- matrix structure. To clarify whether the exchange

reaction of ester and phenolic groups would occur,haps be because of PEP incorporating into the
network. In the modification of the bismaleimide the reaction of DBA, phenolic component, and

PEP (MW 26,700) was carried out in the weightresin with 20 wt % of PEP, the a-relaxation peak
became even broader, its position shifted toward ratio on 20 wt % inclusion under the curing condi-

tions (up to 2507C for 6 h). The reaction mixturelower temperature, and its magnitude became
lower, compared with those for the unmodified contained some chloroform-insoluble fractions

which would be based on the radical reaction ofresin and the PEP (10 wt %)-modified resin. A
new relaxation peak (a*-relaxation) was observed allyl group in DBA or the addition reaction of allyl

and phenolic groups: when heating DBA alone atat 24.57C on 20 wt % addition of PEP. The appear-
ance of the new a*-relaxation peak in the tan d 2507C for 3 h, DBA was soluble in chloroform, but

part of DBA became insoluble after 6 h at 2507C.curve indicates the existence of the phase-sepa-
rated structure for the PEP (20 wt %)-modified The resulting polymer was partly insoluble in tet-

rahydrofuran (THF). Then the THF-soluble frac-resin. The storage moduli at room temperature
for the modified resin were equal to or larger than tion of the polymer was analyzed by GPC. Figure

6 shows GPC profiles of PEP and the THF-solublethose for the unmodified resin. These dynamic vis-
coelastic behaviors correspond to the morpholog- fraction of the resulting polymer. The MW distri-

bution of the latter polymer was significantlyies of the modified resins.
TGA was carried out under N2 to examine the larger than that of PEP and MW (15,500) of the

polymer decreased. Figure 7(A,B) shows 1H-thermal stability of the modified resin (Fig. 5).
The parent cured Matrimid resin was stable at NMR spectra of PEP and the resulting polyester.

The 1H-NMR spectrum of the polyester was differ-high temperature and underwent a weight loss of
5% at 4227C. A loss weight of 5% occurred at ent from that of PEP. In the former spectrum the

proton signals are observed based on methyl, al-3777C for the PEP (MW 18,200) 20 wt %-modified
lyl, and aryl groups of DBA: 1.54 ppm for methyl
groups; 3.28, 4.97, and 5.89 ppm for allyl groups;
and 6.4–7.1 ppm for aryl groups; where the molar
ratio of phthalate and DBA units was 1 : 0.53 from
the integrated values of the aromatic protons. It is
difficult to determine the extent of esterification,
considering the gelation of DBA alone at 2507C.
Part of the polymer would contain the DBA-in-
serted structure (Scheme 1). When reacting DBA
and PEP (MW 26,700) at lower temperature up
to 2007C (2 h), transesterification hardly occurred
and the molar ration of phthalate and DBA units
was 1 : 0.02 [Fig. 7(C)] . Furthermore, to avoid
the contamination of the polyester by homopoly-
merization of DBA, the model reaction was car-
ried out using bisphenol-A in place of DBA under
the same reaction conditions (up to 2507C). The
polymer was soluble in THF and its MW (1,800)
decreased considerably compared with PEP (MWFigure 6 GPC profiles. Solvent: THF; elution rate: 1
26,700) (Fig. 6). Figure 7(D) shows 1H-NMRmL/min. ( ) PEP; ( – – – – ) THF-soluble fraction
spectra of the reaction products. Methyl and arylof the resulting polymer from the reaction of DBA and
proton signals are observed at 1.54 and 6.5–7.35PEP under the curing conditions; ( — – —) reaction

product of PEP and bisphenol A. ppm, respectively, and the molar ratio of phthal-
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TOUGHENING OF BISMALEIMIDE RESIN 1355

Figure 7 1H-NMR spectra. Solvent CDCl3 at 607C. (A) PEP; (B) the resulting polymer
in the reaction of DBA and PEP under the curing conditions; (C) the resulting polymer
in the reaction of DBA and PEP at lower temperature up to 2007C; (D) reaction product
of PEP and bisphenol-A.

ate and bisphenol A units was 1 : 0.36. In this of the curing beyond the Tg (210–2257C) of the
modified resins. Then the matrix compositionsreaction system no crosslinking occurs, and the

existence of methyl and aryl groups based on bis- will change by transesterification between DBA
and PEP, as shown in the viscoelastic behavior ofphenol A clearly indicates the insertion of a bis-

phenol A unit into the PEP main chain. These the PEP-modified resins (Fig. 4).
results indicate that esterification between PEP
and phenolic groups occurs at 2507C to consider-
able extent, and that the exchange reactivity be- Toughening Mechanism
tween PEP and DBA is lower than that between
PEP and bisphenol-A because of the steric hin- PEP and PEPI (10 mol % IP unit) were effective

as the modifiers for the bismaleimide resin. PEPdrance due to o-substitution.
The above exchange reactions were carried out and PEPI (10 mol % IP unit) were soluble in the

bismaleimide resin without solvents. PEP havingin the absence of BMI to avoid the crosslinking.
In the curing process the steric constraints based MW 18,200 was most effective among them. The

efficiency of PEPI (10 mol % IP unit) was slightlyon the three-dimensional crosslinked structure
will prevent esterification occurring, but some less than PEP. The most suitable composition for

the modification of the bismaleimide resin wasPEP and DBA located in the neighborhood would
react with each other at the final stage (2507C) inclusion of 20 wt % of PEP (MW 18,200), which
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led to 80% increase in KIC with retention in flex-
ural properties.

PEP and the related copolyesters were effective
modifiers for highly crosslinked epoxy matrix (Tg

1807C) composed of bisphenol A diglycidyl ether Scheme 1
(DGEBA) and 4,4 *-diaminodiphenyl sulfone
(DDS), and the toughening mechanism has been relaxation peak near room temperature was effec-

tive in improving the toughness of epoxies be-discussed in detail.21 The toughening of epoxies
could be attained by the particulate structures cause the increase in the plastic deformation zone

contributed to the increase in temperature at the(PEP-rich particles less than 1 mm in diameter)
of the modified resins, and three factors would act crack front.28,29 We have also reported that several

relaxations at more than 507C contribute tomainly to improve the brittleness of epoxies: (1)
the reinforcement of the matrix itself by incorpo- toughening of epoxies in the modification of the

DDS-cured DGEBA resins with butyl acrylate–rating the modifier; (2) the high extent of disper-
sion of the modifier-rich particles; and (3) the ex- glycidyl acrylate copolymers.30 Most recently, we

reported that the existence of the relaxations nearistence of the relaxation near room temperature.
Poly(butylene phthalate) (PBP) and the related room temperature is important in improving the

brittleness of epoxies in the modification of thecopolyesters were also effective modifiers for the
DDS-cured DGEBA resin.26 The toughening DDS-cured DGEBA resins with PEP, PBP, and

the related copolyesters.21,26 In the present modi-mechanism in the PBP modification system is
similar to that in the modification with PEP. fication the a*-relaxation peak was not observed

on 10 wt % addition of PEP (MW 18,200), but theIn the present modification system the mor-
phologies of the modified bismaleimide resins magnitude of the tan d curve increased from room

temperature to the a-relaxation temperature to awere not clear by SEM, though the dynamic visco-
elastic analysis indicates the existence of the considerable extent, which is thought to be be-

cause of an overlapping of various small relax-phase-separated structure in some cases. The
morphological behavior in the modification of the ations based on PEP incorporation into the bisma-

leimide matrix. When using 20 wt % of the samebismaleimide with PEP can be explained in terms
of solubility parameter (SP). The SP value [27.66 modifier, the a*-relaxation peak appeared at

24.57C and the increase in the magnitude of the(MJ/m3)1/2] of the Matrimid A/B resin is close to
that (25.40) of PEP (by Fedors’ method27), indi- tan d curve from 507C to the a-relaxation tempera-

ture was more significant. These relaxationscating high miscibility of PEP with the bismalei-
mide matrix. Furthermore, the reaction of DBA would be effective in toughening the cured bisma-

leimide resins.and PEP at 2507C indicates the occurrence of
transesterification. Transesterification of DBA In the modification of epoxies with PEP, the

modified resins have particulate morphologiesand PEP would also enhance miscibility of PEP
with the bismaleimide matrix by chemical blend- with well-dispersed PEP-rich particles in the ma-

trix. In the curing of the Matrimid resin, DBAing, though the extent of transesterification in the
curing process is unknown because of the insolu- copolymerizes with BMI via the ene-type linear

chain extension reaction followed by the Diels–ble crosslinked structure of the PEP-modified bis-
maleimide resin. Dynamic viscoelastic analysis Alder reaction of the intermediate ene reaction

product with another DBA at 120–2207C.1 Duringalso indicates that PEP would dissolve into the
matrix to considerable extent, as shown in broad- curing the increase in MW of the bismaleimide

resin initiates phase separation by spinodal de-ening of the a-relaxation peak of the modified
resin (Fig. 4). It is thought that the improvement composition.31 Morphology of the modified resin

depends on modifier MW and content, and theof toughness in the present modification could be
achieved because of the reinforcement of the ma- curing conditions, as phase separation competes

with gelation or vitrification. In the present modi-trix itself by the incorporation of the polyester,
similar to the modification of epoxies with the aro- fication the curing system would phase-separate

at earlier curing stages because the extent of es-matic polyesters.
The existence of the relaxation peak near room terification is low at 2007C and the cured resins

would have particulate structures with PEP-richtemperature is also important in improving the
brittleness of the thermosetting polymers. Re- particles dispersed in the bismaleimide matrix,

considering the morphologies of the PEP-modifiedcently it was reported that the presence of the b-
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