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ABSTRACT: The objectives of this paper were to investi-
gate the water absorption and hygrothermal aging behavior
of rubber-toughened poly(butylenes terephthalate) (RT-
PBT) with and without short glass fiber (SGF) reinforcement.
The rubbers used in the study were AX8900 and EXL2314,
both of which are acrylate-based terpolymer. The effect of
the hygrothermal aging on its fracture properties was also
studied. The kinetics of the water absorption study were
carried out on the injection-molded samples of the RT-PBTs
and the SGF-reinforced rubber-toughened PBT (SGF-RT-
PBT) at three immersion temperatures, 30, 60 and 90°C, for
a total of 450 h. The study of the deterioration caused by the
hygrothermal aging was conducted by investigating the
fracture parameters and flexural properties of all the mate-
rials as both hygrothermally aged (HA) and redried state
(RD). The modes of the failure of HA and RD samples were
studied using the scanning electron microscopy (SEM) tech-
nique. It was found that all the samples conformed to Fick-
ian behavior and the kinetics of absorption exhibited a

strong dependency on the rubber types, presence of SGF, as
well as the immersion temperature. Generally, SGF-RT-PBT
showed a better resistance to hygrothermal aging than that
of RT-PBT and PBT, though a declining trend was observed
in the fracture parameters, Kc and Gc. However, an opposite
observation was exhibited in the flexural properties in some,
but not all cases. Finally, the results obtained from SEM
micrographs showed that permanent damage occurred in
the materials and the hygrothermal aging had suppressed
the plastic deformation ability of the PBT matrix and both
types of impact modifiers where brittle failure was ob-
served. Fiber pull-out was apparently the failure mode of
the SGF-reinforced materials. © 2004 Wiley Periodicals, Inc.
J Appl Polym Sci 92: 506–516, 2004
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INTRODUCTION

Poly(butylene terephthalate) (PBT) is a semicrystalline
engineering thermoplastic that is mostly used in the
electrical appliance, automobile, and army appliance
industries. The good thermal, chemical, physical, elec-
trical, and mechanical properties have enabled PBT to
be the choice when it comes to material selection to
meet high service requirements. Generally good pro-
cessing characterization via short extrusion and injec-
tion molding cycles and excellent mold flow are addi-
tional advantages of PBT. However, PBT has two ma-
jor drawbacks that have limited its usage: (i) it shows
a strong tendency for brittle fracture when subjected
to high-speed testing and (ii) it undergoes hydrolysis
that leads to serious embrittlement when subjected to

hygrothermal aging (HA) especially at high tempera-
tures and in moist environments.

Approaches recognized to overcome the first draw-
back of PBT are production of a completely new poly-
mer based upon a novel monomer1 or modification of
the existing polymers through incorporation of short
glass fiber, block copolymer, structural foams, and
rubber.1 Part I of this investigation reported the effect
of rubber inclusion on the fracture properties of PBT.2

PBT, being a polyester, is susceptible to hydrolysis
when exposed to high temperature and moist environ-
ment. The hydrolysis behavior of neat PBT is well
documented.3 However, toughening of PBT by the
inclusion of various types of rubbers and their effect
on its hygrothermal aging behavior is of special inter-
est. So far, studies of the hygrothermal aging have
focused on PBT/PC blend.4 Publications on hygro-
thermal aging study of rubber-toughened (RT)-PBT
are rather limited. A recent hygrothermal aging study
on styrene-acrylonitrile/acrylate-based core shell rub-
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ber- toughened PBT (CSR-PBT) was carried out by
Mohd Ishak et al.5,6 The results obtained showed that
the CSR with a rigid shell failed to improve the tough-
ness of PBT. The CSR-PBT also showed poor resis-
tance to hygrothermal aging at 90°C.

Experimental

Materials and processing

Materials

The PBT used was a flame retardant injection molding
grade (Valox 310 SEO, GE Plastics). The specific grav-
ity is 1.39 g/cm3 and melt flow index is 7 g/10 min
(Load � 2.16 kg, 250°C). AX8900 is ethylene-co-glydi-
cyl methacrylate-co-methacrylate terpolymer (E/
GMA/MA), which comprises 21–26 wt % acrylate and
6.5–8 wt % GMA. The melting point of AX8900 is 65°C
and the glass transition temperature is �40°C. Its melt
flow index is 6 g/10 min. EXL2314 comprises alkyl
acrylate, alkyl methacrylate, and glycidyl methacry-
late terpolymer, which is an all-acrylic product. The
melting point and glass transition temperatures are
120 and –15°C, respectively. 10 wt % of both acrylate
rubbers was incorporated into PBT matrix and consid-
ered as the RT-PBT material in this study while RT-
PBT containing 30 wt % short glass fiber (SGF; Maxi-
Chop 3790) are designated as SGF-RT-PBT. The diam-

eter and cut length of the glass fiber were 13 �m and
4 mm, respectively. It has a density of 2.65 g/cm3 and
was treated with silane.

Processing

RT-PBT and SGF-RT-PBT were compounded using a
HAAKE model counter-rotating twin screw extruder
Rheomex CTW 100 using a speed of 22 rpm and
temperature profile 150–240°C from feeding zone to
the die zone. The extrudate was pelletized with a
HAAKE pelletizer. Film-gated rectangular plaques of
dimension 149 � 149 � 3 mm3 were injection molded
from the pellets on a Battenfled Unilog 350CD injec-
tion molding machine. Melt and mold temperatures of
265 and 60°C, respectively, were used.

Kinetics of moisture absorption

All specimens were vacuum dried at 100°C for 4 h and
the dry weight, Wd, of the specimens was recorded.
They were then immersed in distilled water at 30, 60,
and 90°C. Weights of the specimens immersed in the
water were recorded periodically on a Sartorius
BP221S weighing balance with a precision of 0.1 mg.

The percentage weight gain at any time, Mt, as a
result of water absorption was determined by:

Figure 1 Water absorption curve of various grades of PBT materials at immersion temperature of 90°C.
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Mt�%� � �Ww � Wd�/Wd � 100 (1)

where Ww denotes the weight of the wet material. The
equilibrium moisture absorption or maximum mois-
ture content, Mm, was calculated as an average value
of several consecutive measurements at the maximum
values obtained after an exposure period of 450 h.

The weight gain resulting from moisture absorption
can be expressed in terms of two parameters, the
diffusion coefficient or diffusivity, D, and Mm, as:4

Mt � Mm�1 �
8
�2 exp���Dt

h2 � �2�� (2)

where t is the time and h is the thickness of the
specimen.

Fracture test

Compact tension (CT) specimens with a notch length,
a � 20 mm; free ligament width, W � 50 mm were
machined from the injection-molded plaques. Speci-
mens with an initial notch cut transverse to the melt
flow direction were designated as L-T according to the
ASTM E606–81 standard as detailed in Part I.2 Prior to
the static loading tests the notch of the CT was sharp-
ened with a fresh razor blade. Fracture toughness
determinations were performed on a Tensometric test-
ing machine. Crosshead speed of 1 mm/min was em-
ployed. The fracture toughness (Kc) and fracture en-
ergy (Gc) were calculated in accordance with the rec-
ommendation of the protocol of Linear Elastic
Fracture Mechanics (LEFM) Standard.7,8 In all cases,
three CT specimens of each material were tested. A
flexural test was also performed on a Testometric Test-
ing machine in accordance to ASTM D790. Crosshead
speed and span of 2 mm/min and 50 mm, respec-
tively, were employed. Five test specimens with 12.70
� 3.00 mm (width � thickness) were tested in each
case.

Conditioning of specimens

Due to the hygroscopic nature of PBT, all testing spec-
imens were placed in a vacuum oven at 80°C for 24 h

prior to testing. Upon removal from the oven, the
specimens were allowed to cool to room temperature
inside desiccators to maintain a standard moisture
content for all specimens. These specimens are then
regarded to be in the as received (AR) state. For the
hygrothermal aging study, the specimens were im-
mersed in distilled water at 30, 60, and 90°C. Once the
water uptake in the specimens had reached a satura-
tion limit, both CT and flexural tests were carried out
as described under Fracture test. Further investigation
into the extent of deterioration of the fracture and
flexural properties of the specimens was carried out
by redrying the specimens (RD) in a vacuum oven at
100°C for 24 h.

Fractography

The failure mode of the fractured CT was determined
with a Leica Cambridge scanning electron microscope
(SEM). SEM micrographs were taken at 10 kV accel-
eration voltage at various magnifications. Prior to the
SEM observations the fractured parts were mounted
on an aluminum stub and sputter coated with a thin
layer of gold to avoid electrical charging during ex-
amination.

Figure 2 SEM micrograph showing the microcracks occur-
ring on RD (90°C) PBT matrix due to moisture attack (white
arrows).

TABLE I
D and Mm Values of All Materials Immersed in 30, 60, and 90°C Distilled Water

30°C 60°C 90°C

Mm (%) D � 10�7 (m2/h) Mm (%) D � 10�7 (m2/h) Mm (%) D � 10�7 (m2/h)

PBT 0.20 4.65 0.32 16.91 0.58 44.08
PBT/AX8900 0.24 7.59 0.38 26.81 0.66 54.59
PBT/EXL2314 0.28 14.09 0.46 32.62 0.76 101.59
PBT/SGF 0.19 2.76 0.37 13.63 0.41 40.43
PBT/AX8900/SGF 0.26 3.10 0.40 17.55 0.60 44.07
PBT/EXL2314/SGF 0.28 3.47 0.51 19.91 0.78 45.57
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RESULTS AND DISCUSSION

Kinetics of water absorption

Figure 1 shows the percentage moisture absorption,
Mt, of all the materials as a function of t1/2 at immer-
sion temperature of 90°C. The initial linear relation-
ship between Mt and t1/2 was clearly observed in each
material followed by the abscissa. This indicates that
Fickian behavior was conformed by the RT-PBT and
SGF-RT-PBT samples. Similar observations were ob-

tained for immersion temperatures of 30 and 60°C,
albeit with a slower absorption process as the temper-
ature decreased. The diffusion coefficient, D, and max-
imum moisture content, Mm, are tabulated in Table I.
The D and Mm values obtained indicate that the water
absorption parameter was a function of immersion
temperature. This can be attributed to the temperature
controlled diffusion mechanism in which molecular
activity is enhanced as temperature increased. Similar
observations have been reported for thermoplastic

Figure 3 Effect of immersion temperature on Kc of various grades of PBT materials.

TABLE II
Theoretical and Experimental Values of Mm of SGF-PBT and

SGF-RT-PBT Immersed in Distilled Water at 90°C

Experimental Theory I Theory II

PBT/SGF 0.407 0.406a (0.003) 0.447a (0.10)
PBT/AC8900/SGF 0.596 0.348a (0.42) 0.479a (0.20)

0.462b (0.22) 0.522b (0.12)
PBT/EXL2314/SGF 0.776 0.348a (0.55) 0.421a (0.46)

0.532b (0.30) 0.529b (0.32)

Values in parentheses are the deviance from the experimental values reported as
percentages.

a PBT matrix as the continuous phase.
b RT-PBT matrix as the continuous phase.
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and thermoset based composites.5,6,9–11 It was also
observed that the increase of Mm and D values is more
apparent when the temperature increases from 60 to
90°C. This is due to the flexibility of PBT, which in-
creased above its Tg at � 65°C. The movement of the
PBT chains permitted more free volume for water
absorption. Besides that, the microdefects in the form
of microcracks and pores caused by the attack of water
molecules also contributed to the increase of D and
Mm values. This is more significant at higher immer-
sion temperatures as the hydrolysis tendency of PBT
increases at high temperatures.3 The SEM micrograph
in Figure 2 shows the occurrence of microcracks due to
the effect of moisture attack.

Table I also shows that the Mm and D values of PBT
increased as AX8900 and EXL2314 were incorporated.
This is due to the hygroscopic nature of the acrylate
rubber in AX8900 and EXL2314.12 It is also observed
that materials modified by EXL2314 showed higher
Mm and D values than those of AX8900. This may be
attributed to the higher content of acrylate composi-
tion in EXL2314 (100%) than AX8900 (28%). However,
the incorporation of nonhygroscopic SGF reinforce-
ment13 retarded the water absorption in the subse-
quent composites, i.e., PBT/SGF, PBT/AX8900/SGF,
and PBT/EXL2314/SGF. The Mm and D values ob-
tained are much lower than those without SGF rein-
forcement. The complex orientation of SGF in the ma-
trix had restricted the diffusion of water molecules
into the matrix. Mohd Ishak et al.9,10 have also re-
ported that the Mm and D values are dependent on
fiber loading in PBT and PA 66 composites. Mohd
Ishak and Berry10 calculated Mm using the following
relation:

�Mm�c � �Mm�r � Wr (3)

where (Mm)c and (Mm)r represent equilibrium mois-
ture content of the composite and unreinforced con-
tinuous phase, respectively. Wr is the weight fraction
of the continuous phase in the composite. Another
theory developed by Valentin et al.14 attributed the
total moisture absorbed by the composite (Mm)c to the
following relation:

�Mm�c

�Mm�m
�

�m

�c
�1 � Vf) (4)

where � is the density and subscript m and c are the
continue phase and composite, respectively. Vf is the
volume fraction of the glass fiber.

Theoretical values of (Mm)c were calculated using
eqs. (3) and (4) and are tabulated in Table II. In the

Figure 4 Effect of immersion temperature on Gc of various grades of PBT materials.

Figure 5 SEM micrograph of HA (90°C) specimen of PBT.

510 YOW ET AL.



case of the ternary system, the theoretical (Mm)c value
was calculated by taking into consideration the RT-
PBT matrix phase as the continuous phase in the sys-
tem. The assumption that the SGF did not absorb
moisture was taken into account. The results showed
that the experimental values of Mm were different
from theoretical values. However, eq. (4) developed
by Valentin et al.14 gave a closer result to the experi-
ment values. This indicates that eq. (4) is more accu-
rate in predicting the moisture content in the ternary
system of SGF-RT-PBT. Results obtained for (Mm)c
calculated using method (a) where PBT matrix is taken
as the continuous phase and (b) where RT-PBT matrix
as the continuous phase also indicated that the phase
responsible for the water absorption was the rubber
modified PBT matrix (see Table II). The presence of the
microvoids15 is believed to be responsible for the de-
viation of the experimental values from the theoretical
values.

Effect of hygrothermal aging

Fracture toughness

Figures 3 and 4 show the effect of the immersion
temperature on the fracture parameters, i.e., Kc and Gc,

respectively, of all grades of PBT materials. In all
cases, Kc and Gc dropped as the immersion tempera-
ture increased from 30 to 90°C. In the range of immer-
sion temperatures from 30 to 60°C, the Kc value of
PBT/EXL2314 deteriorated more apparently com-
pared to those for PBT and PBT/AX8900. This indi-
cates that PBT/EXL2314 has inferior resistance to hy-
grothermal aging compared to PBT/AX8900. How-
ever, Kc of PBT and RT-PBT dropped drastically when
the temperature increased to 90°C. This may be attrib-
uted to the severe hydrolysis of PBT matrix. Golovoy
et al.4 reported a drastic reduction of the molecular
weight of PC/PBT blend and formation of some low-
molecular-weight fractions after 15 days of immersion
in water at 98°C. The hydrolysis of PBT matrix was
evident from SEM micrographs as indicated in Figures
5-7 for hygrothermally aged PBT, PBT/AX8900, and
PBT/EXL2314 specimens, respectively, compared to
its corresponding AR specimens as seen in Figure
8-10. The SEM micrographs also revealed a brittle
fracture mode where there was no yielding of the PBT
matrix observed. The plastic deformation in the form
of matrix drawing or shear yielding that is believed to
be responsible for the ductility of the matrix is totally
corrupted after hygrothermal aging at 90°C; thus ex-
plaining the dramatic reduction of Kc and Gc values
(Table II).

Figure 6 SEM micrograph of HA (90°C) specimen of PBT/
AX8900.

Figure 7 SEM micrograph of HA (90°C) specimen of PBT/
EXL2314.

Figure 8 SEM micrograph of AR specimen of PBT.

Figure 9 SEM micrograph of AR specimen of PBT/AX8900
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From Table III, the SGF reinforced grades, i.e., PBT/
SGF, PBT/AX8900/SGF, and PBT/EXL2314/SGF
showed higher resistance to hygrothermal aging. Kc of
various PBT composites were in the range of 2.18–2.23
MPam1/2 while 0.22–0.29 MPam1/2 was reported for
the corresponding unreinforced grades. Similar trend
was also observed for Gc. Fiber pull out was the dom-
inant failure mode. This explained the high % reten-
tion (65%) in Kc value of PBT/SGF. The presence of
SGF is also believed to have protected the PBT matrix
from being hydrolyzed. The complex orientation of
SGF obstructed the diffusion of absorbed water mol-
ecules into the matrix and hence reduced the extent of
the hydrolysis of PBT matrix. This is evident from the
SEM micrograph where yielding of PBT matrix was
observed especially at the root of the fiber pulled out
as seen in Figure 11 for the RD PBT/SGF specimen.
For the ternary system, i.e., PBT/AX8900/SGF and
PBT/EXL2314/SGF, fiber pull out can be seen in Fig-
ures 12 and 13, respectively. This also explained the
similar values of Kc of all three SGF-reinforced mate-
rials, i.e., PBT/SGF, PBT/AX8900/SGF, and PBT/
EXT2314/SGF, which are higher than those for non-
SGF-reinforced materials, as can be seen in Figure 3.

The extent of the deterioration caused by the hygro-
thermal aging was investigated by redrying the spec-

imen to remove the absorbed water molecules. The
results are shown in Table III. It can be seen that,
irrespective of immersion temperature, the toughness
of the materials was not fully recovered upon redrying
the specimens. The reinforced grades, however,
showed better % recovery in the toughness than the
unreinforced grades. This proved that the presence of
SGF has imparted protection to the subsequent com-
posites from the hydrolysis process. This can be evi-
denced also from SEM micrographs in Figures 12 and
13 for PBT/AX8900/SGF and PBT/EXL2314/SGF, re-
spectively. A small degree of matrix yielding was
observed compared to the smooth fracture surface in
PBT (Figs. 2 and 5). Mohd Ishak et al. also reported a
similar observation in the study of hygrothermal ag-
ing on PBT-CSR6 and SGF-CSR-PBT.5 The low recov-
ery of the toughness in all materials also indicates that
the attack of absorbed water molecules on the PBT
matrix was chemical in nature and caused permanent
damage to the materials. Evidence of water molecule
attack can be seen in the form of microcracks and
micropores in the RD specimens of PBT, PBT/AX8900,
and PBT/EXL2314 as shown in SEM micrographs
(Figs. 2, 14, and 15). The tiny pores on the fracture
surface are indications of the left over water molecules
upon its removal. The micrographs also further ex-
plained the discrepancy of Mm values between the
theory and the experiment, which was discussed ear-
lier.

Flexural properties

Figure 16 shows the effect of immersion temperature
on the flexural strength of various grades of PBT in the
hygrothermal aging state. The flexural strength of all
materials exhibited a similar reduction trend as in Kc
and Gc as the immersion temperature increased. A
higher reduction is observed when the immersion
temperature is increased from 60 to 90°C. This can be
attributed to intense hydrolysis that occurred above
the Tg of PBT. However, such a dramatic reduction
was not observed in SGF reinforced grades, i.e., PBT/

Figure 10 SEM micrograph of AR specimen of PBT/
EXL2314.

TABLE III
Effect of Immersion Temperature (30 and 90°C) on Kc and Gc Values of All Materials and the Extent of Deterioration

AR 30°C 90°C

Kc
(MPam1/2)

Gc
(kJ/m2)

Kc (MPam1/2) Gc (kJ/m2) Kc (MPam1/2) Gc (kJ/m2)

HA RD HA RD HA RD HA RD

PBT 2.7 2.5 1.4 1.5 (54.9) 1.6 1.8 (7.09) 0.2 0.2 (9.0) 0.1 0.1 (5.7)
PBT/AX8900 4.7 9.0 2.7 2.1 (45.1) 8.1 4.2 (46.1) 0.3 0.4 (8.1) 0.1 0.2 (2.5)
PBT/EXL2314 4.0 6.2 3.5 3.0 (75.8) 11.4 8.0 (129.1) 0.3 0.3 (6.6) 0.1 0.2 (3.5)
PBT/SGF 3.4 4.8 3.1 3.4 (100.6) 3.5 5.6 (115.4) 2.2 2.4 (71.9) 2.0 2.6 (54.8)
PBT/AX8900/SGF 3.4 6.5 3.1 2.6 (76.5) 6.1 5.1 (78.7) 2.2 2.1 (60.3) 2.9 2.4 (36.9)
PBT/EXL2314/SGF 3.1 3.8 3.0 2.5 (80.1) 4.0 3.1 (81.5) 2.2 2.4 (78.4) 2.3 2.9 (75.3)

Values in parentheses are the % recoveries.
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SGF, PBT/AX8900/SGF, and PBT/EXL2314/SGF. The
complex orientation of the SGF provided microme-
chanical restriction to diffusion of the water molecules
and subsequently reduced the hydrolysis of the PBT
matrix. It is, therefore, indicated that SGF-RT-PBTs
have better resistance to hygrothermal aging than RT-
PBTs.

Figure 17 shows the effect of immersion tempera-
ture on the flexural modulus of all the materials. It was
found that the flexural modulus was not much af-
fected by the increase of temperature even up to 90°C.
The maximum drop was only 24.3%, which was ob-
served in PBT/EXL2314/SGF when the immersion
temperature increased from 30 to 90°C. This observa-
tion can be attributed to the effect of heat on the
rubber particles. The rubber particles degraded and
became hard after exposure to high temperature, i.e.,
90°C for � 450 h. The hardened rubber particles acted
as rigid fillers in the system and, therefore, the mod-
ulus of the system did not deteriorate after hygrother-
mal aging. This is in agreement with the observations
for Kc and Gc values. A reduction of fracture tough-
ness is observed as the rubber particles lost their
toughening effect after hygrothermal aging.

Table IV shows the flexural properties of various
grades of PBT in AR, hygrothermal aging, and redried
states. The result shows that both flexural strength and
flexural modulus of specimens hygrothermally aged
at 30°C were almost fully recovered upon redrying.
This shows that the interaction of the water molecules
and the matrix was merely physical. This situation at
90°C was quite different, as flexural strength was not
fully recovered. This observation was more apparent
in the case of PBT and unreinforced RT-PBT whereby
% recoveries of 25–30% were recorded. However,
higher % recoveries were reported in PBT/SGF
(87.0%), PBT/AX8900/SGF (124.3%), and PBT/
EXL2314/SGF (96.8%). This is in agreement with the
results obtained in the fracture properties. The studies
of hygrothermal aging of PBT-CSR and PBT-CSR-SGF
by Mohd Ishak et al.5,6 also reported similar observa-
tions. The increase in the flexural modulus in the
redried specimen after hygrothermal aging at 90°C
is noteworthy. The increase of the flexural modulus
was due to the lost of plastication effect of the
absorbed water molecules upon redrying. Another
explanation for this observation is the hardening of
the rubber particles due to long exposure to the hot
environment as elaborated in the preceding para-

Figure 11 SEM micrograph of RD PBT/SGF after HA at
90°C.

Figure 12 SEM micrograph of HA (90°C) specimen of
PBT/AX8900/SGF.

Figure 13 SEM micrograph of HA (90°C) specimen of
PBT/EXL2314/SGF.

Figure 14 SEM micrograph of RD (90°C) specimen of PBT/
AX8900.
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graph. This also explains the PBT without rubber
toughening showed a much significant reduction
in the modulus property, where it recorded a 16%
drop compared to 6.31 and 4.37% for PBT/AX8900
and PBT/EXL2314, respectively, when the immer-
sion temperature increased from 30 to 90°C as seen
in Figure 17 and which could be calculated from
the hygrothermal aging data in Table IV. Besides
the hardening effect of rubbers, it was found that the
hygrothermal aging resistance of SGF-reinforced
grades of PBT and RT-PBT was relatively better than
that of unreinforced grades. It can be seen from
the % recoveries that the SGF-reinforced grades of
materials generally are higher than those of unrein-

forced SGF materials (Table IV). However, between
PBT/AX8900/SGF and PBT/EXL2314/SGF, the
former exhibited a better resistance to hygrothermal
aging and recovery upon redrying. This can be attrib-
uted to the lower hygroscopic acrylate content in
AX8900 compared to EXL2314, which is a 100% acry-
late product. Therefore, the hydrolysis damage caused
by the attack of absorbed water is lesser in AX8900-
toughened grades.

CONCLUSION

All materials, i.e., PBT, RT-PBTs, and SGF-RT-PBTs
showed Fickian moisture absorption behavior and a
strong dependency on the rubber types and presence
of SGF as well as the immersion temperature. How-
ever, the diffusion rate of SGF-RT-PBTs was found to
be lower than that of RT-PBTs and PBT. The hygro-
thermal aging at temperatures as low as 30°C has
resulted in the decrease of Kc and Gc values for all
materials. Furthermore, it was found that the deterio-
ration caused by the water attack is irreversible by
redrying the specimens. The deterioration caused by
the hygrothermal aging was found to be more appar-
ent in PBT and RT-PBTs while SGF-RT-PBTs showed a
higher resistance to the hygrothermal aging. As to the
water absorption behavior, EXL2314-toughened PBT
exhibited more severe deterioration than AX8900-
toughened PBT. A similar trend was observed in flex-

Figure 15 SEM micrograph of RD (90°C) specimen of PBT.

Figure 16 Effect of immersion temperature on flexural strength of various grades of PBT in HA state.
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ural strength, where a drastic decrease of the property
was observed at immersion temperatures higher than
60°C. However, the flexural modulus of the materials
did not deteriorate much by the immersion tempera-
ture. Again, the SGF-RT-PBTs were found to have
relatively higher retention of the flexural properties
against hygrothermal aging than that of RT-PBTs and
PBT itself. Furthermore, between AX8900 and
EXL2314, the former exhibited better resistance to hy-

grothermal aging and recovery upon redrying regard-
less of whether the system was reinforced by SGF.
SEM micrographs revealed that the ability of PBT
matrix to undergo plastic deformation and shear
yielding was suppressed as a result of hygrothermal
aging. In addition, permanent damage due to hydro-
lysis of PBT matrix was manifested by the microvoids
observed on the fracture surface captured by SEM
micrographs.

Figure 17 Effect of immersion temperature on flexural modulus of various grades of PBT in HA state.

TABLE IV
Effect of Immersion Temperature (30 and 90°C) on Flexural Properties of All Materials and the Extent of Deterioration

AR 30°C 90°C

Flexural
strength
(MPa)

Flexural
modulus

(GPa)

Flexural strength
(MPa)

Flexural modulus
(GPa)

Flexural strength
(MPa)

Flexural modulus
(GPa)

HA RD HA RD HA RD HA RD

PBT 86.77 2.67 85.34 89.72 (103.4) 2.91 2.94 (110.1) 12.99 26.21 (30.2) 2.43 3.12 (116.8)
PBT/AX8900 66.33 1.96 70.11 58.24 (87.8) 2.06 2.16 (110.2) 15.14 17.09 (25.8) 1.93 2.22 (113.3)
PBT/EXL2314 79.91 2.31 86.23 86.22 (107.9) 2.29 2.49 (107.8) 19.37 21.99 (27.5) 2.19 2.59 (112.1)
PBT/SGF 112.95 6.07 119.53 125.38 (111.0) 7.38 7.40 (121.9) 71.71 98.25 (87.0) 6.99 7.66 (126.2)
PBT/AX8900/SGF 58.49 3.21 73.06 79.02 (135.1) 4.34 4.08 (127.1) 49.18 72.73 (124.3) 3.76 4.35 (135.5)
PBT/EXL2314/SGF 78.85 4.71 79.02 93.22 (118.2) 5.47 5.87 (124.6) 63.88 76.32 (96.8) 4.14 5.62 (119.3)

Values in parentheses are the % recoveries.
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