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SYNOPSIS 

The effect of physical aging at 210°C on the mechanical properties of phenolphthalein 
polyether sulfone (PES-C) and a PES-C/poly(phenylene sulfide) (PPS) blend, with 5% 
content of PPS, were studied using DMA, tensile experiments, an instrumented impact 
tester, and SEM observations. The blend shows good mechanical properties in comparison 
with the corresponding PES-C. The mechanical properties of both materials exhibit char- 
acteristics of physical aging, with only the aging rate of the blend relatively slower, which 
should be attributed to the constraint effect of PPS particles and the good interfacial 
adhesion. The morphology of the PPS phase in the blend did not change with aging time. 
The principal role of PPS particles is to induce crazes, which dissipate energy, under applied 
loading; thus, the blend shows good toughness. On the other hand, the multiple crazing 
mechanism depends on the molecular mobility or structural state of the matrix. 0 1996 
John Wiley & Sons, Inc. 

INTRODUCTION 

Glassy polymers are known to change their physical 
properties with time when used or stored at tem- 
peratures close to but below their glass transition 
temperature. The gradual molecular relaxation to- 
ward the thermodynamic equilibrium structure is 
commonly referred to as structure relaxation or, 
generally, as physical aging, which was summarized 
by Struik' and extensively studied by other re- 
searchers.'-'' Due to the time dependence of the 
structure relaxation rate, physical aging is therefore 
a self-delaying phenomenon. The macroscopic 
properties of the polymer, during the aging process, 
will change with time. In general, with increasing 
aging time, the tensile strength, the density, and the 
excess enthalpy loss of polymers increase, while 
fracture energy or toughness and the physical aging 
rate decrease. 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Scrence, Vol. 59, 1159-1166 (1996) 
0 1996 John Wiley & Sons, Inc CCC 0021-8995/96/071159 08 

Blending of polymers has now become an estab- 
lished method of producing thermoplastic materials 
with an unusual combination of desirable properties. 
In recent years, for phenolphthalein polyethersul- 
fone ( PES-C ) , which is a novel high-performance 
thermoplastic with excellent mechanical strength 
and thermal resistance ( Tg is about 245OC) devel- 
oped in Changchun Institute under a Chinese pat- 
ent,lg works have been done on blending it with a 
thermotropic liquid crystalline polymer ( LCP) 'Ot21 

and poly ( phenylene sulfide) ( PPS ) 22 to improve its 
impact resistance and fracture toughness as well as 
processability. The incorporation of a small content 
of LCP or PPS into the PES-C matrix resulted in 
a significant increase in impact strength and fracture 
toughness and a reduction in flow viscosity without 
sacrificing the high mechanical strength and thermal 
resistance. While being used at high temperature, 
these blends will undergo a physical aging process, 
just like glassy polymers, during which the two 
phases may probably exhibit their own character- 
istics of aging and the microstructure of the blend 
may also change with time. A study of the physical 
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aging effect on mechanical properties of these blends 
would yield valuable information. 

Although enthalpy relaxation, representing the 
structure relaxation by a thermal method, in poly- 
mer blends, has become of increasing interest and 
has been reviewed by Mijovic et al.' and ten Brink 
et al.,3 only limited information exists about me- 
chanical properties on the aging of polymer blends, 
especially for amorphous polymer-based blends. 
Mijovic et aL4 studied the effect of physical aging 
on stress relaxation in PMMA/SAN blends. Zhou 
and Hay23 studied the structure-property relation- 
ships in annealed LLDPE/PP blends. Varin and 
DjokovicZ4 reported the effect of annealing on PP/ 
HDPE blends at  130°C. They considered that the 
annealing treatment improved the bonding between 
the phase-separated domains. 

The present article investigates the effect of aging 
on the mechanical properties of PES-C /PPS blend 
with 5% content of PPS. The aim of this work was 
to determine if the blend can keep its good prop- 
erties, in comparison with PES-C, after long-time 
aging. 

EXPERIMENTAL 

Materials and Sample Preparation 

The amorphous PES-C resin used in this study was 
supplied by Xuzhou Engineering Plastic Co., China. 
Its reduced viscosity in chloroform at 25°C is 0.37 
dL/g. High molecular weight grade PPS resin was 
supplied by Zigong Chemical Reagent Factory, 
China. Powders of PES-C and PPS were first me- 
chanically mixed with a PPS weight composition of 
5% at room temperature. The neat PES-C and mix- 
ture were then extruded in a twin-screw extruder 
(Model SHJ-30, China) at a melt temperature about 
340°C. Dumbbell-shaped tensile specimens ( ASTM 
D638, type V )  and rectangular bars with size of 4 
X 6 X 55 mm, for DMA and impact testing, were 
injection-molded in an injection-molding machine 
(Model JSW-17SA, Japan) with barrel tempera- 
tures of 325-350°C. 

The physical aging of PES-C and the blend were 
carried out in an air-circulating oven at temperature 
210°C up to 240 h. The original injection-molded 
specimens will be referred to as as-injection-molded 
specimens. After several months storage at room 
temperature, these specimens were tested. Because 
of very high TB, there would be no further aging 
occurring in these specimens during storage at room 
temperature. This was confirmed by the differential 

scanning calorimeter (DSC ) results, which will be 
discussed in next report. 

Mechanical Testing 

Dynamic mechanical properties were determined at 
frequency of 1 Hz using a DuPont DMA983 instru- 
ment with a heating rate of 5"C/min. The heating 
program was set from 50 to 300°C. 

An Instron 4204 testing machine was used to 
measure the tensile properties with a crosshead 
speed of 5 mm/min at room temperature. The un- 
notched Charpy impact tests were carried out in an 
instrumented impact tester (Model CEAST AFS/ 
MK4) at  room temperature. 

Observation of Morphology 

The fractured surface morphologies were observed 
using a scanning electron microscope (SEM) 
(Model S-2300, Hitachi) . The samples were sputter- 
coated with gold before viewing under the micro- 
scope. 

RESULTS A N D  DISCUSSION 

Dynamic Mechanical Properties 

The DMA provides us information about the struc- 
ture changes of polymers taking place during the 
physical aging process. The storage modulus E' and 
loss tangent, tan 6 ,  measured as a function of tem- 
perature, are shown in Figures 1 and 2 for PES-C 
and the PES-C /PPS blends, respectively. It can be 
seen that, for both materials with increasing aging 
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Figure 1 The storage modulus and tan 6 of PES-C as 
a function of temperature. For comparison, the curves for 
the as-injection-molded PES-C/PPS blend are also shown. 
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Figure 2 The storage modulus and tan 6 of the PES- 
C/PPS blend as a function of temperature. For compar- 
ison, the curves for 120 h aged PES-C are also shown. 

time, E' increases while the tan 6 peak, which in- 
dicates the amount of energy dissipated as heat dur- 
ing the deformation of the material, shifts to higher 
temperature and the peak intensity decreases. Most 
of the changes of tan 6 appear a t  the lower-temper- 
ature side of each tan 6 peak for the temperature 
range investigated. 

Previous workz2 on the thermal and mechanical 
properties of PES-C/PPS blends showed that the 
blends were multiphase systems with small size and 
evenly dispersed PPS fibers and that strong inter- 
actions existed between the two phases. Within a 
PPS content of 2596, most of the PPS in the blends 
takes the amorphous form. For the aged PES-C/ 
PPS blend, there seems to be no change in the mor- 
phology of the PPS phase. 

In comparison with corresponding PES-C (i.e., 
for which with the same aging history), there is a 
small but obvious depression in storage modulus and 
a corresponding shoulder in tan 6 curves occurring 
at  about 1 1O"C, for as-injection-molded and aged 
blends, followed by a platform which holds up to the 
onset of glass transition temperature of the PES-C 
phase. One may attribute this T,-type transition to 
the glass transition of the amorphous phase in PPS, 

i.e., the amorphous phase of PPS in the blend can 
be well detected even though its content in the blend 
is only 5% and after long time aging. Together with 
the previous work,22 we may reach conclusions that 
most of the PPS in the blend takes the amorphous 
form and that physical aging, experienced at 210°C 
within the interesting period of time, has no or no 
obvious effect on the crystallinity of PPS. This is 
not surprising and is analogous to the result of 
BradyZ5 who emphasized that annealing conducted 
below T,,, had no or little effect on the crystallinity 
of PPS. Also, Cheung et a1.26 found that small par- 
ticles of PPS in a polysulfone (PSF)/PPS (90/10) 
blend remained amorphous even after annealing at  
160°C for 2 h. On the other hand, the morphology 
of the PPS phase in the blends depends on its com- 
patibility with the matrix and/or processing con- 
ditions. By the method of NMR, Zhang and WangZ7 
found that PPS / PES mechanically mixed blends 
were poorly compatible with a large domain size. 
But the solution-cast blends were partially compat- 
ible with a smaller domain size and lower crystal- 
linity of PPS. As a result of partial compatibility 
between the PPS and PES-C matrix, the aging rate 
of PES-C in the blend should be affected by PPS 
particles due to the constraining effect. 

The aging rates of PES-C and the PES-C/PPS 
blend are different as can be seen from Table I. 
Larger changes of the intensity and temperature of 
the tan 6 peak and E' (Fig. 1 ) have been found for 
PES-C after aging 120 h at 210°C, whereas these 
changes for the PES-C/PPS blend are relatively 
smaller. Therefore the aging rate, or the structure 
relaxation rate, of PES-C is faster than that of the 
PES-C/PPS blend. In other words, the relaxation 
of the PES-C matrix, a t  least those in the vicinity 
of PPS boundaries, was delayed by the PPS particles 
in the blend. This is more or less like the model for 
semicrystalline polymers proposed by Struik for the 
effect of the crystalline phase on the physical aging 
of semicrystalline  polymer^.^ The main feature of 
that model is that the crystals disturb the vicinal 
amorphous phase and reduce their segmental mo- 

Table I The Tan 6 Peak Temperature and Intensity of PES-C and the PES-C/PPS Blend 

O h  3 h  120 h 

Aging Time Temp Tan Temp Tan Temp Tan 
Properties ("C) 6 ("C) 6 ("0 6 

PES-C 255.6 1.291 258.4 1.183 261.7 1.050 
PES-C/PPS 253.6 1.214 255.2 1.164 256.8 1.093 
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bility. D'Amore et aL6 found that an increase of the 
amount of crystallite and fibers in the amorphous 
PEEK resulted in a slower sensitivity of the material 
to the volume relaxation. On the other hand, the 
physical aging rate, detected by enthalpy relaxation, 
was also found for some polymers to be reduced by 
incorporation of the second phase. The enthalpy re- 
laxation rate in copolymers of styrene and butyl 
methacrylate was reduced by incorporation of car- 
bon black for the existence of a special interaction 
between the filler and the copolymer.' The reactive 
oligomer acetylene-terminated sulfone ( ATS ) re- 
stricted the aging process of PES-C remarkably for 
the forming of a semipenetrating network within 
the cured ATS network and PES-C. But the aging 
behavior of PES-C remained unaffected by addition 
of carbon black or short carbon fiber for the lack of 
interfacial adhesion in these comp~sites.~ Also, the 
retardation of aging rate in filled polymers was found 
to depend on the specific nature of the filler-more 
specifically, the surface chemistry and available 
surface area of the filler." As a conclusion, the slower 
physical aging rate for polymer blends and compos- 
ites should be contributed to the restraint effect of 
the second phase and the good interfacial adhesion, 
which happens to be the reason for mechanical 
property, especially the toughness, improvements for 
these blends and composites. 

Tensile Properties 

The mechanical properties of the aged samples of 
PES-C and the PES-C/PPS blend were markedly 
different from that of the as-injection-molded sam- 
ples. During tensile testing, a small extent of the 
necking process, which represents higher energy ab- 
sorption by the specimen, was observed only for the 
as-injection-molded samples, For all aged specimens, 
localized yielding or brittle fracture behavior were 
observed, as shown in Figure 3. The tensile strength 
of PES-C increases with increasing aging time. A 
marked increasing takes place within the first sev- 
eral hours and then the tensile strength leveled off 
on further aging without a yield point on the stress- 
strain curves, which is characteristic of brittle frac- 
ture. The same tendency for tensile strength chang- 
ing with aging time, which shows the self-delaying 
characteristic of the aging process, was observed 
previ~usly."-'~ This phenomenon may be explained 
by the following statement 15,16: There is a distinction 
between the yield stress and crazing stress of a ma- 
terial; ductile failure is produced by extensive yield- 
ing while crazing leads to a brittle mode of fracture. 
Physical aging leads to an increase in the yield 

--cC PES-C/PPS - PES-C 
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Figure 3 The tensile strength of PES-C and the PES- 
C/PPS blend as a function of aging time. Open circles 
represent brittle fracture stress and the filled circles denote 
yield strength. 

strength but does not significantly change the frac- 
ture stress. 

The same tendency for tensile strength changing 
with aging time can also be found for the PES-C/ 
PPS blend within the first 100 h. But on further 
aging, a slight decrease of the tensile strength can 
be observed. A tentative explanation for this phe- 
nomenon is that when these PPS particles act as 
stress concentrators to initiate a multiplicity of 
crazes which can bear applied load further and the 
multiple crazing is the dominant deformation 
mechanism the blend may exhibit a macroscopic 
yielding process; thus, this yield strength may be a 
little higher than the brittle fracture stress. On the 
other hand, this multiple crazing mechanism, as 
discussed below, depends on the molecular mobility 
or structural state of the matrix. The structure re- 
laxation of the matrix restrains this multiple crazing 
and makes the fracture in a brittle mode and thus 
results in the slight decrease of the tensile strength 
of the blend. It is obvious that the tensile strength 
of the blend is still higher than that of pure PES-C 
within the experimental time scale. 

The fracture energy can be evaluated by the en- 
ergy needed to break the specimen. Figure 4 shows 
the fracture energy for both materials as a function 
of aging time. As expected, the aged samples display 
a loss in their ductility. The blend shows always a 
higher fracture energy than that of pure PES-C. The 
fracture energy tendency to change with aging time 
for both materials is just the opposite to that of the 
tensile strength. Though the retardation of the 
physical aging rate in polymer blends and compos- 
ites was found by DMA under a small strain con- 
dition, as discussed above, and mentioned by other 



PHYSICAL AGING EFFECT ON PES-C AND PPS BLEND. I 1163 

+ PES-C 
-C+ PES-C/PPS 

140 

5 120 
d 

iL 

0 50 100 150 200 250 
Aging Time (h)  

Figure 4 
PES-C/PPS blend as a function of aging time. 

The tensile fracture energy of PES-C and the 

researchers by means of volume relaxation6 or en- 
thalpy relaxation,'-'' under a large deformation 
condition as for tensile testing, the aging rate for 
the PES-C/PPS blend seems to be similar to that 
of pure PES-C. As a whole, the blend shows good 
tensile properties even after long-time aging as 
compared with pure PES-C. 

Impact Properties 

The impact strength of the polymer is directly re- 
lated to its toughness and defined as the ability of 
the material to absorb applied energy. The experi- 
mental data obtained from the instrumented impact 
tester showed that the impact fracture process of 
PES-C and the blend can be described as two steps: 
The first, up to F,,,, which is the maximum force 
the material endured, representing the progressive 
energy absorption before microcrack initiation; the 
second, after the F,,,, representing those micro- 
cracks' propagation to fracture. The unnotched 
Charpy impact fracture parameters are summarized 
in Table 11. The E(Fmax) and E, represent the energy 
absorption corresponding to the first step and total 
fracture process, which is the so-called impact 
strength. 

80 I 
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Figure 5 
C/PPS blend as a function of aging time. 

The impact strength of PES-C and the PES- 

As-injection-molded and aged PES-C all exhibit 
brittle fracture behavior, and as a result of this, the 
E ( F ~ , , )  and E, are almost the same. The F,,, as well 
as E(Fmax) and E, decrease with increasing aging time. 
On the other hand, these parameters for the blend 
are higher than that of pure PES-C. With increasing 
aging time, the E(Fmax) and E, decrease in the same 
trend as that of pure PES-C, as shown in Figure 5, 
but the F,,, does not change with time. This phe- 
nomenon should be attributed to the multiple craz- 
ing mechanism arising from those PPS particles. 
Therefore, the PES-C/PPS blend shows good im- 
pact properties even after long-time aging. For a 
better understanding of these mechanical properties, 
a study of fracture morphology is necessary. 

Morphological Studies 

Morphological studies, with the aid of scanning 
electron microscopy ( SEM ) , can help us trace back 
the source of the fracture and relate the mode of 
deformation to the microstructure of the material 
and the mechanical properties. At low magnification, 
we can observe the macroscopic fracture morphol- 
ogy. The impact fracture surface of the as-injection- 
molded PES-C/PPS blend gives clear evidence of 

Table I1 Impact Properties of PES-C and the PES-C/PPS Blend 

Oh 3 h  120 h 

Aging Time F,,, E(F,..) Et Fmax E(F,..) Et F m a x  E ( F m a x )  Et 
Properties (N) (kJ/m2) (kJ/m2) (N) (kJ/mZ) (kJ/m2) (N) (kJ/m2) (kJ/m2) 

PES-C 348 42 43 322 29 31 301 25 25 
PES-C/PPS 357 58 73 356 39 46 358 35 36 
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ductility on the fracture surface [Fig. 6 ( a )  1.  Close 
to the fracture initiation site, there exists evidence 
of bulk shrinkage and plastic deformation, gener- 
ating randomly on different planes from several ini- 
tiators. Coming next on the surface is the faster 
fracture region with flat surface showing a brittle 
fracture mode. Also, some macrocracks on different 
planes under the fractured surface were seen on the 
side face. On the other hand, the aged (120 h )  spec- 
imen shows a typical brittle fracture mode, as shown 
in Figure 6 ( b )  . Close to its fracture initiation site 
is a smooth so-called mirror region representing the 
slow crack growth region. This is surrounded by a 

(4 
Figure 6 (Continued) 

radiating and concentric band structure, the so- 
called patch pattern 7,28 or hackle bands,29 charac- 
teristic of a fast growth region. The as-injection- 
molded and aged PES-C show the same macroscopic 
fracture mode as that of the aged PES-C/PPS blend, 
as shown in Figure 6 (c )  . This morphology has also 
been reported in many other kinds of materials such 
as PET17 and PEEK.I8 

A t  high magnification, the microstructure and 
microscopic deformation mode of the material can 
be observed. Previous works had attributed the 

(a) toughness improvement of PES-C by blending 
LCPZ1 or PPS2" to the good interfacial adhesion. 
The present results show that the good interfacial 
adhesion did not change by physical aging. The view 
of a portion of the fracture surface near the initiation 
region, for the as-injection-molded PES-C/PPS 
blend indicates that considerable localized plastic 
deformation is present [Fig. 7(a)] .  A round and 
smooth PPS fiber end can be found in each smaller 
localization. This morphology gives the impressions 
that craze initiation is preferably induced at or near 
PPS fiber ends and nearly every PPS fiber end can 
act as a stress concentrator to initiate craze. The 
morphology of the 120 h aged specimen is quite dif- 
ferent; only some relatively large PPS fibers can be 
found in each localization from the fractured surface. 
But there is also no cavitation around these fibers. 
This implies that the good interfacial adhesion be- 
tween PES-C and PPS did not change during the 
physical aging process. This is obvious because the 
microstructure of the rubbery state PPS phase did 
not change with aging time and those fine and evenly 
dispersed PPS fibers remain amorphous as discussed 
above. The physical aging, on a molecular level, is 

(b) 

Figure 6 SEM photographs of the impact-fractured 
surfaces of the (a) as-injection-molded PES-C/PPS blend, 
(b) 120 h aged blend, and (c) as-injection-molded PES-C. 
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This phenomenon should be attributed to the phys- 
ical aging of the PES-C matrix. In fact, the ability 
to deform and absorb energy under an applied load- 
ing depends on the ease with which its molecular 
chains can slide past each other or change molecular 
conformations. This ability, as a result of the local- 
ized plastic deformation of the matrix occurring after 
the initiation of crazes, decreased markedly with in- 
creasing aging time, as shown by its mechanical 
properties above. Even if the PPS fiber ends can act 
as stress concentrators to initiate multiple crazing, 
the ease of these having generated craze growth, 
during which further crazes initiate depends pri- 
marily on the structural state of the matrix and how 
this state changes with time. Therefore, for a long- 
time-aged blend, crack propagation, based on the 
growth of crazes generated around relatively larger- 
size PPS fibers, may pass through all the other PPS 
fibers before further crazes initiate around them. So, 
the crack propagation energy was lower than that 
of the as-injection-molded specimen. 

(4 

CONCLUSIONS 

(b) 

Figure 7 SEM photographs (high magnification) of the 
impact-fractured surfaces of the (a) as-injection-molded 
PES-C/PPS blend and (b) 120 h aged blend. 

thought to accompany the motion of the polymer 
chains into a tighter packing density, the volume 
relaxation, for amorphous polymers. As a result of 
this tighter packing, the original possible intervals 
might disappear. At least, the original interfacial 
adhesion did not change. 

Based on these morphologies, it is suggested that 
the principal role of PPS fibers in the blend is to 
induce multiple crazing under an applied loading at  
their ends; thus, the blend shows more ductility than 
does pure PES-C. After a long aging time, however, 
there are not as many PPS fiber ends as in an as- 
injection-molded blend that can act as stress con- 
centrators to initiate a multiplicity of small crazes. 

The effect of physical aging at 210°C on the me- 
chanical properties of the PES-C/PPS ( 9 5 / 5 )  blend 
and pure PES-C have been studied. It was found 
that the blend always shows good mechanical prop- 
erties as compared with pure PES-C. The tensile 
strength and impact strength for both materials 
change markedly with increasing aging time within 
the first several hours. On further aging, these prop- 
erties leveled off gradually, thus exhibiting the self- 
delaying nature of physical aging. Only the aging 
rate of the blend is relatively slower. 

On the microscopic level, the morphology of the 
PPS phase and the good interfacial adhesion be- 
tween the two phases in the blend did not change 
with aging time. For this reason, the structure re- 
laxation of the PES-C matrix was restrained by the 
finely dispersed PPS particles and, therefore, the 
blend shows a slower aging rate than that of pure 
PES-C. The principal role of PPS particles is to 
induce many small crazes under applied loading, 
thus dissipating energy and making the blend show 
good toughness. On the other hand, the multiple 
crazing mechanism depends on the molecular mo- 
bility or structural state of the matrix. 
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