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ABSTRACT: The effects of boiling water on the mechan-
ical and thermal properties and morphologies of polycar-
bonate (PC), PC/acrylonitrile-butadiene—styrene resin (PC/
ABS), and PC/low-density polyester (PC/LDPE) blends
(compositions of PC/ABS and PC/LDPE blends were 80/
20) were studied. PC and the PC/ABS blend had a transition
from ductile to brittle materials after boiling water aging.
The PC/LDPE blend was more resistant to boiling water
aging than PC and the PC/ABS blend. The thermal proper-
ties of glass-transition temperature (T,) and melting temper-
ature (T,,) in PC and the blends were measured by DSC. The
Tg of PC and PC in the PC/ABS and PC/LDPE blends
decreased after aging. The T, of the ABS component in the

PC/ABS blend did not change after aging. The supersatu-
rated water in PC clustered around impurities or air bubbles
leading to the formation of microcracks, which was the
primary reason for the ductile-brittle transition in PC, and
the microcracks could not recover after PC was treated at
160°C for 6 h. The PC/ABS blend showed slightly higher
resistance to boiling water than did PC. The highest resis-
tance to boiling water of the PC/LDPE blend may be attrib-
uted to its special structural morphology. © 2003 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 89: 589-595, 2003
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INTRODUCTION

Polycarbonate (PC) is a widely used engineering plas-
tic, especially for its superior ductility and outstand-
ing impact-resistance behavior. However, PC is apt to
undergo molecular degradation after long-term expo-
sure to warm, humid environments or in hot water.
The degradation is primarily attributable to molecular
weight reduction that is caused by hydrolysis at the
carbonate linkage. The solubility of water in PC in-
creases from 0.3% at room temperature to 0.6% at
100°C. However, these relatively low concentrations
of water have significant and even dramatic effects on
the mechanical properties and structure of the poly-
mer.!

With regard to structure, formation of microcracks
(microvoids) in PC and the molecular degradation
after aging in boiling water were previously reported
by some researchers.”* The microcracks were actually
disc-shape pockets filled with water. It occurred be-
cause of the creation of water supersaturation condi-
tions by cooling water-saturated specimens from
100°C to room temperature, resulting in water phase
separation, clustering, and microvoiding.
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Water absorption was known to cause serious dete-
rioration of PC’s mechanical properties and was stud-
ied seriously by several researchers.”” Early publica-
tions suggested that the deterioration of mechanical
properties was attributable to the observed molecular
degradation. Robert and John® found that PC went
through a transition from ductile to brittle failure
along with the reductions in molecular weight. More-
over, Gardner and Martin® found that hydrolytic em-
brittlement might occur when the molecular weight of
PC decreased by about 25%. Although hydrolysis re-
actions cause molecular breakdown, other factors may
also play a role. Later, Petrie et al.” reported that the
water influence on mechanical properties should be
interpreted in relation to the internal stress distribu-
tion. In addition, Narkis et al.2 related the deteriora-
tion to microvoids. In general, residual stress will form
in injection molding as the result of the temperature
gradients that exist during solidification. Under nor-
mal molding conditions, the stresses that form in the
interior of the molding are tensile and fairly weak, and
those at the surface are compressive and can be quite
strong. In a study by Ram et al.,® the residual stresses
present in the moldings were measured after various
conditioning procedures, including immersion in hot
water, and they deduced that the changes in residual
stresses were responsible for the reduced toughness in
PC after water absorption. Qayyum and White® got
the same results as Ram and coworkers; both studies
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proved that, after hot-water conditioning, the residual
stress in a molding bar reversed, which was to say,
there was tensile stress at the surface. Under the ten-
sile stress, flaws formed at the surface of the bar. The
reduction of toughness may originate from fracture
nucleation at the surface.

Because of researchers’ desire to solve the shortcom-
ings of PC, such as sensitivity to notch and difficulty in
processing and high cost, blends of PC have been the
focus of much attention. PC/acrylonitrile-butadiene—
styrene resin (PC/ABS) and PC/polyethylene (PC/
PE) blends are two important blends whose mechan-
ical properties and morphology have been thoroughly
studied.'®™ However, the effects of boiling water
aging on these blends have seldom been reported.

The objective of this investigation was to explore
new factors influencing the formation of microcracks
in PC. The effects of microcracks on the properties
were also examined. In addition, the effects of water
aging on polycarbonate/low-density polyethylene
(PC/LDPE) blend and PC/ABS blend were investi-
gated.

EXPERIMENTAL
Materials and specimen preparation

PC (Makrolon 2858) was produced by Bayer Co.
LDPE, Q200 [melt flow index (MFI) = 0.9 g/10 min]
was obtained from Shanghai Petrochemical Co. (Chi-
na). ABS was made by Chimei Plastics Co. (China).
The PC/LDPE blend (weight ratio of PC/LDPE was
80/20) and the PC/ABS blend (weight ratio of PC/
ABS was 80/20) were prepared by an SHL-35 corotat-
ing twin-screw extruder with L/D = 25. Before extru-
sion, the PC was dried for 12 h at 120°C, and ABS was
dried for 12 h at 80°C. The extruded strands were
dipped in a cool water bath and chopped into granules
about 5 mm long. Before injection molding, the gran-
ules of PC and the two blends were dried for 10 h at
100°C.

Boiling water treatment

Water aging was done through a commutative pro-
cess. First, the injection-molded samples were im-
mersed in boiling deionized water for 12 h and then in
cool deionized water for another 12 h. A cycle was
carried out in 1 day. At the end of a cycle, mechanical
properties were measured. Each sample had 20 cycles
in the experiment.

Measurement of mechanical properties

Tensile properties were measured on an Instron tester
at a crosshead speed of 10 mm/min according to
ASTM D638. Notched Izod impact strength was tested
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on a Ray-Ran Universal Pendulum Impact tester at a
pendulum speed of 3.5 m/s according to ASTM D256
and the dimension of the samples was 63.5 X 12.66
X3.18 mm. Flexural properties were tested on the
Instron tester using a three-point-loading rig, and the
central head loaded on the specimen at the speed of
2.0 mm/min according to ASTM D790. In each of the
tests, at least five samples were tested and the average
results were reported.

Thermal analysis

Samples for thermal analysis were cut from the injec-
tion-molded sample bars at the same place. The glass-
transition temperatures of the samples were measured
by differential scanning calorimetry (DSC, Mode Pyris
1; Perkin Elmer Cetus Instruments, Norwalk, CT). The
samples were dried at 120°C for 12 h before being
measured and then measured in DSC from 50 to 200°C
at a heating rate of 10°C/min.

Structure and morphology

The microcracks in PC were observed by an optics
microscope and the fracture surface was investigated
by a scanning electron microscope (Hitachi S-2150,
Tokyo, Japan). Before observation, the fracture surface
was sputtered with gold.

RESULTS AND DISCUSSION

Effect of boiling water aging on mechanical
properties

The effects of boiling water aging on the tensile
strength and elongation at break of PC, PC/ABS, and
PC/LDPE blends are shown in Figure 1. The tensile
strength of PC and the blends increased after the first
4-day aging. The increase in tensile strength should be
ascribed to the annealing effect of PC.° The annealing
effect of PC on the mechanical properties was reported
to reduce localized stresses and increase short-range
order. After 4 days, the tensile strength of PC de-
creased with increased aging time; however, the ten-
sile strength of the PC/ABS and PC/LDPE blends
changed only slightly. The elongation at break of PC
and the PC/ABS blend decreased rapidly in the first
2-day aging. The drop in elongation at break indicated
that the PC and the PC/ABS blend had a ductile-
brittle transition. The elongation at break of the PC/
LDPE blend experienced little change after aging.
The effects of aging time on the notched Izod impact
strength are shown in Figure 2. After the first 2-day
aging, the impact strength of all the materials de-
creased by varying degrees. The impact strength of PC
decreased by 90% (from 913 to 93 J/m), the impact
strength of the PC/ABS blend decreased by 78% (from
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Figure1 Effect of aging time on (a) tensile strength and (b)
elongation at break.

725 to 155 J/m), and the impact strength of the PC/
LDPE blend decreased by 33% (from 550 to 371 J/m).
Even though the impact strength of PC and the PC/
ABS blend was higher than that of PC/LDPE blend,
the impact strength of PC and the PC/ABS blend
nevertheless decreased sharply and was second to that
of the PC/LDPE blends after the 2-day aging. By this
finding, it can be said that the PC/LDPE blend has
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Figure 2 Effect of aging time on Izod notched impact
strength.
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Figure 3 Effect of aging time on the flexural modulus.

much higher resistance to boiling water than either PC
or the PC/ABS blend.

The effects of aging time on the flexural modulus
are shown in Figure 3. The flexural modulus of all the
materials increased after the first 4-day aging. After
that, the aging time had only a slight effect on the
flexural modulus.

Effect of boiling water aging on thermal properties

DSC thermograms for the PC, PC/ABS, and PC/
LDPE blends are shown in Figure 4 and the data are
listed in Table I. The glass-transition temperature (T,)
of PC was 145°C before aging. The T, of the PC com-
ponent in the PC/ABS blend was 139.7°C before ag-
ing. It was reported that PC and the styrene—acryloni-
trile copolymer (SAN) in ABS had a certain compati-
bility,® so the T, of the PC component was lower than
that of pure PC. The T, of the PC component in the
PC/LDPE blend was 145.3°C before aging, which was
very close to the T, of pure PC. This result implied
poor compatibility of the PC/LDPE blend.

The T, of PC and the PC component in the PC/ABS
and PC/LDPE blends decreased by about 3°C after the
first 2-day aging. Golovoy and Zinbo* reported that
the weight-average molecular weight of PC decreased
with increased aging time. It is well known that the T,
of a polymer decreases with a decrease in the average
molecular weight. By increasing the aging time from 2
to 20 days, the Tg of PC and the PC component in the
blends remained unchanged. Narkis and Bell’ re-
ported that during the water boiling step of PC, its
molecular weight distribution was modified by hydro-
lytic degradative reactions and by a removal process
through leaching of low molecular weight species. The
observed change in T, should reflect the change in the
average molecular weight occurring by the two op-
posing effects.

From the thermograms shown in Figure 4, an ab-
normal heat peak at the temperature of glass transition
of PC and the PC component in the PC/ABS and
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Figure 4 Effect of aging time on the thermal properties of
(a) PC, (b) PC/ABS, and (c) PC/LDPE blends.

PC/LDPE blends may be observed to have grown
significantly with the increasing aging time. From Ta-
ble I, it may be seen that the T, of the ABS component
in the PC/ABS blend changed very little after aging.
The melting temperature (T,,) of the LDPE component
in PC/LDPE decreased by 18°C from 127.2 to about
109.2°C in the first 2-day aging, and changed only
slightly with further increases of aging time.

Morphology of the impact-fracture surface

Morphology of the middle part of the impact-fracture
surface of the samples before aging and after 20-day
aging is shown in Figure 5. Typical ductile morphol-
ogy may be observed on the PC fracture surface with
extensive riblike lines parallel to the direction of crack
propagation. After the 20-day aging of the PC speci-
men, an absolutely different impact-fracture morphol-
ogy was observed, as shown in Figure 5. The fracture
surface was very smooth and the microcracks were
present on the fracture surface. For the PC/ABS blend,
the difference on the fracture surface of the samples
before aging and after aging was also very obvious.
The ductile morphology could be seen on the fracture
surface. After aging for 20 days, the fracture surface
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was smooth but the microcracks could not be seen.
Based on observations of the fracture surfaces of PC
and the PC/ABS blend, the two materials should have
experienced a ductile-brittle transition, as mentioned
earlier in the analysis of mechanical properties. The
fracture surfaces of the PC/LDPE blend before aging
and after aging were very coarse [shown in Fig. 5(c;),
(cy)]. The change in the fracture surface of the PC/
LDPE blend was not as obvious as that in PC and the
PC/ABS blend. Thus, the notched Izod impact
strength of the PC/LDPE blend did not change to the
same degree as did the PC and PC/ABS blend after
aging.

The fracture surface of the PC sample after aging for
20 days and then treated at 160°C for 6 h is shown in
Figure 5(d), where the microcracks may also clearly be
seen on the fracture surface. The morphology of the
sample after treatment was quite similar to the mor-
phology of the sample before treatment [Fig. 5(a,)].

Formation of microcracks

The morphologies of injection-molded PC samples ag-
ing for 4, 8, and 20 days are shown in Figure 6. The
water-filled microcracks, usually having a disc shape
and light-reflecting properties, may be seen clearly.
The distribution of microcracks was irregular and not

TABLE 1
T, Values of PC and PC/ABS and PC/LDPE Blends and
T,, Values of PC/LDPE Blend after Aging
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8 142.6 136.8 111.1 141.9 109.5
14 143.1 136.2 111.0 142.1 109.6
20 143.1 135.9 111.6 142.3 110.1




WATER AGING OF PC AND PC/ABS (LDPE) BLENDS 593

Figure 5 Notched Izod impact fracture surfaces of PC, PC/ABS, and PC/LDPE blends. Before aging: (a;) PC; (b,) PC/ABS;
(c,) PC/LDPE. After aging for 20 days: (a,) PC; (b,) PC/ABS blend; (c,) PC/LDPE blend. (d) PC (treatment at 160°C for 6 h).

in orientation. The number of microcracks increased The PC samples became saturated with water after
with aging time extension. Moreover, the maximum  being exposed to boiling water for 12 h, and a balance
size of a microcrack was about 1.5 mm. From Figure 7,  of water absorption and desorption was reached be-
it may be seen that the microcracks always formed  tween the samples and the surrounding boiling water.
around impurities or air bubbles that were generated =~ When the samples were removed to cool water, the
during the injection molding. samples became supersaturated with water and the
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Figure 6 Microcracks in PC specimens after aging for (a) 4
days, (b), 8 days, and (c) 20 days (X25).

water tended to diffuse out from the specimens. Be-
cause of the slow diffusion of water from the thick PC
specimens in the cool water in our experiment, the
excess dissolved water would form small water pock-
ets around impurities or in bubbles because there
were always some flaws between the PC matrix and
the impurities. By increasing the amount of water
coming into the small pockets, a static pressure would
act on the wall of the pocket, and then the small water
pockets grew into microcracks with characteristic disc
shape. By increasing the extent of aging time, the
microcracks grew larger with circles like annual rings
of a tree. A circle formed during one aging cycle of 1
day. Because PC is sensitive to cracking and crazing,
when the microcracks formed, the notched Izod im-
pact strength and elongation at break should both
have decreased.

To test whether the microcraks could recover, a
thermal treatment was done. The PC, PC/ABS, and
PC/LDPE blend samples were treated in a vacuum
oven without any external pressure at 160°C for 6 h.
The notched Izod impact strength was measured and
the morphology of PC was observed after the treat-
ment. The impact strength of the samples is shown in
Figure 8. The impact strength of the samples increased
only slightly after treatment. The result indicated that
some of the small microcracks might have closed.
However, the impact strength was far less than that of
the sample before aging. Traces of the microcracks in
the PC sample may also be observed, as shown in
Figure 9.

Figure 7 Formation of microcracks around impurities and
bubbles in PC (X25).
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Figure 8 Effect of treatment at 160°C on the notched Izod
impact strength for PC, PC/ABS blend, and PC/LDPE
blend.

Kunori and Geil'”'® and Leclair and Favis'® re-
ported that there was no adhesion between the PC and
the high-density polyethylene (HDPE), and the HDPE
inclusion was loosely sitting in the holes in the PC
matrix. Leclair and Favis'® proposed an idealized di-
agram of HDPE in PC [shown in Fig. 10(a)]. When the
PC/LDPE blend was in a supersaturated state in cool
water, the excess dissolved water would diffuse to
both the external environment and the void between
PC and LDPE inclusions. Furthermore, the static pres-
sure would be distributed around the wall of the void.
The possibility of microcrack formation would be less
than that in PC. The PC/LDPE blend would be more
negatively affected than PC by the formation of mi-
crocracks.

It was previously reported that PC is only partially
compatible with ABS.*° The excess dissolved water
might cluster at the poorly adhering interfaces be-
tween ABS and PC. For a large number of ABS do-
mains dispersed in the PC matrix, there would be
quite a number of points clustered with water. The
microcrack would not grow large and ABS domains
would put an end to some of the microcracks. Thus,
the tiny microcracks could not be observed on the
impact fracture surface [shown in Fig. 5(b)].

CONCLUSIONS

The boiling water aging had great effects on the me-
chanical properties of PC, PC/ABS, and PC/LDPE
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Figure 9 Trace of microcracks in PC after treatment at
160°C (X40).
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Figure 10 Idealized diagrams of HDPE in PC and water dissipation of PC/LDPE blend: (a) PC/HDPE blend; (b) PC/LDPE

blend with supersaturated water.

blends. The elongation at break and notched impact
strength of PC and the PC/ABS blend experienced a
sharp decrease after aging. The PC/LDPE blend
showed more resistance to boiling water than did
either PC or the PC/ABS blend.

The Tg of PC and PC in the PC/ABS and PC/LDPE
blends decreased after aging. The T, of the ABS com-
ponent in the PC/ABS blend did not change after
aging. The T,, of the LDPE component in PC/LDPE
decreased in the first 2 days of aging, and did not
undergo much change with further increases of aging
time.

The morphology of the fracture surface of PC and
PC/ABS blend had a ductile-brittle transition after
aging. The fracture surface of the PC/LDPE blend
scarcely changed.

The water clustering around the impurities and
bubbles in PC led to the formation of microcracks,
which were unrecoverable. Compared with the resis-
tance of PC and the PC/ABS blend, the higher resis-
tance of the PC/LDPE blend was attributed to its
special structural morphology.
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