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ABSTRACT: The effect of different thermal treatments
on the mechanical and thermal properties of polycarbonate
was investigated. The first quenching procedure which
involves the quench of the samples from the melt state to
different temperatures allowed improving impact strength
and elongation at break for a quenching temperature of
08C. A second quenching procedure, corresponding to
specimens heated again at 1608C (Tg 1 158C) and
quenched a second time, showed a better enhancement of

the impact strength and elongation at break to the detri-
ment of other properties such as elastic modulus, density,
yield stress, and heat distortion temperature, for a quench-
ing temperature of 408C. This effect was associated to the
existence of a relaxation mode around 358C. � 2008 Wiley
Periodicals, Inc. J Appl Polym Sci 109: 1505–1514, 2008
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INTRODUCTION

Residual stresses (RSs) produced by transient ther-
mal gradients in inorganic and polymeric glasses
have received a large attention in the past because of
their technological importance.1–3 RSs are commonly
classified as residual microstresses and residual mac-
rostresses.4 In laboratory, two methods are available
for introducing RS in polymers: nonuniform cooling
(thermal quenching) and nonuniform plastic defor-
mation (cold working). During processing, the RSs
are introduced by nearly all techniques used for
polymer manufacturing. For example, the variations
of the injection molding conditions may produce
changes in molecular orientation. To avoid a contri-
bution of flow-induced orientation, free-quenching
experiments have been used by several investigators
on semicrystalline and amorphous polymers.5–7 In
some cases, compressive RSs can improve the impact
strength, fatigue behavior, and resistance to environ-
mental stress cracking.8–10 Polycarbonate (PC) is
used in various applications for its outstanding
properties and especially high toughness, high
impact strength, and high optical transparency. One
of the main applications is for building windows
because of its low density relatively to glass. This
article will describe how to produce favorable RSs in
PC by optimizing the process of thermal quenching

and the subsequent effects on mechanical and ther-
mal properties.

The high impact strength of PC is partly explained
by a greater free volume in this material than in
most polymers. Besides, this property is maintained
between 21258C and 1008C which corresponds to
the temperature range where mechanical relaxation
modes exist.11,12 According to Cheng et al., for sub-
annealing temperatures close to Tg, the toughness is
decreased and this effect was attributed to the physi-
cal ageing which induces a severe brittleness.13

PC applications are also limited to thin molded
articles because its impact strength is highly sensi-
tive to the presence of notches.14 The presence of
sharp notches or even small notches caused by a mi-
croscopic surface degradation decreases the impact
strength.14 However, the addition of appropriate
polymers or terpolymer and core shell impact modi-
fiers can be one way of effective toughening meth-
ods for PC that can be used in thick sections.15,16 To
expand the usefulness of PC in a variety of applica-
tions, it is important to explore ways to prevent or
minimize loss of toughness during sub-Tg annealing
and to reduce the sensitivity to the presence of
notches and consequently the loss of the impact
strength. RS generation by the quenching process is
known to be one effective method in toughening PC.
RS measured in polymers free quenched, without
flow history, are parabolic in profile, with the maxi-
mum tensile stress in the center of the sample and
the maximum compressive stress on the surface with
a magnitude twice the one of tensile maximum as
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reported by Kwok et al.17 Several studies indicated
that residual compressive stresses improve Izod
impact strength by suppressing crazes.7,18 Moreover,
the presence of compressive stresses reduces the sen-
sitivity to fatigue crack initiation at surface, cracks,
and flaws.19 The higher values of birefringence cor-
responding to higher stresses are obtained with the
lower quenching temperature.6,20–22 Shyu et al.6 have
studied the effects of the initial temperature, quench-
ing temperature, and quenching media on the devel-
opment of RS in PC. They found that the birefrin-
gence in freely quenching PC plates was positive at
the center and negative at the surface at any initial
temperature.6

Akay and Ozden showed that heat distortion tem-
perature (HDT) and Izod impact strength were also
sensitive to the RS.23 RSs imposed by the process of
free quenching determined by photoelastic measure-
ments are stable with time and allow effective
improvement of mechanical properties of PC.10,24

To improve the impact strength of PC, the effect
of a first quenching from the melt state and a second
quenching from Tg 1 158C has been investigated. In
addition to impact characteristics, tensile and ther-
mal properties were measured and presented in this
article for pure PC. The Part 2 of this article is dedi-
cated to the study of TiO2 pigmented PC.25

EXPERIMENTAL

Materials

The polymer used in this study is a commercial PC,
Makrolon1 2620, supplied by Bayer (Germany), with
average molecular weight of about Mw � 57,404. The
melt index at 3008C is 19.6 g/10 min, the polydisper-
sity index is 2.16, and the glass transition tempera-
ture is about 144.58C.

First quench procedure

Pellets were dried in an oven at 1208C and then put
into the mold and pressed at 25 bars for 12 min at
different molding temperatures ranging from 220
to 2608C. Then the samples were immediately
quenched from molding temperature into water bath
at 0, 20, 30, 40, 608C or air quenched during 15 min.
All samples were 3 mm thick and this step was
named as ‘‘first quench.’’

Second quench procedure

The second quench procedure was carried out only
for samples initially molded at 2308C. These speci-
mens were heated again in an oven at 1608C (Tg 1
158C) for 3 h and were immediately quenched a sec-
ond time in water baths at different temperatures (0,

20, 30, 40, 608C) for 15 min. This procedure was
named as ‘‘second quench.’’

Annealed samples

Finally, to get a sample as reference, an annealing is
performed. Annealed specimens were prepared
using samples first quenched in air. These samples
were heated again at 1608C for 2 h and finally slowly
cooled in the oven until room temperature at a rate
of about 0.58C min21. These samples were named as
‘‘annealed samples.’’

DMA samples

Some samples molded at 2308C and cooled in air
were used for dynamical mechanical analysis meas-
urements to study the effect of second quenching
temperature. The following thermal cycle was
applied: the samples were first heated at 1608C for
2 h and slowly cooled at room temperature. Then,
they were heated again at 1608C for 2 h and immedi-
ately quenched into water baths at different temper-
atures (0, 20, 30, 40, 60, 808C) for 15 min.

Tensile test

The tensile properties were determined using dumb-
bell specimens of 115 mm length, 13 mm width, and
a gauge length of 20 mm. The test was carried out
using a universal testing machine with a crosshead
speed of 10 mm/min. The test procedure followed
ASTM D 638-72. From the experimental stress–strain
curves, tensile properties (modulus of elasticity,
yield stress, and elongation at break) of the
quenched PC were calculated at room temperature.
Five specimens were tested and the average values
were used for the data plot.

Notched Izod impact strength

Izod impact strength properties were determined at
room temperature with a CEAST 6546/000 machine
provided with a 15 J pendulum according to the
ASTM D 256-73, and using specimens of 3 3 12.7 3
63 mm3 dimension. Some specimens were molded
with a notch radius of 0.5 mm. For others specimens,
a notch of radius 0.5 mm were machined. The radius
was chosen such that the tip of the notch was
located in the residual compressive zone. These
stress zones were determined by photoelastic exami-
nation of the sample between cross Polaroid’s under
white light. The depth of compressive stresses was
estimated at � 15% of the sheet depth below the sur-
face by Polaroid light. The color of neuter line is
black (zero order). The radius of 0.5 mm was local-
ized in the zone of compressive stresses, it was well
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observed by Polaroid light. At least five specimens
were tested and the average value was used for the
data plot.

Thermomechanical tests

Dynamic mechanical analysis

Dynamic mechanical properties were determined
using an AR2000 from TA Instruments (see the
‘‘DMA samples’’ section). Samples were studied at a
frequency of 1 Hz in the linear viscoelastic range.
Samples of 50 3 10 3 3 mm3 were tested using a
normal force of 2 6 1.75 N and a strain controlled
sinusoidal torsion loading of maximum amplitude
0.05%.

Experiments were performed between 21308C and
1708C with a heating rate of 38C min21. The relaxa-
tion spectra were obtained by recording the storage
modulus (G’), loss modulus (G00), and loss factor
(Tan d) in the whole temperature range.

Heat distortion temperature

The HDT was obtained in accordance with ASTM D
648, which describes HDT as the temperature where
a specimen (3 3 13 3 127 mm3) deflects by 0.25 mm
under 1.8 MPa while heated in an oil bath at a rate
of 28C/min. At least two specimens were tested and
the average value was used for the data plot.

RESULTS AND DISCUSSIONS

Effect of first quenching

Impact strength and elongation at break

Figure 1 shows the molded and machined notched
Izod impact strength (ak) as a function of molding
temperature for different first quenching tempera-
tures. In all cases, the values of Izod impact strength
reach a maximum for the molding temperature of
2308C. On the other hand, we notice that the Izod
impact strength (ak) values decrease with the
increase of the first quenching temperature. For
example ak decreases from 147 to 125 kJ/m2 for
quenching temperatures ranging between 0 and
808C, for molding temperature of 2308C. These varia-
tions are more prominent for the annealed sample.

Broutman and Krishnakumar explained that the
increase in impact strength of PC is due to the craze
suppression thanks to surface compressive stresses.8

This is in agreement with the work of Hornberger
and Devries, who explained that the notched Izod
impact strength transition phenomenon in PC was
dependent on the triaxial stress field at the tip of the
notch.10 This phenomenon is associated with a
transition from a low-energy-absorbing mechanism

to a higher-energy-absorbing mechanism at the
notch tip.

The reduction of Izod impact strength at 2208C
can be explained by an incomplete melting of pellets
that favors the propagation of cracks; this was
observed by using a polarizing microscope. The
reduction of the Izod impact strength as molding
temperature increases is explained by the reduction
of compressive stresses. The reduction of compres-
sive stresses comes from thermal inertia of the core
of the sample; this phenomenon is called ‘‘self
annealing.’’26

Our results are in agreement with Fett’s work
dedicated to the effect of melt temperature on the
RSs in injection molding of polystyrene material.26

He also attributed this behavior to ‘‘self annealing.’’
The self annealing phenomenon is equivalent to a
slower cooling for some material zones (core). It is
favored when the molding temperature is increased.
Thus the increasing of molding temperature tends to
reduce free volume as visible on density measure-
ments (cf. Fig. 3).

The same behavior is observed for the machined
notched samples. However, the values of molded
notched Izod impact strength are greater than the
machined notched Izod impact strength ones. The
notching reduces the effect of the surface compres-
sive RS and reduced the impact strength. On the
other hand, in molded Izod samples, the notch is
still completely under RSs, and hence their Izod
impact results are higher.

The elongation at break as a function of molding
temperature is presented in Figure 2. The highest

Figure 1 Molded and machined notched Izod impact
strength of PC as a function of molding temperature of PC
first quenched at (n) 08C, (l) 208C, (~) 308C, (!) 408C,
(^) 608C, (3) 808C, (") air (molded annealed sample, ak
5 45 KJ m22, machined annealed sample, ak 5 25 KJ m22).
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elongation at break is obtained at the molding tem-
perature of 2308C, which is again related to a good
melting of polymer pellets. The results show a dra-
matic decrease of the elongation at break value as
first quenching temperature increases. For a given
molding temperature, the increase of the gradient
temperature (molding temperature – quenching tem-
perature) induces an increase of the free volume as
macromolecules have less time to reorganize. So, we
see here a correlation between elongation at break
and free volume.

The free volume increase was verified by perform-
ing standard density measurements. These results
will be presented in the following part. As the
impact strength can be correlated with the ability of
polymer chains to execute segmental motion and
hence dissipate the energy associated with crack
propagation, an increase in free volume may also be
responsible of the increase of impact strength.

Density and modulus of elasticity

The variations of density and modulus of elasticity
as a function of first quenching temperature are
shown in Figures 3 and 4, respectively. Density
changes have even been reported as a result of vari-
ous thermal treatments in polystyrene and PC.27,28

The density increases clearly as the first quenching
temperature increases. In the faster cooling case,
which corresponds to a 08C first quenching tempera-
ture, the macromolecular chains have less time to
reorganize. This induces an increase of the free vol-
ume and therefore a lower density. If one assumes a
value of 16% as the effective free volume at Tg in
PC,29 then a 2.25% decrease in density as observed

here between the annealed sample (q 5 1.2 g cm23)
and the sample quenched at 08C corresponds to a
36% increase in free volume. It has been also
reported that the free volume (and hence density) is
governed by two effects, the rate of temperature
change and the thermal stresses.30 According to Van
Krevelen, the density (q) is correlated to the Young’s
modulus (E): E ! q7, i.e., the samples having a
lower density also have a lower Young’s modulus.31

Yield stress and HDT

Usually, yield stresses decrease while tensile stresses
increase. The yield stress is also sensitive to free vol-
ume, which favors the physical sliding of molecular
segments. The variation of yield stress as a function
of first quenching temperature for different melting
temperatures is shown in Figure 5. It was found that
a low first quenching temperature decreases the

Figure 3 Density as a function of first quenching temper-
ature (annealed sample, d 5 1.20).

Figure 2 Elongation at break as a function of melt tem-
perature of PC first quenched at (n) 08C, (l) 208C, (~)
308C, (!) 408C, (^) 608C, (3) 808C, (") air (annealed
sample, er 5 6%).

Figure 4 Modulus of elasticity as a function of first
quenching temperature (annealed sample, E 5 2250 MPa).

1508 ROUABAH ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



yield stress. This is due to larger tensile stresses and
higher free volume for this quenching temperature.

As observed for the modulus of elasticity, yield
stress, and density, the HDT decreases when the first
quenching temperature decreases (Fig. 6). HDT
decreases when tensile stresses exist in the sample
because they increase the total tensile stress applied
to the sample. So, HDT evolves like the yield stress.
Nevertheless, the molding temperature does not
affect HDT. (So, we present in Figure 6 the data for
only a molding temperature of 2308C.) This may be
linked to the fact that during HDT measurements
the sample is heated and the compressive stresses
lying close to the sample surface are allowed to relax
during the heating, whereas tensile stresses in the in-
ternal layers are not.9 In other respects, Siegmann
et al. without calculating the change in free volume

speculated that the increase in HDT was related to
the decrease of free volume as a result of relaxation
of thermal stresses and molecular orientation.9 As
HDT and density vary in the same way, the evolu-
tion of HDT may also be partially due to the evolu-
tion of free volume with the different thermal treat-
ments.

Summary of first quenching procedure influence

To summarize, PC properties depend strongly on
first quenching conditions. A faster cooling, corre-
sponding to the lower quenching temperature, gen-
erates probably more RSs and free volume; this
increases the Izod impact strength and decreases the
modulus of elasticity, density, yield strength and
HDT. It could be thought that the same evolution
should appear after a second quench. The following
results will show that this is surprisingly not the
case.

Effect of second quenching

Samples were prepared following the procedure
described in the section ‘‘Second quench procedure.’’

Impact strength and elongation at break

In Figure 7, the evolution of molded and machined
notched Izod impact strength is presented as a func-
tion of second quenching temperature. In both cases,

Figure 5 Yield stress as a function of first quenching tem-
perature (annealed sample, ry 5 89.5 MPa).

Figure 6 Heat distortion temperatures as a function of
melt temperature (annealed sample, HDT 5 1378C).

Figure 7 Molded and machined notched Izod impact
strength of PC as a function of second quenching tempera-
ture of PC first quenched at (n) 08C, (l) 208C, (!) 808C,
(~) air (molded annealed sample, ak 5 45 KJ m22;
machined annealed sample, ak 5 25 KJ m22).
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there is a maximum for a second quenching temper-
ature of 408C.

The second thermal treatment including a heat
treatment of 3 h at 1608C (i.e., at Tg 1 158C) has not
totally erased the first thermal treatment. Indeed, the
same evolution is observed between the samples first
quenched in water at 0, 20, 808C and in air at room
temperature. The influence of the first quenching
will appear on all the following properties. The
properties obtained after a first quench at 0 and
208C are close; they correspond to a rapid first
quench. Again, properties corresponding to a first
quenching temperature of 808C and to a cooling in
air are close, indicating a slower first quench.

As it can be seen, the curves’ shapes of Izod
impact strength are similar, but with somewhat
smaller values in the machined notched specimens
case as previously observed. The samples of notched
Izod impact measurements exhibited two types of
failure mechanisms:

The samples exhibiting low impact strength (cor-
responding to a sample quenched at 08C) have
a tendency to fail by brittle fracture [Fig. 8(a)];

the smooth rupture face of the sample is pre-
sented in Figure 8(b).

The specimen presented in Figure 9(a) exhibits a
high Izod impact strength. It corresponds to a
sample quenched at 408C. The sample has failed
by ductile process, indicating a plastic deforma-
tion in the region of the notch. Chains move-
ments due to the presence of free volume usu-
ally cause plastic deformation. The two edges of
notched Izod impact strength after fracture
remained attached and the fracture surface is
typically rough [Fig. 9(b)].

The elongation at break as a function of second
quenching temperature is presented in Figure 10.
Again, for Izod impact tests, the elongation at break
is higher for a faster first quenching (08C, for exam-
ple) and reaches a maximum for a second quenching
temperature of 408C.

The elongation at break and Izod impact strength
should logically decrease as the quenching tempera-
ture increases. This decrease has been observed after
the first quenching (Fig. 3). Nevertheless, a maxi-
mum of rupture properties is observed for a second
quench at 408C. This behavior could be linked to the
existence of a molecular relaxation around 358C.32 A

Figure 8 (a) Brittle failure, Izod impact test bar. (b) Frac-
ture surface of notched Izod impact strength samples at
208C and second quenched from 160 to 08C.

Figure 9 (a) Ductile failure, Izod impact test bar. (b) Frac-
ture surface of notched Izod impact strength samples at
208C and second quenched from 160 to 408C.
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DMA study of pure PC samples submitted to the
same thermal treatments has revealed the existence
of such a molecular relaxation. These results will be
presented in the following part.

Several authors have shown that molecular relaxa-
tions of polymers contribute strongly to many im-
portant engineering properties, like impact strength
or ductility of glassy amorphous polymers.29,33,34

Boyer29 has found that variations of ultimate
strength and impact strength as a function of tem-
perature were correlated to the transitions and relax-
ations occurring in PC. Moreover, Vincent34 has
shown for PTFE that three well-defined mechanical
loss peaks coincide with similar peaks in Izod
notched impact strength.

Density, modulus of elasticity, yield stress, and HDT

The evolution of density, modulus of elasticity, yield
stress, and HDT upon second quenching tempera-
ture are presented in Figures 11–14, respectively.
These properties reach a minimum for a second
quenching temperature of 408C. As seen in the sec-
tion ‘‘Effect of first quenching,’’ an opposite behavior
is observed between Izod impact strength and elon-
gation at break, on one hand, and density, modulus
of elasticity, yield stress, and HDT, on the other
hand.

The minimum of density observed for a second
quenching temperature of 408C is associated to an

Figure 10 Elongation at break as a function of second
quenching temperature (annealed sample, er 5 6%).

Figure 11 Density as a function of second quenching tem-
perature (annealed sample, d 5 1.20 g cm23).

Figure 12 Modulus of elasticity as a function of second
quenching temperature (annealed sample, E 5 2250 MPa)

Figure 13 Yield stress as a function of second quenching
temperature (annealed sample, ry 5 89.5 MPa).
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increase of the free volume. A 4% density decrease
is obtained between the annealed sample and the
sample quenched at 408C. This decrease is twice
than that in the first quench case and corresponds to
an increase of 64% of the free volume. As noted ear-
lier, the increase of free volume leads to a higher
molecular mobility; thus, this explains the increase
of the Izod impact strength and elongation at break
previously observed. Besides, the fact that the Izod
impact strength is higher after a second quench at
408C than after a first quench at 08C may be directly
linked to the greater increase of free volume induced
by the second quench.

Also, the modulus of elasticity variation is similar
to the one of density (cf. section ‘‘Density and modu-
lus of elasticity’’). As presented earlier (see section
‘‘Yield stress and HDT’’), yield stress and HDT
decrease when tensile stresses and free volume
increase. So the minimum of Yield stress and HDT
for a second quenching temperature of 408C is again
attributed to the presence of more tensile stresses
and free volume.

So, here again, properties are governed by the
presence of both RSs and enhanced free volume.
However, the relative influence of each phenomenon
on mechanical properties appears here to be more
complex.

Thermomechanical properties: Dynamic
mechanical analysis

The variation of storage modulus G’ and damping
factor Tan d versus temperature are plotted in Fig-
ures 15 and 16, respectively, for some investigated

samples (annealed sample and samples obtained
after a second quench at 0, 30, and 808C). Three mo-
lecular relaxation modes are observed. They were
named a, b, and g from high to low temperature. As
usually observed each relaxation mode visible on
Tan d curves corresponds to a drop of the storage
modulus. The drop associated with the g relaxation
(at 2978C) is observed between 21308C and 2508C.
The g relaxation amplitude and position are not de-
pendent on the samples thermal history. The domi-
nant a relaxation mode at 144.58C on Tan d curves
corresponds to the glass transition and is associated
with a dramatic decrease of the storage modulus G’.
This peak is slightly affected by the thermal treat-
ment. Complementary studies (not presented in Figs.
15 and 16) allowed to plot the evolution of the a
peak maximum as a function of the second quench-

Figure 14 Heat distortion temperature as a function of
second quenching temperature (annealed sample, HDT 5
1378C).

Figure 15 Storage modulus E’ as a function of tempera-
ture for PC specimens annealed and second quenched
temperature at 0, 30, and 808C.

Figure 16 Tan d as a function of temperature for PC
specimens annealed and second quenched temperature at
0, 30, and 808C.
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ing temperature. These results are presented in Fig-
ure 17. We assume here that the variations of the a
peak maximum temperature are typical of glass tran-
sition temperature variations.

An interesting result is observed: indeed a slight
decrease of Tg of about 28C is noted for a second
quenching temperature around 408C. A decrease of
18C of the Tg of polystyrene quenched in ice water
(Tg 5 1008C) or liquid nitrogen (Tg 5 998C) have
been previously observed by Devries and Horn-
berger.19 These authors have concluded that ‘‘the
glass transition temperature was an indicator of the
thermal equilibrium and of the available free vol-
ume’’19: the lower Tg the higher is free volume. Con-
sequently, we can again conclude using DMA results
that there is more free volume on the samples
quenched at 408C.

The b relaxation mode, between a and g modes, is
also sensitive to thermal treatments. It was attributed
in literature to the relaxation of orientational residual
surface stresses due to quenching or manufacture
and is often considered to be a nonequilibrium relax-
ation or a precursor to a.35,36 According to Varadara-
jan and Boyer,37 it is due to cooperative motions of
two or three repeat units.

The b relaxation mode intensity remains approxi-
mately the same for quenching at 0, 20, 30, 408C; this
tends to indicate that RSs are quite similar for these
samples. In this case, the relaxation mode intensity
decreases for quenching at 60 and 808C, indicating
that the RSs decrease.

The case of annealed sample is interesting because
a small peak named b1 appears at about 358C. As
the sample was cooled very slowly, no RSs are pres-
ent inside this sample. Most of the time, this peak is
not evidenced by DMA studies on PC. Moreover,
Sacher12 showed that the rigidity of PC chains leads

to secondary losses of low magnitude, requiring sen-
sitive equipment for their observation.

Lee-Sullivan et al. as well as other authors have
observed this peak and they have concluded that it
was insensitive to thermal history, elusive and unaf-
fected by thermal ageing.32,38,39 The origin of this
relaxation mode remains unclear; it is simply
described to be due to segmental motions of inter-
mediate length, i.e., between long chain motions
occurring at the a glass transition and short chain
motions responsible for the g relaxation.32

Matsuoka40 described the a relaxation as being
composed of coordinated cooperative motions be-
tween about seven to 10 closely packed conformers
(i.e., two or three repeating units, although the units
are not necessary part of the same chain). He
described also the unit responsible for the g relaxa-
tion at 21008C as approximately the same size as
the PC repeating unit, which consists of three dis-
tinct flexible segments or conformers, each capable
of independent rotation. According to Varadarajan
and Boyer, the g peak consists of three overlapping
peaks, g1, g2, and g3, in descending temperature
with g1 involving phenylene motion, g2 being com-
bined carbonate and phenylene motion, and g3
resulting from motion of the carbonate group.37

Sacher concluded his study of relaxations as fol-
lows: the large number of degrees of freedom avail-
able in all three relaxation modes may be responsible
for high impact strength of PC.12 In our case, the b1

relaxation mode evidenced at about 358C for the
annealed sample is hidden by the b mode around
658C for the second quenched samples. The existence
of the b1 mode for the quenched samples should be
evidenced in the future by complementary studies at
lower frequencies, for example, or by a dielectric
study. Lee-Sullivan has already observed b1 and b
modes at the same time during a DMA study of PC;
this tends to prove that the b1 mode exists inde-
pendently of the thermal treatment.32 The existence
of this relaxation mode at about 358C should be at
the origin of the behavior of PC samples after a sec-
ond quenching; the difference between the first and
the second quenching is probably linked to the relax-
ation time of the molecular segments which are
moving at 408C.

The difference between the first and the second
quench might also be linked to the beginning tem-
perature of the quenching: 2308C or 1608C. In the
first case, the temperature gradient is higher and
during the cooling the relaxation mode action is
hindered. Indeed, the signature of the relaxation
is slightly visible on some results of the first
quenching.

The storage modulus G’ results shown in Figure
15 reveal that G’ values between 20 and 1408C are
significantly greater for the annealed sample in

Figure 17 Glass transition temperature as a function of
second quenching temperature (annealed sample, Tg 5
144.58C).
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comparison to second quenched specimens. For
example, G’ values at � 308C is about 937 MPa for
the second quenched specimen at 08C, whereas a
value of 951 MPa is reached for the annealed speci-
men. This difference is relative to the relaxation of
RSs and the presence of free volume. Of course, the
stress relaxation takes place between ambient tem-
perature and glass transition temperature.

CONCLUSIONS

The effect of quenching process on mechanical and
thermal properties of PC was investigated via
impact, tensile, and thermomechanical measure-
ments.

It was shown that a larger ductility can be
obtained by quenching the samples from the melt
state to the lowest temperature (08C). This quenching
generates probably more RSs and free volume which
increase the Izod impact strength and elongation at
break. It was also shown in this case that the modu-
lus of elasticity, density, yield strength, and HDT
decrease. An opposite behavior was observed when
increasing the molding temperature due to the pres-
ence of self-annealing effect.

A higher ductility was also reached for a second
quenching from 160 to 408C. This unusual behavior
was linked to the existence of a molecular relaxation
b1 around 358C. Indeed, DMA investigations showed
that a more intense peak (b), resulting from the
relaxation of RSs, hides the (b1) relaxation in
quenched samples and in the same time explains
why b1 relaxation mode is not often reported in
literature.
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