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Abstract—The compression yield stress behaviour of engineering polycarbonates in the glassy state has
been investigated over a wide range of strain rates (107*-4500sec™') and temperatures (—40 to 60°).
In this region, the Ree-Erying and Bauwens approach takes into account a distribution of two different
relaxation times (« and ). At high strain rate in the glassy range, this model provides evidence on the
secondary transition linking the yield behaviour with the f§ mechanical loss peak.

INTRODUCTION

Strain rate and temperature are known to have
a great influence on the mechanical behaviour of
polymers. More particularly, polycarbonate (PC),
an amorphous glassy polymer well known for
good impact properties, has molecular relaxations
which influence its mechanical behaviour at room
temperature.

We have shown [1] that study of the compression
yield stress of PC over a wide range of temperatures
and strain rates reveals a secondary transition due
to the local relaxation mode. It was possible to
calculate the activation energy associated with this
transition by assuming that at the yield point a
high polymer exhibits pure viscous flow, in agree-
ment with Erying’s theory of non-Newtonian vis-
cosity [2,3). The Bauwens approach [4-7], which
consists of a modification of the Ree—Erying theory,
taking into account a distribution of relaxation times
and linking the yield behaviour with the § mechanical
loss peak, is found to give an acceptable fit to the
data. The purpose of this paper is to extend these
results in a range of temperatures and strain rates
which have few explored before as intermediate strain
rate and high strain rate in low temperature test
and to compare this description with a thermo-
dynamic approach of plasticity proposed by Escaig et
al. [8,9].

EXPERIMENTAL PROCEDURES

Sample

The samples were machined from extruded sheets of
LEXAN PC supplied by General Electric. To avoid any
influence of the thermo-mechanical history of the material,
the PC sheets were dried and annealed above the glass
temperature 7,. As has been shown by compression test in

the three directions of the sheet, such a thermal treatment
leads to about the same mechanical behaviour in all the
directions tested. The compression samples were cylinders
8 mm long with dia 5 mm.

Compression tests

The low speed compression tests were carried out using
a INSTRON mechanical machine (107*-102 sec™ ).

The intermediate speed tests with a range of strain rates
(107"'-10" sec™') were carried out using an hydropneumatic
MTS machine. Recording the force and the displacement
(close the sample) during the test, we were able to calculate
accurately the strain rate and to be sure that it was constant
during the test.

The high strain rate rests (350-4000sec™') were per-
formed with a compression split Hopkinson apparatus {10].
A cylindrical sample was placed between two high elasticity
limit metallic bars, one called the input bar and the other the
output bar, in which a compression wave would pass.
Because of the variation of the mechanical impedance when
the wave passed through the sample, this input wave, ¢, was
partly reflected (¢y), and partly transmitted (¢). Using a
hypothesis [11, 12], we can calculate the strain rate ¢(T), and
the stress a(7), in the sample:

2C
€T)= ——¢gll)
e

and

EA,

o(1) A €x(t)
where e is the thickness of the cylinder and A, its section,
E and A,, are the modulus and the section of the bars
respectively; C, is the velocity of sound in the bars.

The strain is calculated by integration of the strain rate
considering that the strain is quasi-isovolumic. So, we have
the ““true strain" which can be written ¢, = In(1 + ¢). Direct
measurement of the strain during the test and so of
the strain rate is achieved with an optical extensometer
SIMMER which permits following of the movement of
each end of the bar in contact with the sample.
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RESULTS AND DISCUSSION

Bauwens et al. have shown, for PC tested in tension
at low strain rate, ¢, at temperatures from —20 to
145°, that the yield behaviour can be expressed by the
exponential form of the Eyring equation [2]:

T =A1|:ln2C,e' +§}:| ey
where T is the absolute temperature and R is the
universal gas constant,

The parameters 4,, C, and the activation energy,
Q, of the molecular movement of glassy transition, a,
are constants for the material.

When the polymer is capable of revealing a
secondary transition, 8, (associated to the local relax-
ation mode of the macromolecular structure or the
relaxation of the side groups), Bauwens showed that,
at low temperature or at high strain rate [4-7), the
variation of the yield stress with strain rate and
temperature can be described by the generalized
theory proposed by Ree-Erying [3]:

a, .. 9,
—==A|In2C
T {n "+RT]

+ A4, sin"(C,,é exp %) )
Obviously, this model is based on the assump-
tion that two processes requiring additive stresses
are involved at yield, viz. a low strain rate mode
governed by the a transition and a high strain rate
process in which the a process is subordinate to
the liberation of the local relaxation modes, B.
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Fig. 1. Typical true stress curves obtained for PC samples
deformed at 23° for ¢ = 1850 sec~' and for ¢ = 0.001 sec~".

The change occurs for a critical strain rate, €., which
obeys the relation:

.1 Qs
€. 2, exp( RT>' 3
Figure 1 shows the elastoviscoplastic behaviour of
Lexan PC. We see that the yield stress doubles for a
five decade increase of strain rate. High strains can be
obtained and deformed samples recover their initial
dimensions above T,. Figure 2 shows the ratio of
the yield stress to absolute temperature, 6,/T vs Iné,
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Fig. 2. Measured ratio of yield stress, o,, to temperature as a function of logarithm of strain rate (¢ in
sec™'). The set of parallel curves is calculated from equation (2).
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where full lines correspond to theoretical variations
[equation (2)). For low strain rates, our results agree
with those published [1, 4]. The yield stress follows an
Eyring equation of which coefficients fitting experi-
mental results are:

A,=60x 10" MPa - K~!
C,=4.1 x 107 ¥sec
Q, = 68.0 kcal - mol~".

@, is close to the proposed Bauwens value (Q,=
75.4 kcal - mol '), found from test on Markolon PC
supplied by Bayer. As has been shown by Bauwens,
the yield stress variation can be described with
only a deformation mechanism involving the glassy
transition, o.

For high strain rates, we can observe a great
change in the PC behaviour taking into account the
activation of the both « and f modes as described by
the equation (2). The tabulated values of 4, C; and
Qy are:

Ap=54.0 x 10*MPa-K~!
Cp=29x107"sec
Q;=5.0kcal - mol~",

These coefficients have to be compared to the
Bauwens results:

Ay=56x 10 MPa-K"!
Cp=2.76 x 107°sec
Q5 =9.57 kcal - mol~".
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We observe a noticeable difference between our
results and the predictions of the Bauwens model
(Fig. 3), and the Steer results. The yield stress
obtained by us seems to be 30% lower than those
given by Bauwens, and the coefficients C; and Qj of
the model do not exactly fit our experimental results.
The activation energy, Qj, is twice Q;, but these
two energies can be compared with published values
[13, 14].

The transition at —80° is in fact the deconvolution
of three maxima. The first, at —80° (f peak) is
associated with an activation energy between
8.3 kcal - mol~' and 10.8 kcal - mol~', depending on
the authors. It corresponds to the movement of the
phenyl group in the main chain. A second maximum
located around —140° for which the associated
energy is 6.2 kcal - mol~! or 10.9 kcal - mol~! (y tran-
sition) can be associated with the interaction of
the carbonate and phenyl movements. The third is
located at —152° and the associated energy is
5.8 kcal - mol~".

We can say therefore that the activation energies
determined by Bauwens or by the authors are in
the same range as those found in the literature.
This establishes that there is a mechanism which
correlates the yield strain to the characteristic
movements of the glass transition and of secondary
transitions.

Figure 2 reveals transition of the materials, which
are expressed in term of critical rate, ¢, determined
by extrapolation of the straight lines in each scale of
strain rate. We plot the critical rate vs temperature
(Fig. 4). These rates correspond to the transition
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Fig. 3. Measured ratio of yield stress, o,, to temperature as a function of logarithm of strain rate (¢ in
sec™"). The set of parallel curves is calculated from equation (2) and the Bauwens coefficients.
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Fig. 4. Critical strain rate vs 1/T from experimental results
and calculated values from equation (3).

between the activation of a single mode (the « mode)
and the activation of several modes of deformation.
The plot of In ¢, vs 1/7,, is a straight line as indicated
by equation (3).

On the other hand, a thermodynamic approach to
plasticity has been proposed by Escaig [8, 9]. Plastic
deformation appears as a thermal activated mecha-
nism for which two parameters can be easily calcu-
lated. The activation energy, AG,, and the activation
volume, V,, are given by:

T du Tdul!
AG,=|AH, +=SE 1252 4
6, [A ,,+#dT][ udT] @
with
AHa=kT2[ai€-j|
oT |,
_E
F=30 5
and
dlneé
Va=kT[ “‘]. ©)
do,

The model predicts a low temperature and a
high temperature mechanism. For a temperature, T,
below a critical temperature, T, we have a thermally
activated mechanisms, with V, constant of AG,
proportional to 7, then for T > T, a vacancy migra-
tion mechanism with AG, constant and V, increasing
with T.

Moreover, the study of PC behaviour with a wide
range of strain rates can reveal some characteristic
transitions of the material; these transitions can be
expressed in term of critical strain rate or critical
temperature.

The thermodynamic and kinetic analysis of the
plastic deformation necessarily needs determination
of the activation parameters of the deformation.
So, we determine the activation volume and the
activation energy, for which the change with tem-
perature is shown in Figs 5 and 6. For the range
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Fig. 5. Variation of the volume of activation with tempera-
ture for: ¢ =0.024 sec™' (@) and for ¢ = 2000 sec™! (O).

of temperature explored, we noted that for high
strain rates the activation volume determined by
equation (5) increases with temperature (contrary to
the Escaig theory). For low strain rates, we note
that this volume is constant after an abrupt increase.
The activation energy, as indicated by the theory
[equation (4)], can be represented by an Arrhenius
equation which is characteristic of a thermally acti-
vated phenomenon (for T < 70°). The Arrhenius
equation can be written as:

AG, = ok T with a = 3.0 for ¢ = 2000 sec™!
a=19.5 for ¢ =24 x 10 %sec™",

A second determination of the activation energy
has been performed by integrating the activation
volume. We obtain the same result, so we can con-
clude that the calculated activation volume is the true
value.
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Fig. 6. Variation of the Gibbs free energy of activation with
temperature for: ¢ =0.024 sec™! (@) and for ¢ = 2000 sec
(O).
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The range of high temperature (T — T. = 70°) has
not been explored in this work.

CONCLUSION

The yield stress of PC is greatly influenced by the
temperature and the strain rate. At low strain rates,
the results are consistent with the literature but we
note a noticeable difference with the Bauwens predic-
tions and the Steer results at high strain rates.
Nevertheless, the Eyring equation can be used to
describe the PC behaviour over the range of temper-
ature and strain rates explored. The change of the
critical range is consistent with equation (5) given by
Bauwens.

The thermodynamic model of Escaig seems not to
apply (for the range of temperature and strain rates
used).

The tests at intermediate rate allow us to point out
the critical rates (¢ 300 sec™! at room temperature),
which is the boundary between two modes of defor-
mation (from the « mode to the « mode combined
with the f local deformation modes).
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