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INTERNAL FRICTION OF GLASSY POLYCARBONATE DURING PLASTIC FLOW

J. Parisot, J. Astier, A. Fernandez and 0. Rafi

Ecole Nationale Supérieure de Mécanique et d'Aérotechmnique, Laboratoire de
Mécanique et Physique des Matériaux, Equipe de Recherche Associé au C.H.R.S.
n%123, 86034 Poitiers Cedex, France

Abstract. ~ We have measured internal friction of polycarbonate
in torsion, during i) a constant strain-rate tensile test ;
ii) a differential strain-rate test ; iii) several relaxation
tests. We show that internal friction is strongly dependent on
strain rate € , but independant on strain and stress.
Polycarbonate behaviour shows some analogies with metals
therefore interpretation of the results is based upon the as-
sumption that deformation in due to defects motions. In this
view, internal friction can provide means for estimating inter-
nal stress.

1. Experiment. - Measurements of internal friction were performed du-
ring tensile tests, at about 1 Hz, on a torsional pendulum set along
the vertical axis of a tensile machine.

The sample, took from a '"Makrolon'" sheet, presents an initial
section of 3 x 4 mm2 and the initial length actually strained (bet-
ween heads) is LO = 38 mm. It is fixed between the cross-head of the
tensile machine at its lower part, and the inertia bar of the pendu-~
lum at its top. The inertia bar is hanged to the load-cell by a
strip-iron, the section of which is 30 x0.3 mmz.

Torsion motion is recorded by an optical device and damping is
measured by a free decay method

6, = 1/n Log (oo/an)

Internal friction of the sample, &4 , is deduced from Al by the
relation /1/ :

4 = (1 - W2/W1)A + wg/wl 8, (1)

where A2 is the strip-iron damping, measured by replacing the sample
by a thin strip-iron, the torque rigidity of which is negligible ;
w2 and wl are torsional elastic energies respectively‘stored in
the upper strip-iron and in the whole system during an oscillation ;
it can be seen that wz/wl = (fz/fl)E, fl being the measured frequen-
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cy of the whole system, and f2 the frequency measured in the same

conditions as by 3 f2 and A2 are load-dependent.
2. Results.
2.1, - Constant strain-rate tensile test. - Fig. 1 shows the stress

curve g = F/So versus time, for an elongation rate dL/dt = 0.5 mm/mn
(that is & = 1/L, . dL/dt = 0.22.107° 71y,
There are tree parts in this stress curve. The first part (0A)

corresponds to a recoverable and homogeneous deformation : internal

3 3

friction increases from 4 = 30.10 ° before loading, to AA = 120.10" "7,
The second part (A B) is a Piobert-Liiders plateau with
o = 5Q MPa. Plastic straining (eL = 55 %) is localized on one or

two fronts which move along the sample. This heterogeneity of the de-
formation makes difficult the analysis of internal friction measure-
ments in this part of the tensile curve.

The third part of the curve (B C) corresponds to a homogeneous

deformation up to the rupture which occurs by crack-propagation

(eR = 93 %). Internal friction increases from by = 110.10'_3 to
-3
AC = 200.10
2.2, Differential strain-rate tensile test. -~ The curve stress vs ti-

me of the fig. 2a has been obtained by taking turns with two strain
rates : 0.5 and 0.05 mm/mn. The part B C of the curve shows stress

o =F/S, MPa [issuration

o=F/So MPa
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drops 60 = 8.3 MPa. Fig. 2b shows the drops of internal friction cor-
responding with strain-rate decreases. Theses drops are important in
the B C part of the stress curve ( 864 = 100.1072 for the first of
them) ; they also exist in the OA part.

When the strain rate is increased again, the stress-curve shows
a transient increase 40 as in metals subject to aging effects. Then
in-ternal friction does not immediately reach the steady-state value

as measured in the initial constant strain-rate conditions.

2.3. Stress-Relaxation tests. - The tensile straining test is sudden-

ly stopped at the stress o (= 58 MPa), corresponding to a deforma-

tion N (= 66 %). There are three possibilities.

i} The cross-head is kept immobile. Under the action of the
stress 5, the specimen continues to elongate very slowly, and the
that 1is

the relaxation (Fig. 3a). During the decrease of ¢ , the internal

stress decreases following a logarithmic function of time

friction decreases also and tends towards a limit close to its ini-
tial value measured on the strained material (Fig. 3b).

ii) The cross-head is rapidly moved back and is stopped as the
stress 1is zero. Then the specimen contracts with a decreasing strain
rate ¢ and the stress increases, s > O that is the anti-relaxation
(Fig. 4a). The internal friction is immediatly reduced, then it de-
creases with time as 5 , tending again towards its initial value

(Fig. 4b).
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Evolution of the Internal Friction (b)
during stress-relaxation (a).

Evolution of the Internal Friction (b)
during antirelaxation after total un-
loading (a).
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iii) The third possibility is to move back the cross-head and
stop it after a partial unloading at a stress ao < o For the upper
values of 05’ o is negative ; for the lower values of ob, Gis positi-
ve (fig. 5a). There is a value of o' | for which 6 is zero, this
stress 1s usually considered as the internal stress.

Just after this partial unloading the value of internal friction
is reduced (Fig. 5b). The instantaneous values of internal friction
are plotted versus GB in figure 6. Frém this figure it is clear that
i) the instantaneous value of 4 is always higher than its value be-
fore straining, 80.10_3 ; ii) the curve shows a minimum of & for the
stress céﬁ 20 MPa, this stress is smaller than the stress for which
¢ 1s zero : 45 MPa.

Discussion. - Internal friction of the unloaded specimen, A= 30.103,
corresponds to the background between the two transitions a and 8 of
the polycarbonate which are respectively at 150 °C and -100 °C for

1 Hz /2/. The increase of internal friction observed during strain
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does not seem to be related to these transitions but more likely it
is connected to the strain rate ¢ . This is clearly observed on the
differential strain rate test (Fig. 2) and on the relaxation and an-
ti-relaxation tests : each time 4 decreases with ¢ .In the relaxa-
tion and antirelaxation tests, the same time is necessary for e
being close to zero and for A reaching again its initial value. The
same result has been obtained on a specimen strained up to rupture
and kept at room temperature for 48 H : it shows the same damping
spectrum as undeformed material from 77 to 370 K.

It can be seen from the present results that the strain beha-
viour of polycarbonate shows several analogies with metals : strain-
rate sensitivity, existence of an internal stress and existence of
an activation volume which has been calculated (= 1000 33) both from
differential strain-rate tests and from relaxation tests.

Those analogies suggest two assumptions. Firstly, the plastic
straining of glassy-state polycarbonate is made possible by creation
and motion of defects /3/. Secondly, when those defects are moving
under the action of the tensile stress, their motion can be modified
by a small torque : this modification is dissipating energy, so that
it produces internal friction when the torque is sinusoidal.

Using those two assumptions, a coherent interpretation of the
results can be given. In all the tests, a strain-rate decrease is re-
lated to an internal friction decrease (Fig. 2,3,4) : g0 the number
of the mobile defects also decreases.

The motion of each defect in The material is opposed by the in-
ternal stresses. S0, the effective stress acting on a defect is
o .= o - oiwhere o is the external applied stress, and Gi is the in-

e

ternal stress.Consequently when applying an external stress ¢ = 9y

the effective stress CIN becomes zero and the plastic strain-rate
is also zero.

In the relaxation test, defects continue to move as long as
e > 0, but because the sample length increases, the stress decreases
and the plastic strain rate €p also ; as the defects are less and
less mobile, the internal friction also decreases (Fig. 3). In the
antirelaxation test, for ¢= 0, the effective stress is ce = - ci ;
that stress induces the backward motion of some defects and macrosco-
pically, the strain rate EB is negative ; the internal friction & is
not sensitive to the direction of the displacement of the defects,
and decreases with EB .
In the partial unloading test, those two effects are in competi-

tion : the whole strain-rate is ¢ = ep *+ éB' As schematically shown

in fig. 7a, éP and éB are respectively function of the stress 0; ap-—
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plied after unloading. When applying a stress 9y O the plastic

strain &, becomes zero and the total strain rate ¢ ig & = éB < 0. But
the internal friction A varies as'eP + léB | : consequently, it pas-
ses through a minimum when éP becomes zero (Fig. 7b) and the corres-
ponding value of the applied stress (Fig. 6) is the macroscopic va-
lue of the internal stress 9. That value is less than the stress

for which &= 0, corresponding to a transient equilibrium between

the plastic strain-rate and the backward strain-rate : éP + éB =0
(sample 2 on fig. 5a).
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