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The effect of loading rate and strain on the creep behavior after sample yielding has been studied
in previous communications (14-15) for Mylar in tension and for Lexan in compression. In this
work the creep behavior of Lexan samples previously elongated is considered both in tension
and in compression. A procedure which collects all the data independently of both loading rate
and initial creep strain is proposed.

INTRODUCTION

The use of solid polymers as structurally efficient materials and the analysis
of cold forming techniques requires the knowledge of their mechanical
behavior above the linear viscoelasticity limit.

Numerous equations describing either on a theoretical basis or empirically
the non linear creep have been proposed (see for instance Refs. 1-13). These
equations are limited to relatively small strains. Only recently the creep
behavior after deformations larger than the yield deformation has been con-
sidered in some detail both for Mylar in tensile tests'* and for Lexan in
compression.!®

The results reported in Refs. 14-15 show that after yielding, the creep
deformation depends remarkably on the sample loading rate and a much
greater strain dependence was observed for Lexan in compression than for
Mylar in tension.

In this work the creep at deformations larger than the yield deformation
is further investigated on the same material considered in (15). The behavior
of elongated samples both in tension and in compression is studied with the
aim of obtaining a general correlation.
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EXPERIMENTAL

Constant force creep tests were performed after constant velocity strain
ramps both in tension and compression. All data were obtained at room
temperature (about 20°C) by means of an Instron testing machine (mod. 1115)
and the strain was measured by means of a transducer connected to the
machine cross-head.

The material used was Lexan, a bisphenol A polycarbonate (4-4’dioxy-
diphenyl-2,2-propane carbonate) manufactured by General Electric. An
average molecular weight of 25000 was determined by means of intrinsic
viscosity measurements conducted at 20°C in chloroform. The material was
supplied in the form of a rod and the absence of any shrinkage after heating
up to 160°C above its glass transition temperature was assumed as a demon-
stration that it was in a non-oriented configuration, free of internal stresses.

The compression tests were performed on samples previously elongated.
Cylindrical samples (with both height and diameter equal to about 7 mm)
were obtained from the deformed portion of dumbbell shaped specimens
subjected to elongation at room temperature up to the complete propagation
of necking, which took place with a draw ratio of about 1.7. Compression
creep tests could thus be performed at initial creep strains e, = [ /I, larger
than one (where I, indicates the original non-oriented sample height and 1,
indicates the sample height at the end of the constant velocity loading ramp,
when the load reaches its final constant value). Data were taken on these
samples for several values of the loading rate and of the initial creep strain
after the sample yielding.

Some compression molded sheets, about 1.5 mm thick, were obtained from
a portion of the original rod. These sheets were cold rolied in order to avoid
necking of the material during subsequent elongation. Tensile creep tests
after sample yielding could thus be performed at strains /,./I, smaller than
that which corresponds to the necking of non-oriented material. The rolling
was done on a 2-roll mill having 7 cm diameter rolls 15 cm long. The rolls
gap was reduced 0.01 mm per pass through the rolls. The rolling was per-
formed up to two values of thickness reduction which correspond to deforma-
tions indicated as A and B in table I where the deformations along the width
are also indicated. The deformations reported in Table I are only averages
for each sheet, in fact the length increase changed about 6 % along the width
of the sheet. Samples were cut along the rolling direction from the sheets
indicated by A in Table I and along the width direction from the sheets indi-
cated by B. They were subjected to creep tests in tension at deformations
larger than their yield deformation. During the tests the deformation of these
samples was not isotropic and in particular, as expected, the thickness reduc-
tion was always smaller than the width reduction. For this reason the sample
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TABLE I

Deformations achieved after rolling of compression molded sheets

Increase factor in
the rolling direction

Increase factor in
the width direction

1.15
1.51

1.03
1.08

width, w,., and thickness, ¢,,, at the end of the loading ramps had to be
determined ; the first one photographically and the second one, neglecting
the density changes during the deformation, from the values of [, and w,,.

RESULTS AND DISCUSSION

A. Stress-strain

The stress-strain behavior during constant velocity compression tests of
samples elongated as described in the previous section are reported in Figure
1 as stress ¢ versus the strain e = I/l where [ is the sample height (and !, the

FIGURE 1
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Stress o vs. strain e during constant velocity compression tests. Both non-oriented
and previously elongated samples are considered. «; is initial deformation rate.
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height of the original, non-oriented samples). Since these samples were
previously elongated, the initial test strain (at beginning of the compression)
e; = /], is larger than one. In the same figure, stress-strain curves of non-
oriented samples, e; = 1, are also reported for comparison. The elongated
samples (consistent with the Buashinger effect)!® have a considerably smaller
yield stress and their curves join those of the non-oriented samples soon after
I/, becomes smaller than one.

B. Compression creep

The results of some compression constant force creep tests are plotted in
Figure 2 as Al/l,, (where Al is the sample deformation as measured starting
the instant when the prefixed load level had been reached) versus the time ¢.
In the limit of small creep deformations, Al/l,. coincides with the logarithmic
strain In(l/l,.). All the results reported in this figure refer to tests conducted
with initial creep strains e, > 1. Some tests performed at e, < 1 on the same
samples reproduced the results obtained'® on non-oriented samples, ¢; = 1,
for the same value of both e_ and the deformation rate o, just prior to the creep.

Analogously to what was observed with non-oriented samples!® the
data of Figure 2 show that the creep deformation is strongly influenced by the
initial loading rate a; = v/, (where v is the velocity of the machine cross-head).
Two curves relative to the same initial creep strain, e,, and to different loading
rates may be superimposed by means of a shift, on the log time axis, pro-
portional to the loading rate. Much smaller is the effect of ¢, which, for the
data of Figure 2, is varied within a rather limited range. Some tests were
performed changing the cross-head velocity during the loading ; these data
showed that, analogously to what was observed with the non-oriented
samples, the creep behavior depends on the deformation rate «, = v/, just
prior to the test and thus a, has to be considered in the time shift factor
mentioned above.

Creep data taken in the range 0.7 > ¢, > 0.3 could be superimposed'® by
plotting the strain Al/l,, versus the dimensionless time

3 =1a,e, H

The data of Figure 2 and the two curves extremes of the data collected in
(15) are reported in Figure 3 in terms of these coordinates. Although within
each set of data, those with e, < 0.7 and those at larger e, values, the super-
position may be considered satisfactory, the over all picture requires further
adjustments. In particular focusing attention on small times, where the slope
is larger and therefore horizontal shifts are more relevant, the curves at larger
e., provided e, = 0.7, need to be shifted to the left with respect to those at
smaller e,. Taking out, in this zone, ¢, from Eq. 1 would produce a rearrange-



13: 47 23 January 2011

Downl oaded At:

LARGE DEFORMATION OF A SOLID POLYMER

13

1 b |
A/|°c
ot AN = b AQA‘:oO
10 | A . A OODO 4
. Y
" A A
1 b
OA
- o
A a © ec & =45 175h,=
16’L ] 3° 1.32 A A
A 1.24 o
g 1.21 o
0 118 .
1.01 o)
-3 t,sec
10 N . L N
10 10 10 10

FIGURE 2 Creep strain under constant load in compression of samples previously elongated.
o, is the initial loading deformation rate. e, is initial creep strain with respect to the non-oriented
configuration,

ment sufficient to superimpose (at small times), the curves with e, > 0.7.
Similar indications where drawn in (14) where tensile constant force creep
data taken at large strains on Mylar could be reduced into a single curve by
means of a normalized time

¥ =1, )

C. Tensile creep

The tensile creep data taken on rolled material are shown in Figure 4.
Samples taken from sheets with both degrees of thickness reduction (A and B
in Table I) are considered. Although both series of samples have about the
same initial test strain along the testing direction (which is the rolling direc-
tion for samples of series A and the width direction for samples of series B)
they have remarkably different initial strains along the other directions. In
spite of this difference, the two series of samples showed very similar creep
behavior especially at small times; in other words the creep behavior seems
to depend essentially upon the strain e, along the load direction. The effect of
loading rate for these samples is identical to that observed in compression,
that is, for a fixed initial creep strain, two creep curves may be superimposed
by means of a time shift factor proportional to the strain rate just prior to the
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FIGURE 4 Constantload tensile creep of rolled samples. The rolling deformations of samples
A and B are given in Table I. a; is the initial loading deformation rate. e, is the initial creep strain
along the load direction with respect to the non-oriented configuration.

creep. Although, for a given loading rate, the effect of the initial creep strain
is very small, within each series of samples of Figure 4 it may be observed that
smaller values of e, give rise to slightly faster creep deformation. In particular,
because «, decreases as e, increases, also in this case, as observed above for
the compression tests conducted at e, > 0.7 and for Mylar in tension,'# the
use of the dimensionless time &, as defined by Eq. 2, would produce an exact
superposition of the data.

D. Overall correlation

In conclusion, in order to obtain a single creep curve, which considers simul-
taneously all the data at least at smrall creep deformations, one needs to
replace e, in Eq. 1 with a measure of strain which for e, < 0.7 degenerates into
e  itself and for larger values of e, is constant. Furthermore the data taken on
the rolled samples suggest that this measure also needs to be more sensitive
to the strain along the test direction than to the other strain components. At
large times a complete superposition cannot be expected because, the tests
being conducted at constant load, the stress increases with the creep deforma-
tion for the tensile tests and decreases for the compression tests.
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In a RCCS the inverse of the Cauchy strain tensor of the present configura-
tion with respect to the non-oriented configuration is defined as follows:'’

). ¢¥iD. ¢/

Co'T = v G)
0XmoX

where X™ is the coordinate position of a material element in the present

configuration and X' is the coordinate position of the same element in the

non-oriented configuration.
Identifying, in our case, X' with the load direction, one has

/e 0 0
[C,'1 =10 1/e3 0 )
0o 0 1/

where the ¢; are the ratios between the present sample dimension and the
dimension of the non-oriented material along the ith direction.
At the instant when the creep begins the ¢, are given by

eZ = e2,c = Woc/wo (5)

6'3 = e3,c = tac/to
and the square root of the second invariant of C_ ! is given by

1 |

1 4 (6)
\/ C, 1 1
Attt
ec eZ,c e3,c

It can be shown that this quantity satisfies the requirements, specified above,
to replace ¢, in Eq. 1, giving rise to the following dimensionless time

Y =t/ /UC ! (7

All the data of Figure 4 and the two curves extremes (in terms of Al/I . and
9”) obtained from the data of Figure 3 are plotted again in Figure 5 using
$” as dimensionless time. At relatively small times the superposition is
certainly good; at larger times the data relative to tensile creep tests remain
sensibly above those relative to compressive tests. As mentioned above, this
is due to the fact that constant load means a stress decreasing (with the creep
deformation) in compression and increasing in tension. Obviously this effect
increases as the creep deformation proceeds. Furthermore at larger times,
within each set of data (those in tension and those in compression), the super-
position is not as good as at small times. The differences left however cannot
only be accounted for by means of a time shift factor.
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FIGURE 5 Both tensile and compression creep strain vs. the dimensionless time 3" as defined
by Eq. 7. Key to symbols as in Figure 4 except for {» J, which refer to Figure 3.

CONCLUSIONS

Constant load creep data taken on Lexan, after the material yielding, both in
tension and compression have been presented here. In particular the effect
of loading rate, which in terms of deformation rate at the end of the strain
ramp has been varied over a one hundred fold-range, and of the initial creep
strain as referred to the non-oriented material configuration have been
analyzed.

A superposition rule, which at small times collects all the data into a single
curve, is proposed. At larger times the data taken under tensile load remain
somewhat above those taken in compression. The proposed rule, accounting
for strain by means of an invariant measure of it, may be applied also to
materials which have complex deformations frozen in and furthermore is
coherent also with previous results obtained on Mylar under tensile loading.

The correlation mentioned above has been here tested only by means of
samples having either uniaxial or biaxial strain, the load being applied along
one of the principal strain directions. Strictly, creep data taken under different
strain situations should be analyzed before being allowed to consider the
procedure for general use.

Should this be verified, the creep behavior for any value of the loading rate

2
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and of the initial creep strain (no matter how complex it is) could be deter-
mined by means of a single creep test performed at deformations larger than
the yield deformation,

LIST OF SYMBOLS

C-—l

SI
'9”

(2

The inverse of the Cauchy strain tensor, assuming as reference the
non-oriented configuration, see Eq. 3

Second invariant of C; !

Sample strain along the loading direction, assuming as reference
the non-oriented configuration

Value of e when the creep load is reached

Value of e before loading the sample

Strains along principal directions

See Eq. 5

Sample height

Sample height variation as measured since the creep load is reached
Value of I before loading the sample

Value of ! in the non-oriented configuration

Value of I when the creep load is reached

Rectangular cartesian coordinates system

Time as measured since the creep load is reached

Sample thickness in the non-oriented configuration

Sample thickness when the creep load is reached

Machine cross-head velocity

Sample width in the non-oriented configuration

Sample width when the creep load is reached

Coordinate position of a material element in the present con-
figuration

Coordinate position of a material element in the non-oriented
configuration

Deformation rate when the creep load is reached

Deformation rate at the beginning of the loading ramp
Dimensionless time, as defined by Eq. 1

Dimensionless time, as defined by Eq. 2

Dimensionless time, as defined by Eq. 7

True stress
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