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The macroscopic yielding behaviour of
polymers in multiaxial stress fields
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Experimental data on yielding of polyoxymethylene (POM) and polypropylene (PP) have
been obtained in a wide range of complex triaxial stress conditions. These complex
triaxial stress states have been produced by superimposition of simple stresses such as
uniaxial compression, uniaxial tension and pure shear on hydrostatic pressure of various
intensities. The actual yield surfaces of both polymers were constructed using the data.
The yield surface of POM is a cone-shaped with a pointed apex and straight edges, while
the vield surface of PP is cone-lime and non-linear, also with a pointed apex. A yield
criterion is shown to very closely predict the observed behaviour of both polymers.

1. Introduction

Polymeric materials in general respond in a quite
different manner to different loading conditions.
Even simple states of applied stress such as tension,
compression and pure shear produce vastly dif-
ferent responses in yielding, deformation, and
fracture behaviours. When the state of stress is
complex, these behaviours undergo dramatic
changes, and equally dramatic changes in these
responses occur from one polymer to another [1].

Many investigators have studied yielding be-
haviour of polymers in uniaxial stress conditions,
biaxial stress conditions and, more recently, triaxial
stress conditions [2—9]. However, the range of
state of stress covered on each of these studies was
limited to a narrow region in view of the entire
yield surface, and thus it has not been possible to
construct the entire yield surface of any polymers,
crystalline or amorphous. These investigators have
also speculated on the possible shape of yield sur-
faces.

This paper presents experimental data on poly-
oxymethylene (POM) and polypropylene (PP)in a
wide range of stress conditions, and shows for the
first time the construction of actual yield surface
using the data. A yield theory proposed earlier
[10] is shown to very closely predict the observed
behaviour of both polymers.
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2. Materials and experimental

The materials used in the study were obtained
from a commercial source. The density of POM
(du Pont Delrin 500) was 1425 gcm™ and that of
PP was 0905gcm™. Samples were machined,
taking care not to heat the samples during ma-
chining, to the forms of straight circular cylinders
for compression tests, circular cylinders with
threaded raised ends for tension tests, and circular
hollow cylinders with raised but square ends for
torsion tests.

The experimental study involves testing the
samples in different triaxial stress conditions. A
method of producing controlled but complex tri-
axial stress conditions is superimposition of simple
stresses such as uniaxial compression, uniaxial
tension, and pure shear on hydrostatic pressure of
various intensities,

A new electromechanical testing apparatus has
been constructed for carrying out torsional tests in
a hydrostatic pressure environment, and detailed
description of the apparatus will be published
elsewhere.

The apparatus, which is capable of containing
pressures up to 7 kbar, consists of two intercon-
nected thick-walled cylinders, one for testing and
the other for pressure compensation. The applied
torque is measured by a full-bridge strain gauge
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TABLE I Experimental and predicted values of yield stresses at various pressures for polyoxymethylene

Hydrostatic pressure

Average experimental yield stresses

Predicted yield stress (psi) X 1073

(psi) X 1073

(psi) X 10° (kbar) Compression Tension Shear Compression Tension Shear
Atm. Atm. 11.2 10.6 7.3 13.1 121 7.3
10 0.69 13.3 13.2

14.5 1.00 84 8.3
20 1.38 15.1 14.9 15.6 144

29 2.00 9.7 9.3
30 2.07 16.0 15.5

40 2.76 18.1 16.8 18.6 16.7

435 3.00 10.5 10.3
58 4.00 11.3 11.3
60 4.13 20.0 19.1 20.5 19.0

72.5 5.00 12.3 12.3
80 5.52 23.0 22.8 23.0 21.3

87 6.00 13.9 13.3
100 5.90 259 23.6 25.5 23.6

1 kbar =14 500 psi = 980.7kgcm™2.

which is mounted within the torque shaft, un-
exposed to the pressure medium and unaffected
by the friction in the seals. The rotational displace-
ment of the specimen is detected internally by a
contact point moving on a toothed wheel and
externally by a rotary variable differential trans-
former. A torsional specimen was completely im-
mersed in a hydro-static pressure environment and
torsional shear stress was then superimposed. The
apparatus for carrying out compression and ten-
sion tests has been in existence for quite some
time [11]. Testing speeds were 0.0017insec™’
for compression and tension, and 0.020 rad sec™”
for torsion which are equivalent to a normal strain-
rate of about 0.002sec™! and a shear strain-rate of
about 0.008 sec™* ; therefore the tests were assumed
to be quasi-static. The possible differences in the
yield stresses due to the differences in strain-rates
at these rates were certainly small and were well
within experimental error. In addition, the time
effect was neglected in analysing the data. The
pressure medium used was a mixture of kerosene

and a small amount of a lubricant oil. The medium
was found to have no effect on the yielding of
POM and PP.

3. Results and discussicn

Load—deformation curves for compression and
tension tests, and torque-angular rotation curves
for torsional shear tests have been obtained at
various pressures up to 7 kbar and then were con-
verted to stress—strain diagrams. From the stress—
strain diagrams, the values of yield strengths were
determined by an offset method (2%). The yield
stress values in compression, tension, and shear are
given in Table I for POM and in Table II for PP,
together with predicted values. Each value in the
table is an average of a minimum of three and
often eight tests. Figs. 1 and 2 show the yield
stresses in compression, tension and shear, plotted
against hydrostatic pressure for POM and PP,
respectively. Each experimental point represents
the average values. The solid lines in the figures are
the theoretical prediction by a yield criterion to be

TABLE II Experimental and predicted values of yield stresses at various pressures for polypropylene

Hydrostatic pressure

Average experimental yield stresses

Predicted yield stress (psi) X 1073

(psi) X 1073

(psi) X 1072 (kbar) Compression Tension Shear Compression Tension Shear

Atm. atm. 6.6 54 35 6.6 54 34
14.5 1.00 10.8 8.9 5.8 11.0 9.2 58
29 2.00 16.5 14.4 8.3 15.1 12.8 8.0
43.5 3.00 19.5 17.0 10.6 18.8 16.1 10.0
58 4.00 22.5 19.6 11.7 22.0 19.2 11.9
72.5 5.00 25.5 23.2 12.7 25.0 224 13.5
87 6.00 27.5 25.6 13.8 27.5 24.6 15.0

101.5 7.00 29.0 26.7 29.8 27.0 16.4

1210



(10%psi)

<6 -20 -30 -40 -%0 -60 -70 -80 -90 -W0O
POM
w-
23 /
- ¢ |
= COMPRESSH
(-9
© 20 TENSION
%
b" /
"‘ / /
. :::/ "
ey __A—SHER
= lo./
-o-’/-’-
e 5
o T Y v T
] ) N -2 -3 -4 -5 ) N
PRESSURE (kbar)

Figure 1 Yield stresses versus hydrostatic stress for polyoxymethylene.

discussed later in this section.

For POM, each of the yield stresses in com-
pression, tension, and shear was found to be an in-
creasing linear function of hydrostatic pressure,
except the yield stress values at atmospheric
pressure which were slightly off linearity. The
compressive yield stress was consistently greatest
at a given pressure and increased at the highest rate

with increasing pressure. The shear yield stress, on
the other hand, was the lowest in the value at a
given pressure, and also increased at the lowest
rate. The tensile yield stressand the rate of increase
both lie between the values of compression and
shear. It is significant that when all data points for
each yield stress are extrapolated in the direction
of hydrostatic tension, all three converge on a
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7 Figure 2 Yield stresses versus hydro-
static stress for polypropylene.
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© EXPERIMENTAL DATA
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Figure 3(a) Yield surface of polyoxymethylene. (b) Intersection of the surface with the =-plane. (c) Two-dimensional
projection of the surface at atmospheric pressure.
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Figure 4(a) Yield surface of polypropylene. (b) Intersection of the surface with the n-plane. (¢) Two-dimensional projec-

tion of the surface at atmospheric pressure.

point at p = +7.3kbar. This means that POM, if
also subjected to hydrostatic tension, will yield
under compression, tension and shear with less
stress than at atmospheric pressure as can be seen
from Fig. 1. This is exactly the opposite effect
that is produced when hydrostatic pressure is
superimposed on the simple stresses. Furthermore,

more importantly, this also indicates that POM
will yield under triaxial tensile stresses of equal
magnitude alone. The magnitude of hydrostatic
tensile stress for POM was determined, to be p =
+7.3kbar, by extrapolation of the experimental
data, as shown in Fig. 1.

When the results of Fig. 1 are replotted they
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form a cone with a pointed apex and straight edges,
as shown in Fig. 3a. The small circles are the
experimental data and the lines represent the
theoretical prediction. Fig. 3b shows the intersec-
tion of the surface at zero (or atmospheric) pressure
with the w-plane, ie. a hyperplane whose normal is
in the direction of the hydrostatic axiz (1//3,
1A/3, 1/a/3) located at zero pressure). This
represents the cross-sectional shape of the surface.
Von Mises’ and Tresca’s projections are shown
together here for comparison purposes. Fig. 3c
shows the two-dimensional projection of the sur-
face at zero pressure.

For PP, the dependence of all three yield stresses
on hydrostatic pressure is non-inear, with com-
pressive yield stress always being greatest, tensile
yield stress the second greatest, and shear yield
stress the lowest. When all data are extrapolated in
the direction of the hydrostatic tensile axis, all
three curves again meet at a point p = +1.35 kbar.
In other words, PP yields with a decreased stress
under compression, tension, and shear when sub-
jected to a hydrostatic tensile field, as opposed to
an increased stressunder a hydrostatic pressure
field. In addition, PP will yield under triaxial tensile
stress of equal magnitude, p = 1.35 kbar. When the
results of Fig, 2 are replotted they give a non-linear
cone with a pointed apex, as shown in Fig. 4a.
Again, the small circles represent the experimental
data, and the solid line represents the theoretical
prediction. Fig. 4b shows the intersection of the
surface at atmospheric pressure with the n-plane,
and Fig. 4¢, the ¢,-0, plane projection of the
surface at zero pressure. Again, Fig. 4b is the cross-
sectional shape of the surface perpendicular to the
hydrostatic axis.

The yield condition [10] which predicts the
yielding behaviour is of the form

N .
)" =3 4@y

i=0

@
where
Jy =% [(o1 —02)* + (02 —03)° + (03 —0,)*]
= } [(0x — 0y +(0y — 0.0 + (0, —0,)*]
+ Tay? +7,% + 12,0

is the second invariant of the deviatoric stress
tensor,
Jy =0y toy+03 = 0,0y, to,

is the first invarent of stress tensor, and o;
material constants,
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Equation 1 may be reduced to various forms
depending on the value of V. If N =0, it reduces
to von Mises’ yield criterion

Jy = ad = k%. )
EN=1,
V)? = o toyly 3)
and if N =2,
) = ap + oy +opJ3. 4)

Equation 3 is used for predicting the yield be-
haviour of POM, while Equation 4 is used for PP,
The material constants in Equations 3 and 4 are
determined and tablulated in Table III. Equations
3 and 4, with the appropriate material constants
from Table III, can be used for any combinations
of stresses from simple stress to multiaxial com-
plex stress.

TABLE III

Material o, @, @,

POM 7.25 X 10° —0.0230

PP 343 X 10° - 0564  —.0456 X 10°°

It should be noted that the yield criterion,
Equation 1, among many others [2, 5,6, 12] is the
only criterion which can predict the yield be-
haviour of both POM and PP.
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