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Volume Change during Deformation and Pressure Dependence of Yield Stress 

C. A. Pampillo and L. A. Davis 
Mate'rials Research Ceu ter , Allied Chemical Corporation, Morristown, New J ersey 07960 

Polymers arc disti nguished f rom metals by lhe considerable pressure depcndence of thei r 
yie ld s tresses, and one might expect this to be associated with a plastiC volume change during 
yie lding. We have measured the macroscopic volume changes during uniaxial compres.sion of 
P MMA and PC, us ing a mercury- fill ed dilatometer. For Pl\IMA a plastiC volume change can­
not be defined unambiguous ly because the volume- stress curve is reversible upon unloading to 
the yield point. For PC the plastic voltune change is negative . Hence, if the pressure depend­
ence of y ielding is associated with this volume change, one would predict a decrease of the 
y ield stress with increasing pressure. Contrary to this, we find th at pressure increases thc 
yield stress of PC. Hence, the plastic volume change is not directly r e lated to the pressure 
dependence of the yie ld s tress . 

INTRODUCTION 

From the principles of thermodynamics, an in­
crease in volume 6. V of a system under an applied . 
pressure P requires work 6. W = P6. V . If the sys ­
tem in question is a material deforming plastical­
ly, where the work is done by the applied stres s, 
we may expect a pressure dependence of the flow 
stress T, if 6. V is of suffici ent magnitude. It is 
reasonable to suppose that the flow stresses of 
some polymers will be more sensitive to P than 
those of metals because their volume changes 
during deformation are relatively large. It re­
mains important to understand the origin of the 
appropriate 6. V, and a number of such "volwnes" 
have been proposed by various workers. In the 
accompanying paper 1 we have discussed the im­
portance of one of these, the activation volume 
V* • A second one is the free volume 6.V, . 2 In 
this case yielding is imagined to occur when the 
volume increase occasioned by tensile ela.3tic 
deformation supplies the "free volume" of a glassy 
polymer above its glass transition temperature. 
Other than the fact that it is only meant to apply 
to glassy polymers, this mechanism is also lim­
ited in that it cannot account for yielding in com­
pression as indicated by Sardar et ai. 3 or in sim­
ple shear as indicated by Sternstein et al. 4 This 
appears to be a critical failing, and it seems ap­
propriate to exclude 6. V, from further considera­
tion at this time. 

A third possibility is the residual volume change 
6. Vr after deformation. In this case it is recog-

nized, as for crystalline materials, that a net 
volume expansion may result from plastj c deforma ­
tion in t enSion, compression, or tor sion. In the 
case of polymers, however, Alksne el al. 5 have 
shown that in some cases 6. Vr is negative after 
uniaxial compression. If 6. Vr were the important 
volume, a negative 6. Vr should cause a decrease 
in yield str ess with pressure. This has not been 
observed jn any polymer. 

Finally, we may consider the apparent volume 
change during yielding which has been recently de­
termined and discussed by Whitney and Andrews. 6 

This volume change at yielding is denoted by 6. V" 
[or (6. VI Vo)p). As indicated by Fig. I; it is given 
by the deviation (near the yield point) of a volume­
stress curve from the linear extrapolation of the 
initial Poisson volume change. In the particular 
case shown, the Poisson change is negative (com­
pression) and the deviation (6. ViVO)" is an expansion. 
One could suppose, as suggested by Sardar e tal. , 3 

that this "deviation expansion", 1. e., positive 
(6. ViVo)", is opposed by pressure. Therefore, a 
pressure dependence of the yield stress should 
result. In prinCiple, the apparent (6. ViVo)" could 
be positive in any mode of deformation-even 
when the net volume change 6.Vr is negative. 

We note, however, that at the finite elastic defor­
mations which are obtained prior to yieldirig in 
polymers, an elastic volume-stress curve is ex­
pected to be nonlinear (slightly concave to the 
stress axiS). In principle, one could calculate this 
curve from nonlinear elasticity theon, but in prac-
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FIG. 1. Plastic volume AVp, during deformatio!l as 
defined in Ref. 5. The curvilinear path corresponds to 
the volume- stress behavior under conditions of increasing 
stress. 

tice, one cannot easily determine the contribution 
of the elastic strain to the total strain on a a- E 

curve such as in Fig. 3. The straight-line varia­
tion of A vivo with stress is, thus, an approxima­
tion. On the other hand, in their experiments 
Whitney and Andrews apparently obtain reliable 
data for the change of volume only during an in­
crease of the stress. But, if the curvilinear be­
havior of (A VIVo)p is reversible with decreasing 
stress, then an apparent volume deviation relative 
to any calculated "elastic" curve need not bear 
any relation to plasticity. Alternatively, if A Vp 
is really a macroscopic plastic volume, although 
the curve is reversible, one must conclude that it 
has a very small relaxation time. At any rate, if 
(Avlvo)p vs a is reversible, one cannot unambig­
uously define A Vp as a "plastic" volume. For 
these reasons we have 'carefully examined the vol­
ume changes of poly-methyl methacrylate (PMMA) 
and Lexan polycarbonate (PC) during unloading as 
well as loading. Our results are presented below. 

EXPERIMENTAL 

The system used to measure volume changes is 
shown in Fig. 2. A cylindrical specimen 0.76 cm 
in diameter and 1. 5 cm long is deformed inSide 
a cylinder full of mercury by a piston driven by 
the crosshead of an Instron machine. The total 
volume of mercury displaced from the cylinder by 
the motion of the piston and the change in volume 
of the specimen are accurately monitored by the 
height of a mercury column in a capillary connect-

ed with the cylinder. By correcting for the dis­
placement of mercury due to the motion of the 
piston when no specimen is in the cylinder, the 
volume change of the specimen during deformation 
can be determined. The motion of the piston is 
monitored by a linear variable differential trans­
former (L VDT) which gives the true displacement 
of the piston at all times; no correction is neces­
sary for the deflection of the Instron machine. 
During an experiment, load-displacement curves 
are plotted on an x-y recorder and spikes corres­
ponding to each 0.5 cm of capillary height are 
superimposed on the record by a brief manual 
interruption of the load signals; the height of the 
column is followed visually. The capillary sys­
tem is quite sensitive: A I-mm displacement of 
the mercury corresponds to a 3 x 10-4 relative vol­
ume change of the specimen. The deformation 
rate used is 10-3 sec-I. 

The unloading as well as the loading volume changes 
are of interest, so care is taken to minimize hys­
teresis effects . The piston that deforms the speci­
men is rigidly attached to the Instron crosshead 
so it cannot lag the crosshead when unloading be­
gins. To minimize frictio.n, a thin Halon (PTFE) 
sleeve is placed around the piston; friction then 
accowlts for less than - 1. 5% of the total load. 
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FIG. 2. System used to measure volume changes during 
deformation. ' . 
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The loading surfaces of the specimens were coated 
with a very thin layer of PTFE applied by spraying . 
This was done to minimize friction against the 
platen; hence, no barreling is detected at the strains 
used in the present e>q)eriments. The PMMA spec­
imens were machined from a 1. 75-cm-thick plate 
supplied by Rohm and Haas. Lexan PC, of intrin­
sic viscosity 0.55 in the form of pellets, was mold­
ed into a 1. 75-cm -thick plate from which specimens 
were machined. To determine whether annealing 
above and below the glass transition temperature 
(Tr = 160 ° C) of PC would give different results as 
fOWId for other properties, 7 the PC specimens 
were subjected to two different annealing treatments. 
First, all speCimens were annealed under vacuum 
at 165°C for 2 h and quenched in air to room tem­
perature. A group of specimens were tested in 
this condition, and a second group was given an 
extra rumeal in vacuum at 125 °C for 16 h and 
slowly cooled to room temperature in the furnace. 
The results shown in Figs. 5 and 6 are those ob­
tained aIter the 120 °C treatment. For the speci­
mens subjected to the 165 °c rumealtreatment alone, 
the results are slightly different and will be dis­
cussed later. 

The birefringence of all PMMA and PC specimens 
was very small (-10-5). The Poisson ratios quoted 
in Figs. 4 and 6 are calculated by means of the 
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FIG. 3. Uniaxial compressive stress-strain curve .for 
PMMA. 

equation 6. vivo = alE (1-21') using Young's mod ­
ulus E measured in Figs. 3 and 5 and the initial 
slopes of Figs. 4 and 6. The measurements shown 
in Figs. 3-6 are typical of Ii ve observations made 
wIder the same conditions. 

EXPERIMENTAL RESULTS 

In Fig. 3 the stress-strain curves for PMMA 
loaded and unloaded in uniaxial compression are 
shown, Fig. 4 shows the corresponding relative 
volume change - 6. vivo as a function of stress. We 
find, in agreement with Whitney and Andrews, 6 that 
the volume-change-stress curve departs from lin­
earity at about the same time the stress-strain 
curve does. However, while the stress-strain 
curve is observed to be irreversible, we find that 
the AvlVo-stress curve is reversible, within 
experimental error. Therefore, we conclude that 
it is not possible to distinguish between a plastic 
volume change which recovers with a short relax­
ation time and a nonlinear elastic volume-stress 
relation. 

For PC the results are quite different from those 
for PMMA. Figure 5 shows the uniaxial compres­
sion stress-strain curve for PC; a and b are the 
unloading paths after different amounts of deforma­
tion. Figure 6 shows the corresponding - 6. vi Vo­
stress curves. This curve also departs from lin­
earity, but unlike the results of Whitney and An­
drews, 6 the curve bends towards the volume axis. 
Upon unloading, the 6. Vivo-stress curve is found 
to be irreversible. The results found for speci­
mens subjected to the 165°C treatment alone only 
differ from these in that the maximum stress is 
about 10% lower. Also, upon unloading to zero 
stress through a curve such as a In Fig. 6, the 
volume of the specimen was smaller by - O. 2-0.3% 
thrul the volume of the specimen before deforma­
tion. Thus, for PC one could reasonably define a 
plastic volume in the manner of Whitney and An­
drews (see Fig. 1), and in this case it is found to 
be negati ve, i. e., 6. V" < O. In other words, plastic 
deformation in a uniaxial comprensive stress field 
decreases the volume of PC at yield beyond the 
decrease due to Poisson's ratio. Moreover, for 
specimens subjected to the 165°C treatment alone, 
there is a negative residual volume change, i. e., 
6.Vr <O. 

DISCUSSION 

The results of measuring the macroscopic volume 
change of PMMA and PC during deformation have 
demonstrated two cases: In PMMA there is no 
clear plastic volume change and in PC the volume 
change· during deformation is negative. However, 
as stressed in the Introduction, it is desirable to 
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W1derstand which volume change is the important 
one in relation to the pressure dependence of the 
yield stress. 

In terms of the macroscopic volume change during 
yielding, AVp, we expect no effect of a hydrostatic 
component of stress on the wliaxial compressive 
yield stress of PMMA. This is contrary to the 
results fOW1d in the literatureS which show that a 
hydrostatic pressure increases the yield stress of 
PMMA. The results for PC clearly predict, in 
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FIG. 4 . Relative volume-change­
stress curve for PMMA . 
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terms of A Vp , a decreasing yield stress with in­
creasing hydrostatic pressure. 

No results were found in the literature on the effect 
of hydrostatic pressure on the compressive yield 
stress of PC, so tests were performed here. The 
same PC was used, subjected to the 165 °C anneal 
treatment. This treatment provided the extreme 
condition to be tested, i. e., a negative plastic 
volume change at yield and also a negative residual 
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FIG. 5. Uniaxial compres­
sive stress-strain curve for 
Lexan PC. a and b are the 
unloading paths after dif­
ferent amounts of deforma­
tion. 
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FIG. 6. Relative volume-change­
stress curve for Lexan PC. Curvcs 
a and b are as in Fig. 5. Line c is 
the extrapolated linear Poisson's 
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volume change due to plastic deformation. The 
uniaxial compressive stress-strain curves shown 
in Fig. 7 were obtained with lhe system described 
in the accompanying paper, 1 using n-pentane as the 
pressurizing fluid. The stress-strain curves for 
speCimens deformed at 1 atm and 4.3 kbar clearly 
show that the effect of pressure is to increase the 

. yield stress. Also included is the stress-strain 
curve for a specimen deformed at 1 atm up to 
yielding, wlloaded, reloaded, and deformed at 
1. 4 kbar, and afterwards again at 1 atm; it shows 
that the effect of pressure is not permanent. The 
difference· in the flow stress at 1 atm before and 
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FIG. 7. Uniaxial compressive stress-strain curves 
under different hydrostatic pressures for Lexan PC. 
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after deforming at 1. 4 kbar is probably due in part 
to recovery, slight buckling of the specimen at 
large strains, and the normal load drop after 
yielding. These results clearly rule out either 
6. Vp or 6. Vr as important volume changes in deter­
mining the effect of pressure on the yield stress­
es of polymers . 

Yielding can be described in terms of the activated 
complex theory of deformation. 9 The important 
volume change during deformation is then the ac­
tivation volume which determines .the pressure 
effect of yielding. Some effects of pressure on 
yielding due to 6. Vp are expected but at relatively 
very high pressures or very low strain rates. De­
tails will be discussed in a future paper. 

CONCLUSIONS 

The macroscopic volume changes during deforma­
tion of two typical amorphous polymers (PMMA and 
Lexan PC) were measured. The results show that 
it is incorrect to conclude, as is found in the liter­
ature, that these macroscopic volume changes 
during deformation are responsible for the pres­
sure dependence of the yield stress of polymers. 
It is pointed out that the use of the rate theory of 
flow leads to the definition of the volume to be 
related to the pressure effect on yielding, i. e., 
the activation volume. 
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