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SYNOPSIS 

Tensile deformation of poly(methyl methacrylate) carried out under 

hydrostatic pressure up to 4 kb has shown that the pressure-transmitting 

fluid (silicon oil) strongly affects the mechanical properties of this 

polymer. Unsealed specimens fractured in a brittle manner at almost the 

same strain of 5%  in the whole pressure range examined, while specimens 

sealed with Teflon tape and rubber showed a brittle to ductile transition 

at only 0.25 kb. At this pressure, the craze initiation and shear band 

initiation stresses were found to become equal. The pressure dependency of 

the shear band initiation stress could be expressed well with a "non-linear" 

pressure dependent von Mises criterion and the onset of the shear banding 

was proved to relate to the enthalpy energy density stored in the specimen. 

The combination of the non-linear pressure dependent von Mises criterion and 

the enthalpy energy density concept enabled us to predict the pressure 

dependency of Young's modulus. 



INTRODUCTION 

Hydrostatic pressure has been shown to cause significant effects 

on the mechanical properties of polymers.    The change in fracture modes 

from brittle to ductile in tensile deformation has been reported for a few 

amorphous polymers such as polystyrene (PS)1"4, polyimide (PI)*', and 

polysulfone (PSF)6.    In the preceeding paper4, we have observed that the 

brittle to ductile transition in PS, which was previously reported to occur 

at about 2.8 kb^, appears at only 0.35 kb if the environmental effect 

due to a pressure-transmitting fluid is prevented. 

The mechanical behavior of poly(methyl  methacrylate)  (PMMA) has 

been investigated under a wide range of pressure by several research 

groups**» 7-9 but, to date, such a brittle to ductile transition has not 

been observed up to the maximum pressure examined, 7.7 kb.    In this previous 

work, however, the environmental effect's on the mechanical behavior of PMMA 

received surprisingly little attention. 

The increase in the yield stress of polymers under pressure has also 

received considerable attention because there is a large effect.    To take the 

significant pressure dependency of yield stress into account, modifications 

of simple non-pressure dependent yield criteria such as the Tresca and the 

von Mises, have been attempted in several ways .    One of the most 

successful pressure modified criteria seems to be a "linear" pressure 

dependent von Mises criterion1^.    Recent studies^»14, however, demonstrated 

that this criterion agrees well with the experimental only in the  lower 

pres.~.     range and that a "non-linear" pressure dependent von Mises criterion'^ 

gives better agreement with the data in the whole pressure range.    Thus, it has 

been possible to predict the pressure dependency of yield stress of polymers, 

but we still  lack a more fundamental understanding of the yielding process 



under pressure or of why the hydrostatic pressure causes such a significant 

increase in yield stresses of polymers. 

Attempts also have been made to account for the increase of Young's 

modulus with pressure.    Sauer et il,'*"" suggested that the Birch 

modification^ of the Murnaohan finite-strain theory^ predicts the pressure 

dependency of Young's modulus for various polymers with close agreerrent. 

This theory, however, is reported to fail  in the prediction of shear modulus 

under pressure^. 

The purposes of this paper are to ex^nine whether PMMA also exhibits 

the brittle to ductile transition under pressure if the possible environmental 

effects are prevented and to investigate the mechanism for the transition. 

Further attempts are made to present a thermodynamic understanding of the 

shear banding phenomenon under pressure and a more acceptable equation for 

the pressure dependence of Young's modulus. 



-3- 

EXPERIMENTAL 

High Pressure Tensile Measurements 

The material   (PMMA) studied in this work was obtained commercially 

in the form of a 0.50 in. diameter rod from Cadillac Plastic and Chemical 

Co.. The tensile specimens for high pressure experiments were machined 

directly from the rod and the surface was carefully polished along the gauge 

length.    The overall specimen length was 2.40 in. and the reduced gauge 

section with 1.50 in.  R groove was 0.12 in. in diameter.    In order to prevent 

possible environmental effects, the surface of the gauge section was sealed 

with Teflon tape and transparent silicon rubber (RTV 108 from General 

Electric).    A detailed discussion of necessary corrections to obtain true 

stress-strain curves, together with an account of the high pressure-tensile 

test apparatus used in this study, has been given elsewhere^.   The tensile 

tests were conducted at a constant strain rate of 1.30 + 0.}5%/mir\ and at 

room temperature of 23 + TC; silicon oil  (Dow Corning 200 Fluids, 500 cs) 

was used as the pressure transmitting fluid. 

Optical Measurements 

The optical observation of crazing and/or shear banding and the 

measurement of stress-strain behavior were simultaneously carried out at 

atmospheric pressure using the facilities composed of a Tensilon UTM-II 

(Toyo Measuring Instruments Co.) on which a polarizing microscope was 

mounted22.    For the optical observatic, flat tensile specimens were 

hot-molded from the same rod described above.    The resulting specimen was 

almost completely stain-free, as determined by examination in polarized 

light.    The specimen measured approximately 0.02 in. thickness and 0.75 in. 



R groove and 0.05 in. width at the center. 

Conpression Measurements 

Compressive shear band initiation and yielding stresses were 

measured with an Instron testing machine using a cylindrical specimen. 

The specimen was cut from the rod and had a geometry of about 0.2 in. 

in diameter and 0.5 in.  in height.    The tests were carried out under 

almost the same conditions of temperature and strain rate conditions 

as those of the high pressure tensile tests. 



RESULTS AND ANALYSIS 

Mechanism of Brittle to Ductile Transition 

Figure 1  shows typical  stress-strain curves of unsealed specimens 

tested at different pressures.    Fracture stresses were observed to increase 

substantially with increasing pressure but all  specimens fractured before 

yielding in a brittle manner at almost the same strain of S% in the whole 

pressure range examined.    The direction of the fracture surfaces was 

perpendicular to the tensile direction and the surfaces were very smooth. 

Closer examination of the fracture surfaces in an optical microscope showed 

the occurrence of parabolic markings, a characteristic fracture features 1n 

PMMA""".    These markings decreased with increasing applied pressure and no 

such markings could be observed for specimens tested above 1.5 kb.    Although 

the observed fracture stresses, of(P), increased with pressure, the values 

of the principal fracture stresses, oj.(P)= of(P)-P, decreased and became nagative 

above about 1.5 kb, as later shown in Figure 10.    This observation suggests 

an  interesting coincidence with the relationship observed from the fracture 

2fi 
experiments at atmospheric pressure   ; the number of the parabolic markings 

during catastrophic crack propagation decreases by decreasing the fracture 

stress. 

To avoid the environmental effects due to surface contact of specimens 

with the pressure transmitting fluid (silicon oil), the specimens were sealed 

with Teflon tape and rubber and tested under the same experimental conditions 

as those for the unsealed specimens.    As shown in Figure Z, the stress-strain 

curves for the sealed specimen:, appeared quite differently from those for the 

unsealed ones.    The ductility of the specimens increased substantially with 

pressure and the specimens fractured after necking in a ductile manner above 

only 0.3 kb. 



To investigate the mechanism for the brittle to ductile transition, 

optical observations of crazing and/or shear banding and the measurement of 

stress-strain curves were performed simultaneously.    Due to experimental 

difficulties, flat specimens were mounted in a Tensilcn UTM-II tensile 

tester with a polarizing microscope attachment and tested at atmospheric 

pressure.    Figure 3 shows a stress-strain curve and photographs of the test 

specimen at various strain levels.    The experimental temperature was 250C, 

where PMMA fractures in a brittle manner.    In the linear region of the stress- 

strain curve, the specimen deformed uniformly and no craze or shear band 

could be detected.    When the stress-strain curve showed a departurs from the 

linearity, craze initiation was observed.    The craze region spread out and 

the number of crazes increased rapidly with increasing stress.    Finally, one 

of the crazes developed into a major crack leading the specimen to fracture 

before a yield point was observed.    Thus, it is very likely that the onset 

of nonlinearity on the stress-strain curve is accompanie    by craze initiation. 

A similar relation between the craze initiation and the stress-strain 

27 ?ft 
behavior has been reported for other amorphous polymers such as ps'-''to and 

polycarbonate (PC)28. 

To study the deformation process in the ductile fracture region, a 

similar experiment was carried out at 950C using pDlarized light.    At this 

high temperature, the craze formation was not observed during the entire 

deformation process.    Birefrigence indicated that shear banding initiated at 

the stress level corresponding to the inflection point on the stress-strain 

curve.    The birefrigent color zone propagated at an angle of 40o-45o to the 

tensile deformation direction and fully expanded across the specimen width 

just before the yield point.    Figure 4 shows a typical stress-strain curve and 



a series of photographs taken at increasing strains in addition to the 

schematic representations of the photographic observations. 

Our observations on tensile deformation of PMMA are characteristically 

quite similar to the results of Kramer     who while observing PS in 

compression noted that the shear zone is accompained by non-linearity of 

the stress-strain curve and also that the propagation of the shear zone 

contributes to non-Hookean shear strain.    The shear zone consists of many 

individual fine shear bands30, and the morphologies of these bands in a 

number polymer systems are the subject of recent studies using electron 

microscopy00 0£-. 

As described above, the onset of non-linearity on the stress-strain 

curves is accompained by craze initiation in the brittle fracture region or 

by shear band initiation in the ductile fracture region.    Therefore, we 

define the corresponding stresses as the craze initiation and shear band 

(rather than shear zone) initiation stresses, respectively.   The stress- 

strain curves observed under pressure are analyzed in this way and the various 

stresses, such as craze initiation, brittle fracture, shear band initiation, 

and yield stresses, are plotted as a function of the experimental pressure 

as is shown in Figure 5.    The craze initiation stress shows much higher 

pressure dependency than the shear band initiation stress.    These stresses 

become equal at the pressure where the brittle to ductile transition was 

observed.    Above the transition pressure, the shear bands initiate and 

propagate in the specimen before crazes can form thus preventing crazing which 

leads to brittle fracture at low elongation.    This mechanism for the brittle 

to ductile transition is supported by other microscopic studies33-35 0n the 
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interaction between crazes and shear bands which showed that shear bands 

function as craze "stoppers" and provide a mechanism for localized strain 

energy absorption. 

Energy Density for Onset of Shear Bands 

In this section, the experimental results for shear band initiation 

and yield stresses are further analyzed.    A thermodynamic interpretation 

which explains the effect of pressure on the onset of shear banding is also 

presented. 

It is instructive to compare the experimental values for the shear 

band initiation stress and the yield stress with the values predicted from 

the linear13 and the non-linear pressure dependent von Mises criteria'5.    The 

general forms for these criteria in three dimensional stress state can be 

expressed respectively as follows: 

2 2 9 \/2     €*•   (C"T^ r- 
iio}  -  ?2r  +  (a2 - 03)' +  (a3 - o^l ^lY ^ = iff  CT       (1) 

\L+ I ) 

and 

(a-, - 02)
2
 + (a2 - 03)

2
 + (a3-o1)

2
 ♦ 6 (C-T) om = 2CT (2) 

where a,, 0«, and 03 are the three principal stresses applied to the tensile 

.    Ol+09+0 0 
specimen, o^ = (—I—-—^—) is the mean stress, and C and T are the 

compressive and tensile shear band initiation or yield stresses at atmospheric 

pressure. We are interested in tensile deformation under hydrostatic pressure, 

where the three principal stresses are described as o-] = o - P and o^ - 03 =-P, 

and o is the observed shear band initiation or yield stress under pressure.    By 



inse/tinq these values into the general equations of (1) and (2), the 

following normalized expressions      for the linear (eq.   (3)) and non- 

linear (eq.  (4)) pressure dependent von Mises criteria may be derived; 

R. 1 ♦ JL    B   (-H.) (3) 
2 x 

[(X ♦ I)2 ♦ 12 B(X-1)]1/2 (4) 

where R = a/T, X = C/T, and B = P/T. 

To calculate the theoretical values predicted from eqs.  (3) and (4), 

the values of T for shear band initiation and yield were obtained by extrapolating 

the curves for each process observed u ^r pressure to atmospheric pressure (see 

Fig. 5) since PMMA is brittle in tension at atmospheric pressure.    Values of 

C can, however, be obtained directly from compression test performed at 

and 

R = - 
X-1 

2 
+ 

1 

2 

atmospheric pressure. 

As shown in Figure 6, the experimental  data for shear banding fit 

well with the curve predicted from the non-linear pressure dependent von Mises 

{eq.(4)), suggesting that this criterion, originally derived to explain the 

yielding, can also be applied without any correction to the shear banding 

phenomenon.    The experimental  data for yielding show some discrepancy from the 

both criteria but indicate a preference for the non-linear criterion at higher 

pressure region. 

We still  lack a definitive understanding of why the non-linear 

pressure dependent von Mises criterion predicts mo-e reasonable behavior than 
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the linear pressure dependent criterion.    These criteria were originally 

derived simply using mathematical models without any fundamental 

consideration for the physical processes which control either shear banding 

or yielding phenomenon.    It should be noted that eq.  (2), which expresses 

a paraboloidal surface in three dimensional principal space, is more 

reasonable because this equation avoids the physically unlikely angular 

apex of the cone that eq.   (1) contains in the first octant of the principal 

stress space36. 

Recognizing these problems we have attempted to understand from a 

thermodynamic viewpoint the shear banding or yielding processes under 

pressure.    Figure 7 shows a typical  stress-strain curves for ductile 

fracture; the shear band initiation and yielding points are indicated by 

arrows.    As is well known, the following values can be regarded as the 

energies per unit volume (energy densities) required for the onset of shear 

banding and yielding; 

! csb 
«sb (c) d. (5) 

'   0 

'(E)  de 

J  0 

where z^ and t    are the shear band initiation and yielding strains.    The 

stress-strain curves obtained in this study are analyzed in this way and 

the calculated values of the energy densities   are plotted as a function of 

experimental pressure in Figure 8.    Surprisingly, data for both shear banding 

(6) 



and yielding exhibit good linear pressure dependencies expressed numerically 

as 

wsb = 0'18 + 5'0 x 10'3 P (cal/cm^) (7) 

Wy = 0.53 + 1.7 x 10"^ P ( cal/cm3) (8) 

where the unit of pressure P is cal/cm   (=4.20 x 10"2 kb).    These facts suggest 

that the shear banding and yielding phenomena may be simply related to certain 

thermodynamical function. 

The linear pressure dependency of the energy density can be successfully 

described using an enthalpy energy function.   Above the glass transition 

temperature, amorphous polymers without crosslinks flow uniformly with 

infinitesimal applied stress.    When the state becomes glassy by a lowering 

of temperature and/or an application of hydrostatic pressure, an additional 

energy is required to overcome the energy barrier for molecula** mobility due 

to the lowering of the enthalpy energy.    This additional enthalpy energy density 

(AH) at the state of temperature T (<Tg) and pressure P may be expressed as 

&H(T,P) = H(Tg,l)  - H(T.P) 

Tg 
3 H(T.P) 

9T3P 
•-   dT dP 

>1 

iCp . T(Tg - T) ♦ (1 - T • a)(P - 1) 

^ C"   • p  (Tg - T) + (1 - T ■*;)P     (For P»l) 

(9) 

(9a) 
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where C , p, end a are the specific heat capacity at constant pressure, 

density, and thermal expansion coefficient, respectively, and the upper 

bars represent the average values of these quantities in the temperature 

range T to Tq and the pressure range 1  to P.    The mechanical energy 

density W(T,P) due to tensile deformation is converted to energy density 

which overcomes the activation energy for flow with an efficiency 

coefficient K, which is a material constant; 

AH(T,P) - K-W(T,P) (10) 

By combining eq. (9) with eq. (10), the pressure and temperature dependencies 

of the mechanical energy density necessary to cause shear banding or 

yielding are expressed as 

(-$-)T   ■    4-  (  1  - T • a) (11) 

HH = - T- rp ■ ° (12) 

Eq.   (11) suggests that the energy density at constant temperature increases 

linearly with applied pressure, which is exactly what we observed.    Equation 

(12) suggests that the energy density is a linear temperature function at 

constant pressure.    This prediction agrees well with the experimental results 

by Macosko and Brand^ who reported that the tensile yielding energy densities 

for five amorphous polymers of PMMA,  PC, polyacrylsulfone, PSF, and 

poly(vinyl chloride)tested at atmospheric pressure decrease linearly with 

increasing temperature in the examined temperature region of 250C to the glass 



transition temperatures.    Thus, the enthalpy energy concept suggested above 

correlates the qualitative behavior of shear banding and yielding under 

pressure. 

In order to quantitatively compare the experimental data with 

theoretical predictions, the following relation of the pressure dependency 

of energy densities was derived from eqs.  (9), (10), and (11); 

(_aw.     __     (1 - ZU        W(T>1) (,3) 
C-7 (Tg-T) 

— 37   — 
A calculation was carried out assuming C   = 0.36 (cal/gm0C)    , p = 1.19 

(gm/cm3)37, and Tg = 105oC37, and T= 2.3 x 10"4 (1/0C).    From our 

experimental data at 230C, W(T,1) = 0.18 (for shear banding) and 0.53 

(cal/cm3)(for yielding) were used.    As shown in Table I, the agreement of the 

experimental  values with the predicted ones is good especially for shear 

banding.  Some additional observations on the enthalpy energy density and the 

correlation between the shear banding and yielding phenomena are in the 

DISCUSSION section. 

Predictions of Young's Modulus and Fracture Stress 

Young's modulus has been observed to increase substantially with 

increasing ambient hydrostatic pressure.    Several attempts have been made 

to predict the pressure dependency of Young's modulus.    Ainbinder et al. 

introduced the relation between the modulus and pressure based on the finite 

elasticity theory derived by Murnaghan^O and further developed by Birch1" 

E(P) = En + 2(5 - 4 v)P (14) 



where E(P) and E0 are Young's moduli  at pressure P and at atmospheric 

pressure, respectively, and v is Poisson's ratio.    However, they reported 

that eq.(14) did not fit with their experimental data for PMMA and other 

16-18 
polymers.    Later, Sauer et al. proposed a similar relation, which 

was derived from the same references1^»^ using slightly different 

assumptions 

E(P) = E0 + 2(5 - 4 v)(l  - v)P (15) 

and reported that the predicted values agreed well with the experimental 

data for PC and other polymers. On the contrary. Parry and Tabor^ pointed 

out that the shear moduli for many polymers determined by means of a torsion 

pendulum under pressure did not support the finite strain elasticity theory. 

Thus, we still lack generally accepted theory for the pressure dependency of 

Young's modulus. 

As demonstrated in Figure 6-a and 8, the eqs. (4) and (11) express 

with agreement the pressure dependencies of the shear band initiation stress 

and the energy density for shear band initiation. Therefore, these two 

equations may be utilized to construct a rather complex equation which predicts 

the pressure dependency of Young's modulus from e = 0 to e = t^; 

r/B>   
0sb(P)

    
a
sb

2
 ^ (CW)- (C-T){[(OT)

2
 + 12 (C-T)P]

1
/
2
 - 6P} 

L(P) -    -  =   - , (16) 

Esb(
p
)  

2
 
w
sb(

p
)        4i:wsb(l)*Y (1-T .-5)P] 

where W^l) is the value of energy density for shear band initiation at 

atmospheric pressure and the material constant K is calculated as 1.64 x l(r 

for PMMA from the experimental data. As expected, the predicted curve shows a 



good agreement In the whole pressure range with the experimental values 

of Young's modulus as shown in Figure 9. In the figure, the theoretical 

line predicted froii eq.(15) with v = 0.38 is also drawn for a comparison. 

The predicted line shows departure from the experimental data especially 

at higher pressure region. 

The effect of pressure on the fracture stress in polymers has 

rarely been studied. Most reported experimental data for the fracture 

stresses under pressure are engineering stresses because of difficulty in 

observing the true fracture stress. The environmental effect on the 

tracture stress, not often noticed, is due to the surrounding pressure 

transmitting fluids. These difficulties, however, have been overcome 

in this study and an interesting correlation between the fracture stress 

and the applied pressure was observed. As already shown in Figures 1 and 

2, the environmental effects on the mechanical behaviors of PMMA was 

significant. The effects of pressure on the fracture stresses for both 

unsealed and sealed specimens are shown in Figure 10, where the principal 

fracture stresses, a^(P) = ar{P) - P, are expresses as a function of applied 

pressure. The principal fracture stress for sealed specimens showed an 

almost constant positive value of 18 ksi in the whole ductile fracture region, 

while those for unsealed specimens decreased with pressure because of the 

environmental effect. This suggests that the ductile fracture under pressure 

occurs when the principal stress level of the specimen reaches a critical 

value irrespective of the applied pressure if there were no environmental 

effect. Furthermore, the relation of(P) = const, for sealed specimens 

implies that we can predict the ductile fracture stress at any pressure if 

the stress at one particular pressure such as atmospheric pressure is known"*
8
. 
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DISCUSSION 

The brittle to ductile trarrition in PMMA can be induced by simply 

changing temperature
39

, by the application of a biaxial stress field
13

»
40

, 

or by the superimposition of hydrostatic pressure as demonstrated in this 

s" dy. In each case, however, different mechanisms have been proposed. 

Beardmore
j:7
 suggested that the fracture and yield stresses have different 

temperature dependencies and that these stresses become equal at the brittle 

to ductile transition temperature. On the other hand, Sternstein and his 

co-workers 
3
»
0
 reported that the curves of the yield (shear yielding in 

their terms) stress and the craze initiation (normal stress yielding) stress 

intersect at the brittle to ductile transition point. Our results agree 

with Beardmore's phenomenalogical suggestion (see Fig. 5). In his suggestion, 

however, no specific mechanism at the microscopic level for the transition 

was implied. In this regard, our observation that the curves of the craze 

initiation strts; and the shear band initiation stress intersect at the brittle 

to ductile transition point seems to be an essential and fundamental factor 

governing the transition phenonenon. This intersection mechanism of crazing 

and shear banding was previously suggested by us for the brittle to ductile 

transition observed in PS under pressure '. 

The yielding process in tensile deformation of PMMA is qualitatively 

29 
quite similar to the results of Kramer  who studied in detail the compression 

deformation of PS. Both studies showed that the specimens in ductile fracture 

region exhibit shear bands accompanying the onset of non-linearity on the 

stress-strain curve: The stress maximum appears following the spread of the 

shear bands across the specimen width. We observed that the experimental data 



for the shear banding agree much better with the values predicted from the 

non-linear pressure dependent von Mises criterion and the enthalpy energy 

theory than those for the yielding.    This difference is probably due to the 

fact that the stress state in the specimen is uniform at the shear hands 

initiation stress, and then the stress distribution becomes increasingly 

inhomogeneous above the shear band initiation stress.   Unfortunately, most 

42-45 
previous studies on the yielding mechanism seem to have been carried 

out using the yield stresses simply defined as the maximum stress point without 

considerations of the propagation process of shear band and the inhomogeneous 

nature of the stress distribution in the test specimen.    For these reasons, 

further studies are needed to understand exactly the yielding process, 

although some relationship between the shear band initiation and the yield 

30 
stresses has already been reported     and suggested in this work. 

We have observed that the concept of the enthalpy energy density 

clearly explains the pressure dependency of the shear band initiation stress 

46 
and fairly well  that of yield stress.    Starita and Keaton     proposed, 

similarly, an internal energy density concept for the yielding phenomenon. 

The mechanical energy necessary to cause glassy polymers to flow or yield 

can be directly related to the internal energy density U; 

W(T) . -L 
all k —      — 

( )      dT ^ -H_-  (C . P   -  «.P)(T3-T) (17) 
dip DP * 

where b and b' are the fraction of thermal and mechanical energy available 

to overcome the activation energy for flow. This concept was further tested 

by Macosko and Brand-*
7
 and reported to agree very well with the experimental 

data for five amorphous polymers from 25
0
C to the glass transition 

temperatures at atmospheric pressure. In their actual calculation of the 



theoretical values, however, they employed the following approximated 

equation because Cp • ~ >> ö" • P at atmospheric pressure; 

W(T) ^  -L Tp .7 (Tg- T) (18) 

It is interesting to note that this eq.   (18)  is exactly eq.  (9) at 

atmospheric pressure if K = -7- .    Tnerefore, these two concepts both 
b 

successfully explain the experimental data at atmospheric pressure. However, 

we find that the internal enerjy density concept fails when the high pressure 

data are examined. The pressure dependency of the energy density predicted 

from the internal energy density concept may be expressed as 

(-^)T ■ -i-(r.p.-.T; 09) 

where 7 is the average value of compressibility in the pressure range 1  to P. 

This equation suggests that the pressure dependency of the energy density is 

not constant but a function of pressure, which does not agree with the 

experimental  results shown in Figure 8.    From these facts, we propose that 

the enthalpy energy density method can be applied in a wider range of 

temperature and pressure rather than the internal energy density method.    A 

more fundamental  basis for this enthalpy energy density concept might be found 

47 48 4fi 
in the ideas of Goldstein    '      and Starita and Keaton    . 

Combination of the non-linear pressure dependent von Mises criterion 

and the enthalpy energy density theory for the shear band initiation stress 

enabled us to theoretically predict the pressure dependency of Young's modulus 

in PMMA.    The non-linear pressure dependency of Young's modulus observed in 

PMMA is probably not due to a pressure-induced relaxation process since this 
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polymer has no mechanical  relaxation maxima between the experimental 

temperature and about - 100oC.    It is interesting to cite similar non- 

linear pressure dependent Young's moduli  reported for several polymers 

by Sauer et al. .    They suggested that the observed non-linearity 

is due to the pressure-induced shift of a B or > relaxation which are 

found at temperatures lower than room temperature at atmospheric 

pressure.    Their experimental data on Young's modulus show that the 

pressure dependencies become "smaller" due to the pressure-induced 

shifting of mechanical  relaxation, although this trend is the opposite 

to what might be expected.    According to Paterson's work on various 

49 
rubbers    , Young's moduli  increases drastically with pressure due to the 

pressure-induced shift of the glass transition.    Moreover, Sauer's data 

show that the pressure dependency of Young's modulus exhibit non-linearity 

from atmospheric pressure in most polymers; even in polymers which can not 

be effected by the pressure-induced shifting of relaxation maxima. 

In the preceding paper , we studied the mechanical behaviors of 

PS under pressure.    The experimental  results on PS have been further analyzed 

here, and we examined whether the enthalpy energy density theory on the 

shear banding phenomenon and the equation for the pressure dependency of 

Young's modulus proposed in this study are applicable for PS as well as 

PMMA.    As shown in Figure 11, the shear band initiation stress in PS also 

shows a very good fit to the non-linear pressure dependent von Mises criterion 

in the whole pressure region.    The enthalpy energy densities for the both 

shear banding and yielding exhibit a linear pressure dependency (Figure 12). 

Good agreement of the experimental values with the predicted values for the 

pressure dependency of the enthalpy energy density was obtained for shear 



banding as shown in Table II. In the calculation of the theoretical values, 

the following thermodynamic values and experimental data were used; Cp = 

0.30 (cal/gm
ft

C)
50

, 7= 1.04 (gm/cm
3
)
50

, Tg = 95
0
C
41
, T = 3rC, and W(Ttl) = 

0.13 (for shear banding) and 0.32 {cal/cnr
x
(for yielding). Furthermore, 

we could accurately predict the pressure dependency of Young's modulus in 

PS as demonstrated in Figure 13. These facts convince us that the mechanisms 

and concepts derived from these studies on PMMA and PS can be applied to 

explain the mechanical behavior of other amorphous polymers under pressure. 



CONCLUSIONS 

Tensile experiments on PMMA under- pres
c,

.i/e showed the mechanical 

behavior of PMMA is strongly affected by the pressure transmitting fluid. 

When sealed specimens were tested in tension, PMMA has been shown for the 

first time to become ductile under hydrostatic pressure above 0.3 kb. 

Studies on sealed specimens enabled us to elucidate the mechanism of the 

brittle to ductiie transition, to analyze the shear band initiation process 

thermodynamically, and to predict the values of shear band initiation stress 

and Young's modulus under pressure. The major conclusions of this study 

may be summarized as follows: 

(1) Silicon oil used as a pressure transmitting fluid acts as a 

strong stress crazing and cracking agent for PMMA under pressure. 

(2) The craze and shear band initiation stresses have different 

pressure dependent curves which intersect at the brittle to ductile 

transition pressure. 

(3) The pressure dependency of the shear band initiation stress 

agrees well with a non-linear pressure dependent von Mises criterion. 

(4) The energy density necessary for shear band initiation shows 

a linear pressure dependency. The enthalpy energy density theory predicts 

successfully this pressure dependency. The pressure and temperature effects 

on shear banding can also be correlated in terms of the enthalpy energy 

density. 

(5) From the combination of the non-linear pressure dependent von 

Mises criterion and the enthalpy energy density theory the pressure 

dependency of Young's modulus can be predicted. 



(6) Fracture in the ductile region occurs when the principal 

stress level of the specimen reaches a critical value irrespective of 

the applied pressure. 

(7) The conclusions (1) - (6) listed above have been similarly 

shown to apply to PS. 
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FIGURE CAPTIONS 

Fig. 1.      Stress-strain curves for unsealed specimens at various pressures. 

Fig. 2.      Stress-strain curves for sealed specimens at various pressures. 

Fig.  3.      Stress-strain curve of PMMA specimen tested at 250C and photographs 
of specimen at increasing tensile strains as seen in optical 
microscope. 

Fig. 4. Stress-strain curve of PMMA specimen tested at 950C and birefringent 
photographs with schematic figures of specimen at increasing tensile 
strains as seen in optical  microscope. 

Fig. 5.      Pressure dependencies of craze initiation, shear band initiation, 
fracture and yield stress  for sealed specimens.    Arrow BD indicates 
the brittle to ductile transition. 

Fig. 6.      Comparisons of experimental  results of shear band initiation stress 
(    a    ) and yield stress (    b    ) with theoretical values predicted 
from linear (eq.(3)) and non-linear pressure dependent von Mises 
criteria (eq,(4)). 

Fig. 7.      Typical stress-strain curve in ductile fracture region and energy 
densities for onset of shear banding and yielding. 

Fig. 8. Pressure dependencies of energy densities for onset of shear banding 
and yielding. 

Fig. 9. Comparison of experimental  results of Young's modulus under pressure lft 

with theoretical  values predicted from eq.(16) and by Sauer et al. 
(eq.  (15) with v = 0.38). 

Fig. 10.    Pressure dependencies of principal fracture stress in sealed and 
unsealed specimens.    Arrow BD indicates the brittle to ductile 
transition. 

Fig.  11.    Comparison of experimental  results of shear band initiation stress 
in PS with theoretical values predicted from linear (eq.(3)) and 
non-linear pressure dependent von Mises criteria {eq.(4)). 

Fig. 12.    Pressure dependencies of energy densities for onsets of shear banding 
and yielding in PS. 

Fig. 13.    Comparison of experimental  results of Young's modulus under pressure 
in PS with theoretical values predicted from eq.(16) and Sauer et 
al.16'10 (eq.  (15) with v = 0.33). 



Table  I. Comparison of experimental results for pressure 

dependency of energy densities for shear banding 

and yielding with theoretical values predicted 

from eq.(13). 

.. Table II.       Comparison of experimental  results for pressure 

dependency of energy densities for shear banding 

and yielding in PS with theoretical values predicted 

from eq.  (13). 



Shear Banding Yielding 

Experimental  ( XIO"3 ) 5.0 17 

Theoretical     ( XIO3 ) 4.9 14 

Exper.   - Theo.   ,  „   » 2 18 
Exper.           

K
  *  

) 

Table   I.    Comparison of  experimental results  for pressure 

dependency of energy densities  for  shear banding and yielding 

with theoretical values  predicted  from eq.(13)« 

Shear Banding Yielding 

Experimental  ( XIO'    ) 6.3 11 

Theoretical     ( XIO"3 ) 6.1 15 

Exper.   - Theo,   /  ^   ^ 
^ Exper.  ( %

  
) 3 -36 

Tablt   II.       Comparison of experimantal results  for pressure 

dependency of energy densities  for  shear banding and yielding 

in PS  with theoretical values predicted from eq.(13). 
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