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Synopsis 

The short time moduli of polystyrene, poly(methy1 methyacrylate), and polycarbonate have been 
measured in the glassy state. The main methods used were as follows: (1) The Young’s modulus 
of a strip was derived by extrapolating to infinite length. (2) A bidirectional strain gauge was used 
for Young’s modulus and Poisson’s ratio. (3) A unidirectional bulk modulus was measured by the 
method of Warfield. The results obtained made it possible to determine all the isotropic moduli 
including the bulk modulus, and these are compared with those reported in the literature. Poisson’s 
ratio (v) was found to increase with temperature in all cases. For poly(methy1 methacrylate), where 
results reported in the literature vary widely, our values agreed with the lower reported figures (v 
< 0.36). The Young’s modulus of poly(methy1 methacrylate) is found to be more dependent on 
temperature and frequency than with the other two polymers. 

INTRODUCTION 

In a previous paper1 we have measured the reversible temperature change 
that takes place when a glassy polymer is subjected to a stress within the elastic 
range. This temperature change dT, which is directly proportional to the applied 
stress, is related to the other material constants by the classical Joule-Thompson 
e q ~ a t i o n ~ - ~  

d T  -aT - 
d a  PCp 

where T is the absolute temperature, p is the density, a is the coefficient of linear 
expansion, and C p  is the specific heat a t  constant pressure. 

An advantage of this measurement is that it is closely related to the Gruneisen 
c o n s t a n t , y ~ . ~ > ~  So that 

3B, d T  
T d a  

y T = -  - 

where B, is the adiabatic bulk modulus. However, for most plastics within the 
elastic range B, is very close to B ,  the isothermal bulk modulus, so that the latter 
may be substituted in the above equation without serious error. 

Thus, in order to derive a Gruneisen constant from a measurement of d T l d  a 
we need only measurements of B carried out within the time scale of a ther- 
moelastic experiment (a few minutes). Initially, we expected to obtain such 
figures from the literature either directly or by calculation from other moduli 
using Poisson’s ratio ( u ) .  However, a study of the literature showed that this 
was not really possible and that, in addition, measurements of Poisson’s ratio 
over a range of temperatures were not readily available. Furthermore, there 
was an unexplained scatter in the values of u for poly(methy1 methacrylate) 
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(PMMA) even a t  room temperatures. The results of our literature survey are 
given in the Appendix. No doubt many of the differences recorded are, a t  least 
in part, owing to t,he use of different grades of polymer. We therefore set out, 
to make measurements on the three materials in which we were mainly interested, 
using readily available techniques. These could then be compared with each 
other and with the published data. In carrying out this work, several factors of 
more general interest came to light. 

MATERIAL AND METHOD 

Polystyrene 

Extruded sheet made from Carinex H.R. polystyrene was supplied by Shell 
Chemical Co. (U.K.) Ltd. This is a relatively pure polystyrene containing <0.1% 
of monomer and no added lubricants. Since it has been shown that the moduli 
of polystyrene are not greatly affected by ~ r i en ta t ion ,~  we felt that the extruded 
sheet would be quite suitable for our work. No differences were observed in 
moduli measured parallel or perpendicular to  the line of extrusion. 

Polymethyl Methacrylate 

Standard perspex sheet as supplied by I.C.I. Ltd. Total additives <0.1%. 

Polycarbonate 

Bayer Makrolon sheet was used in all experiments. Total additives <1.0%. 
Further details of these materials are given elsewhere.’ 

METHODS OF MEASUREMENT 

Rheovibron Model D.D.V. I1 

This instrument measured the Young’s modulus ( E )  a t  3.5 Hz. However, in 
spite of the shorter measurement time compared with the other tests, the values 
of E obtained were low8 and are not reported here. However, the variation of 
E with temperature is recorded and compared with other results. 

Young’s Modulus from Extension of a Strip 

Strips of plastic of different lengths (up to 60 cm) were measured in an Instron 
Tester, and the results were extrapolated to infinite length according to  the 
equation 

1 1 K  - + -  
E,, E I’ 

where Em is the measured value for a specimen of lengt,h L ,  and E‘ is the true 
modulus. K is a “gripping constant.” The method was used only a t  23OC. 
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Use of Strain Gauge 

A strain gauge was attached to the cleaned and slightly abraded surface of a 
polymer strip by a very thin layer of epoxy adhesive initially held in position by 
Sellotape.8 

The Instron environmental chamber enabled a range of temperatures to be 
used, but limited the length of the strip to 25 cm. This was, however, considered 
to be quite satisfactory for the measurement of strain in the middle section. 
Bidirectional gauges made it possible to measure v and E together. 

Fig. 1. Reciprocal plots of modulus against length for polystyrene (0) and polycarbonate ( 0 )  at 
23 "C. 

1200 250 300 350 
Temperature (OK) 

Fig. 2. Young's modulus against temperature for polystyrene 0 and polycarbonate 0. 
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Fig. 3. Poisson's ratio as a function of temperature for polystyrene. 

Warfield Compression Test 

The apparent (unidirectional) bulk modulus B, was measured directly by the 
method of Warfield?J2 A compression moulded cylindrical test-piece is placed 
in a close fitting metal cylinder and the linear compression is measured by an 
accurate clock gauge.8 B, is related to the true bulk modulus B by the equa- 
tion" 

B , = 3 B  - (: I :) 
TABLE I 

Young's Modulus of Polymers a t  295 K (23 "C) 

E from 

Material 
E from strips 

(GN m-2) 
strain gauge 
(GN m-2) 

Polystyrene 
PMMA 
Polvcarbonate 

3.19 f 0.10 
2.95 f 0.095 
2.35 f 0.090 

2.65 f 0.020 
2.96 f 0.020 
2.12 f 0.010 

TABLE I1 
Regression Constants for Young's Modulus Measured from a Strain Gauge (GN m-2) 

Young's modulus Slope from 
Material equation (220-350 K) P2 Rheovibron 

Polystyrene Y = 5.55 - 0.00928T 0.94 -0.010T 
Polystyrenea Y = 5.73 - 0.009567' 0.99 
PMMA Y = 8.18 - 0.017707' 0.98 -0.01902' 
Polycarbonate Y = 3.95 - 0.006217' 0.92 -0.00672T 

a Results of Moll and Lefevre.12 
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TABLE I11 
Poisson’s Ratio from Strain Gauge Measurements 

Poisson’s ratio Equation of line 
Material (295 K) (220-350 K) i* 

Polystyrene 0.342 f 0.010 Y = 0.3005 + 0,000132’ 0.88 
PMMA 0.333 f 0.010 Y = 0.221 + 0.000382’ 0.91 
Polycarbonate 0.313 f 0.010 Y = 0.242 + 0.000242’ 0.92 

EXPERIMENTAL RESULTS 

Extension of Strip 

Reciprocal plots showing the relation between measured modulus and strip 
length are given in Figure 1 from which it will be seen that the end correction is 
comparatively large. The values obtained, together with the standard deviations 
obtained for least squares fits, are given in Table I. 

Measurements with the Strain Gauge 

These results at 259 K are compared with measurements from the strips in 
Table I. As the measurement could be used over a range of temperatures the 
results obtained, both for the Young’s modulus and Poisson’s ratio, could be 
plotted against temperature as in Figures 2 and 3. For numerical purposes the 
results are best represented by the equations of the lines obtained (Tables I1 and 
111). Values of the “coefficient of determination” i2, which measures the 
goodness of fit are also given (i2 - 1 for perfect straight line). 

Measurement of the Apparent Bulk Modulus and the Calculation of 
Bulk Modulus 

Results for PMMA obtained by the Warfield method9J0 are given in Fig. 4, 

From the several different measurements it is possible to obtain the true bulk 
and the equations for the regression line are given in Table IV. 

Fig. 4. Apparent bulk modulus as a function of temperature for PMMA. 
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TABLE IV 
Apparent Bulk Modulus 

Material B, (295 K) Equation of line p 

Polystyrene 4.79 f 0.40 Y = 6.99 - 0.00645T 0.99 
PMMA 4.94 f 0.30 Y = 7.67 - 0.00958T 0.96 
Polycarbonate 3.18 f 0.33 Y = 6.03 - 0.00965T 0.78 

modulus from the Young’s modulus and the apparent bulk modulus according 
to the standard equations: 

E(l - 2 ~ )  - B,(1 + U) B =  - 
3 3(1 - U) 

from which it will be seen that the two methods depend on u in opposite senses. 
Furthermore, the sensitivity of results calculated from E to variations in u is 
greater than that for the results derived from B,. The actual values obtained 
for the bulk modulus are given in Table V. 

Comparison of these values with the literature suggested that the results de- 
rived from B, were, as expected, the most accurate and these were used for the 
derivation of Gruneisen ~0ns tan ts . l~  

Poisson’s Ratio Calculated from Moduli 

The determination of E and B, makes a separate calculation of the Poisson’s 
ratio possible from eq. (l), which can also act as a check on the validity of the 
methods used (Table VI). 

DISCUSSION 

The results presented here may be compared with literature values summa- 
rized in the Appendix. For polystyrene we find a rather low value of E from the 
strain gauge measurements, but the strip measurement agrees well with several 
recent results, e.g., Pugh et aL1* and Lainchbury and Bevis.15 Confirmation 
that the strain gauge moduli may be slightly low for polystyrene is also given by 

TABLE V 
Calculated Value for the Bulk Modulus for Glassv Polymers (GN/m2) 

Temperature 
Methoda 240 K 295 K 340 K 

3.43 f 0.38 3.26 f 0.35 3.14 f 0.32 
3.32 f 0.33 2.80 f 0.28 2.70 f 0.27 

3.32 f 0.40 
3.42 f 0.40 3.21 f 0.35 3.02 f 0.35 
3.50 f 0.35 2.94 f 0.30 2.34 f 0.24 

2.93 f 0.35 
2.29 f 0.30 2.02 f 0.28 1.79 f 0.25 
2.08 f 0.20 1.89 f 0.19 1.73 f 0.17 

2.09 f 0.28 

a (a) From apparent bulk modulus. (b) From Young’s modulus measured by strain gauges. (c) 
From Young’s modulus measured by extrapolation and from v by the strain gauge. 
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TABLE VI 
Poisson’s Ratio at 295 K from Modulus Measurements 

u (expt; 
Material EIBaa u (calc) from strain gauge) 

Polystyrene (a) 0.55 0.375 0.342 

PMMA (a) 0.60 0.355 0.333 

Polycarbonate (a) 0.67 0.327 0.313 

(b) 0.67 0.332 

(b) 0.60 0.355 

(b) 0.74 0.300 

a (a) From strain gauge; (b) from strip (these values are, of course, completely independent of strain 
gauge results). 

the high Poisson’s ratio obtained in this case (Table VI). The temperature 
coefficient agrees well with Moll and Lefevre12 and reasonably well with the 
Rheovibron. 

The Young’s moduli for PMMA generally agree with a number of literature 
values, which also furnish support for the observation that this polymer is more 
sensitive to temperature than the other two. This higher temperature depen- 
dence might be expected to correlate with a greater time sensitivity in the moduli. 
This may be checked by comparisons of our values of the compression modulus 
and the very accurate ultrasonic results of Asay et al. 16,17 (see Appendix) who 
reported a 25OC figure of 5.87 for PMMA and 3.73 for polystyrene. These are 
further supported by other ultrasonic measurements carried out by the British 
Rubber and Plastics Research Association (RAPRA) whose values closely agree 
with those of Asay et aZ.16J7 and whose Young’s modulus figures were generally 
in line with our own (possibly less accurate) measurements made on their 
equipment (see Appendix). Taken together these results clearly support the 
view that the greater temperature sensitivity of PMMA is accompanied by similar 
frequency effects. The difference in time and temperature sensitivity between 
PMMA and polystyrene is not accompanied by a difference in the coefficient 
of expansion.lJ8 This difference in behavior was also recorded by Bondi in his 
survey of the earlier l i t e r a t ~ r e . ~ ~  

Our values for the bulk modulus are generally lower than those reported in 
the literature. However, the published results are also unsatisfactory in several 
cases. If, for example, we accept a value of E for polystyrene of 2.9-3.4 GN m-2 
and a Poisson’s ratio of 0.33 then bulk moduli similar to E would follow from eq. 
(1). This argument supports the lower values of B reported elsewhere (see Ap- 
pendix) as well as our own results. 

The values of Poisson’s ratio measured here show that it increases with tem- 
perature in all cases as might be expected. With the single exception of the result 
obtained from the strain gauge value of E and B, for polystyrene, all values lie 
between 0.30 and 0.36. Thus, our results support the lower values of v reported 
in the literature for poly(methy1 methacrylate). 

We would like to thank Professor F. Danusso for supplying experimental results and a number 
of useful references, and the Rubber and Plastics Research Association for the use of their ultrasonic 
equipment. We also received assistance from Dr. A. Barker, Department of Chemical Engineering, 
Birmingham, in carrying out the strain gauge experiments. 
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Appendix 

Literature Values of Elastic Constants for Polystyrene 

Polymer source Temperature Young's Bulk Poisson's 
(if stated) or ("C) modulus modulus ratio 

Ref. other comments (if stated) E (GN m-2) B (GN m-*) v 

19 
20 
14 Shell Carinex HR 
15 

12 

21 Dow Styron additive free 
22 
23 
9 

10 
24 
25 a specially annealed 

specially annealed 
specially annealed 

26 
27 Shell Ltd. 

28 
29 
30 
7 

31 Ultrasonic 
17 Cadillac Plastic Co. 

Ultrasonic 
Ultrasonic 

45 Ultrasonic 
This Ultrasonic (see text) 
paper 

Room Temp 
R.T. 

R.T. 
80°C 

- 50 
20 
70 

27 
49 
80 

45 
75 

R.T. 
R.T. 

R.T. 
30°C 

25 
55 
75 
23 
24 

3.45 
3.0 
3.03 
3.10 
2.69 
3.62 
2.97 
1.86 
3.17 
3.40 
3.58 
3.40 
3.60 

4.59 
4.31 
3.73 

3.0 0.33 

0.33 
3.81 0.344 
4.40 0.37 
5.40 
4.0 

0.33-0.36 
3.13 
2.78 

3.10 
3.10 
3.31 
2.68 

3.73 
3.52 
3.38 
3.69 
3.76 

4.21 

3.76 0.336 

a Dr. F. Danusso states that  values of E close to his own are given in refs. 48-51. 

Literature Values of Elastic Constants for Poly(methylmethacry1ate) 

Temper- 
Polymer source ature Young's Bulk Poisson's 
(if stated) and ("C) modulus modulus ratio 

Ref. other comments (if stated) E (GN m-2) E (GN m-2) Y 

19 Rohm and Haas Plexiglas R.T. 2.76 
20 R.T. 4.15 4.10 0.33 
32 2.94 

70 1.96 
80 1.62 

14 Diakon M.G. (ICI) 2.99 
22 3.7 
9 3.2 5.1 

10 3.2 5.1 
33 Rohm and Haas 55 2.6 
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34* 

35 

36 
37 

38 

39 
40 
41 
28 
29 
30 
7 

31 
16 
Ltd. 
Cast 

Plexiglas I1 UVA 5 
-45 
80 

100 

Rohm and Haas Plexiglas I1 
UVA 

States “with 
internal stresses 
removed” 

ICI Perspex 20 
50 
80 

Rohm and Haas Plexiglas 

Rohm and Haas 

ICI Perspex 
ultrasonic 
Cadillac Plastics 

R.T. 

25 
55 

Rod 
Ultrasonic 75 

45 Ultrasonic 23 
This Ultrasonic (see text) 24 

3.8 
5.0 
1.86 

1.68 
4.50 

4.17 
2.90 

3.08 
2.31 
1.75 

2.97 

2.90 
2.90 
2.76 
2.90 

5.87 
5.45 

3.22 (10-3 H ~ )  

5.19 
5.93 
5.95 

0.39 
0.37- 

0.372 
0.391 
0.420 
0.40 
0.35 f 0.02 
0.30 

0.45 

6.49 

6.02 0.33 

Literature Values of the Elastic Constants of Polycarbonate 

Temperatu- 
Polymer source re . Young’s Bulk Poisson’s 
(if stated) and (“C) modulus modulus ratio 

Ref. other comments (if stated) E (GN m+) B (GN m-2) Y 

42 Unoriented -50 3.299 
Bisphenol “A” 0 2.924 

25 2.712 
70 2.21 

43 Bayer Makrolon R.T. 2.16 
44 GEC Lexan R.T. 2.40 0.38 
20 R.T. 2.40 2.40 
45 Ultrasonic 23 3.53 3.00 0.304 
47 U/V stabilized Lexan sheet -65 2.77 - 0.39 

Low strain values. Strain 
rate 0.78%/min 

47 As above 26 2.28 - 0.40 
47 As above 65 2.23 - 0.36 
This Ultrasonic (see text) 24 3.15 

Paper 

* These workers clearly observed the increased dependence of E on temperature for PMMA 
compared with polycarbonate. However, accurate figures for polycarbonate are not readily obtained 
from this paper. 
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