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As part of a study of long-term deformation and failure in glassy polymers, the time-dependent tensile 
compliance and lateral contraction ratio have been simultaneously determined for PM MA as a function 
of applied stress at room temperature. In the time range 1 02 to 106s, measurements of longitudinal and 
lateral strain were made using extensometers of novel design and a new optical interference technique 
was developed to serve as a check on lateral displacement data. At low stresses, the time-dependence of 
the tensile, shear and bulk compliance was derived over an extensive timescale range (10 -8 to 106s) by 
combining the long-time data with transformed complex modulus and Poisson's ratio results. These 
data illustrated the large influence of the broad fl retardation region on the room temperature creep 
behaviour and the onset of the glass-rubber or ~ region at long-times. With increasing stress a relatively 
large decrease in retardation times associated with the c~ process was principally responsible for the onset 
of non-linearity and resulted in an increased merging of the ¢ and fl regions. Stress-induced structural 
changes associated with this effect were indicated by a small initial positive contribution to the 
volumetric strain attributed to the partial erasing of previous physical ageing in the material. A 
subsequent decrease in volume might involve the mechanical enhancement of the original ageing. The 
substantial reduction in c~ retardation times with increasing stress was paralleled by a decrease in craze 
incubation times and this result is discussed in relation to craze initiation criteria based on considerations 
on non-linear viscoelastic response. 

(Keywords: poly(methyl methacrylate); time-dependent compliances; ~ and fi retardation processes; 
volumetric strain; physical ageing; craze initiation) 

I N T R O D U C T I O N  

In order to ensure the safe and efficient use of glassy 
thermoplastics, there is a continuing need for an improved 
understanding of their creep and crazing behaviour as a 
function of the applied stress state. The variation of strain 
with time at long periods after the application of a 
constant stress will usually involve conformational re- 
arrangements of polymer chain segments arising from 
hindered rotations around main-chain bonds. This me- 
chanism corresponds to the onset of the glass-rubber or 
primary (~) retardation region 1 and is considered to partly 
determine the linear and non-linear creep behaviour at 
low and high stresses respectively z and to participate in 
the phenomena of yielding and crazing 3. However, the 
precise manner in which an applied stress influences the 
retardation times in the non-linear region is not quanti- 
tatively understood and this effect is complicated by a 
dependence on the non-equilibrium glassy structure as 
determined by the extent of previous physical ageing 2'4. It 
should be emphasized that the term 'structure' in this 
paper refers to local details of the molecular conformation 
and/or packing and does not imply the existence of any 
long-range order in the amorphous materials. In the case 
of poly(methyl methacrylate) (PMMA), the behaviour at 
room temperature may be further complicated by the 
overlap between the ~ retardation region and the very 
broad secondary (fl) retardation region. The degree of 
overlap could vary significantly with stress level in the 
non-linear region if the respective ~ and fl retardation 

processes interact in a different way with the applied 
stress 4,5. 

As part of an investigation of the origins of long-term 
creep and craze initiation in glassy polymers, giving 
emphasis to the possible role of volume changes, measure- 
ments have been made of both the longitudinal and lateral 
strains as a function of time and stress during the tensile 
creep of PMMA at room temperature. In the timescale 
range between about 70 and 10 6 s, the strains were 
determined following the application of stresses between 
4.5 and 26.3 MN m -2 and times were recorded at which 
crazes were visually observed. Results at low stresses were 
obtained over an extended timescale range (10-8 to 106 s) 
by a combination of static and dynamic methods, allow- 
ing an assessment to be made of the effects of overlap 
between the ~ and fl retardation regions. In this paper the 
measurement techniques will be outlined and the results 
discussed broadly in terms of the structural origins of non- 
linear creep and proposed viscoelastic criteria for the 
initiation of crazes. 

SPECIFICATION OF T I M E - D E P E N D E N T  
STRAINS AND COMPLIANCES 

The application of a constant tensile stress a along the x 
axis of an initially isotropic polymer strip gives rise to a 
time-dependent strain ex(t ) in the loading direction and to 
a lateral strain ~y(t)=ez(t). At small strains the time- 
dependent volume change AV(t) is given by 
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AV(t) 
V =e=(t)+2ey(t)=e=(t)[1-2v¢(t)] (1) 

where V is the undeformed volume and vc(t ) is the lateral 
contraction ratio -ty(t)/ex (t), the subscript c being added 
to specify measurements during creep at constant stress 6. 

In the range of low stresses for which the strains at any 
given time are each proportional to a we may characterize 
the creep behaviour by the measured tensile compliance 
D(t) = e~(t)/a and vc(t) as functions of time. Contributions 
to the behaviour from the volume and shear components 
of the deformation may also be specified by the related 
bulk and shear compliance functions B(t) and J(t) 
respectively. Since the constant hydrostatic stress com- 
ponent of the applied tensile stress is of magnitude a/3 we 
have 

3 AV(t) 
B( t )= -z- = 3D(t)[1 - 2vc(t)] (2) 

a V 

Similarly from the shear strain ex(t)-ey(t) and resolved 
constant shear stress component a/2 

J(t) = 218x(t ) -  e,(t)] = 2D(t)[ 1 + Vc(t)] (3) 

From equations (2) and (3) values of B(t) and J(t) may be 
evaluated from measured values of D(t) and vc(t ) as 
functions of time. 

Above a certain stress level the time-dependent strains 
will no longer be proportional to stress, the deviations 
from linearity being generally dependent on time. In order 
to specify the non-linear creep behaviour, time-dependent 
compliances are evaluated according to the above re- 
lationships but they are now designated as apparent 
compliances (e.g. Do(t), B°(t)) which of course depend on 
O'. 

EXPERIMENTAL 

Material 
The P MMA employed in this investigation was a 

commercial grade (ICI Perspex) obtained in the form of 
- 3  cast sheets having a measured density of 1185 kg m 

For  the long-term creep tests waisted specimens were cut 
from these sheets to ensure that crazing initiated in areas 
away from the stress concentrations around the clamped 
ends. The waisted sections were about 100 mm long, 
l0 mm wide and 6 mm thick and the machined sides were 
polished to enable accurate determinations of sample 
dimensions and strains and to minimize local stress 
concentrations. It should be added that the polishing was 
effected with the aid of jeweller's rouge and water which 
were not considered to have a pronounced influence on 
crazing. Since the earliest crazes tended nevertheless to 
nucleate on the machined and polished surfaces, these 
crazes were ignored and initiation times were determined 
for those crazes which nucleated on the original cast, 
unmachined surfaces. Rectangular strips or plates were 
employed for the short-time dynamic tests. 

Measurement of tensile compliance and lateral contrac- 
tion ratio at long times (102 s to 106 s) 

Samples were gripped at each end within a tensile creep 
machine between a fixed lower clamp and an upper clamp 

to which loads up to 160 kg were applied via a 5:1 ratio 
lever arm. With the aid of a pneumatic piston device, the 
loads could be smoothly applied within about 2 s and the 
first strain measurements were automatically recorded 
72 s (0.02 h) after loading. The creep machine was main- 
tained at 23 + I°C and 50~ relative humidity. 

Measurements of sample extension in the longitudinal 
loading direction, and most measurements of the trans- 
verse sample contraction, were made with extensometers 
constructed in this laboratory and employing inductive 
displacement transducers. Some lateral contraction 
measurements were also made with a novel optical 
interference method to serve as a check on the long term 
stability of the transducer outputs. 

The longitudinal extensometer (Figure 1) employed two 
inductive displacement transducers with high-precision 
linear bearings. The cores and bodies of the transducers 
were lightly clamped to the sample via knife edge 
mountings. These were set to span a known length of the 
sample with the aid of a slip gauge. A knife-edge radius of 
0.25 mm was chosen to minimize any stress concen- 
trations around the contact area with the sample which 
could influence local failure. With a gauge length of 
50 mm, this length could be determined to much better 
than 1~o. For  the longitudinal extensometers, the trans- 
ducers have been assembled without the core return 
spring in order to minimize resistance to sample move- 
ment. The two transducers were clamped to opposite faces 
of the sample so that their output could be averaged to 
correct for any slight sample bending. 

The transverse extensometer (Figure 2) is held on the 
specimen by the force that the core return spring exerts on 
the sample. The total assembly weighs 30 g and the spring 
loading force of 120 g will give rise to a very small amount 
of transverse creep when the extensometer is attached. 
This is minimized by the insertion of a 10 mm 2 metal 
reaction pad placed between the transducer and sample 
and, in addition, the majority of transverse creep re- 
laxation is allowed to occur before the application of the 
longitudinal stress. The transverse strain is inherently 
more difficult to measure accurately as the displacement is 
only about one tenth of that corresponding to the 
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Figure 2 Transverse extensorneter 

longitudinal strain. Under ideal conditions the extenso- 
meters can measure displacements reproducibly to within 
0.2/~m although other factors such as drift in the measur- 
ing electronics may act to lower this reproducibility in 
long term tests. The smoothness of the linear bearings in 
the transducers is of particular importance although an 
unsatisfactory bearing can be detected during calibration 
enabling the transducer to be rejected. The transducer 
outputs were automatically recorded on paper chart at 
various time intervals above 36 s between recordings. 

The optical interference technique for measuring the 
lateral contractions is illustrated in Figure 3. Polarized 
light from a 1 mW, He-Ne, laser was passed through a 
low-powered convex lens and directed into the sample at 
near-normal incidence as a slowly diverging beam of 
about 1 mm diameter. Parts of this beam reflected from 
the respective front and back surfaces of the transparent 
specimen interfered to produce a series of light and dark 
fringes in the reflected beam which was received by a 
silicon photodiode detector. A negative lens before the 
detector served to expand the beam and separate the 
fringes further. The 1 mm aperture of the detector then 
allowed the maxima and minima in the fringe pattern to 
be accurately recorded owing to the relatively wide beam 
diameter (20 mm) and fringe spacing (4 to 5 mm) at this 
point. A 0.633/~m filter allowed the passage of the laser 
light but eliminated ambient radiation at other waveleng- 
ths which would otherwise saturate the detector. The 
detector output was fed to a high speed chart recorder for 
the purpose of counting the passage of fringes during the 
slow application of load to the sample and subsequent 
creep period. 

With the optical technique, the observed fringe shift, or 
change in fringe order, corresponds to the change in 
optical path difference between the interfering reflected 
beams originating from the specimen deformation. Neg- 
lecting changes of refractive index with applied stress the 
change of sample thickness Ay would be related to the 
change of fringe order m by Ay=m2/2n  where 2 is the 
vacuum wavelength of the light and n the refractive index 
of the plastic. However, variations in refractive index with 
strain associated with changes in density will have a 
pronounced influence on the relationship between Ay and 
m. It is also necessary to take account of the anisotropy of 
refractive index or birefringence produced by the defor- 
mation and, in this context, polarized light was employed 
with the plane of polarization either parallel or per- 
pendicular to the loading axis. The use of unpolarized 
light results in two overlapping fringe patterns produced 
by interference between the vertically polarized com- 
ponents of the reflected beams on the one hand and the 
horizontally polarized components on the other. Since the 
optical path lengths of the vertically and horizontally 
polarized components in the sample are different, owing 
to the birefringence, the maxima and minima in the 
overlapping patterns will not coincide. 

Considering the variations of density, refractive index 

and birefringence due to an extension it can be shown 
that, to a good approximation, 

Ay=2n° Yoe~ A -  

1 - 2 A  (4) 

where no and Yo are the refractive index and thickness of 
the unextended sample and ex the longitudinal strain. The 
constant A equals the ratio of fractional refractive index 
change to fractional density change which, according to 
the Lorentz-Lorenz equation is given by 

A = (n 2 -  1)(n 2 + 2)/6n 2 

and the strain-optical coefficient K is written 

K = (n x - ny)/ex 

where nx-ny is the birefringence, nx and ny being re- 
fractive indices for light polarized in the respective 
longitudinal and transverse directions. Equation (4) en- 
ables the determination of Ay and thus the lateral strain 
e~ = Ay/y o from measurements of fringe shift m and e x if no, 
Yo and K are known. For the PMMA used in the present 
investigation no was found to be 1.480_0.002 from the 
fringe shift caused by rotating a sample through known 
angles in a Michelson interferometer illuminated with 
laser light of wavelength 2=0.633 #m. Birefringence 
measurements yielded a value of - 1.2 x l0 - 2 for K which 
had a negligible time-dependence. 

Determination of short-time compliances and lateral con- 
traction ratios (10- a s to 10 s) 

Values of D(t) and v¢(t) were evaluated at very short 
times after loading from the transformation of dynamic 
mechanical data obtained over a wide frequency range. In 
this context we have employed the approximate formula 
given by Schwarzl and Struik v 

D(0.48t) ~ D'(to) (t = 1/og) (5) 

where D'(og), the tensile storage compliance at angular 
frequency ~o, is related to the associated storage modulus 
E'(og) and loss tangent tan 6E(o~) by 

D'(c0) = [E'(1 + tan 2 6E)] - 1 (6) 

For the lateral contraction ratio we have assumed a 
similar approximation 

v~(0.48t) ~ v'(e)) (t = 1/co) (7) 
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Figure 3 Optical arrangement for generating interference fringes 
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Figure 4 Time-dependence of the tensile compliance D(t) and 
lateral contraction ratio re(t) at low stress for P M M A  at 230C. 
( 0 ) ,  from direct strain measurements with a tensile stress of 9.07 
MNm-2 ;  (O) ,  derived from dynamic data at stress amplitudes 
below 1 MNm -2. The/Y retardation region and onset of the c~ 
region is approximately indicated 

where v'(~o) is the real part of the complex Poisson's ratio 
v* = v'(1 - i tan 6v) defined previously s. 

The techniques employed for measuring the com- 
ponents of the complex modulus and Poisson's ratio have 
been fully described elsewhere s-l°.  For  the present 
investigation most of the data were obtained by two 
techniques. In the frequency range 10 -2 Hz to 103 Hz a 
forced non-resonance method was used involving 
measurements of the relative amplitudes and phases of the 
stress, longitudinal strain and lateral strain cycles re- 
spectively. For  this purpose bi-directional strain gauges 
were bonded to tensile strips of the polymer which were 
time-harmonically deformed at a longitudinal strain 
amplitude of 0.02~. At frequencies between 5 x 105 Hz 
and 3.5 x 10 6 Hz measurements were made of the velocity 
and attenuation of both shear and longitudinal ultrasonic 
pulses transmitted through the material. 

RESULTS 

Behaviour at low stresses 
Figure 4 shows the variation of D(t) and v~(t) over about 

13 decades of time at 23°C and illustrates the consistency 
of data obtained by the dynamic method at stress levels 
below 1 MN m - 2 with the longer time static creep data at 
a stress of 9.07 MN m -  z. This result supports the validity 
of the transformation of dynamic data bearing in mind (as 
discussed below) that the stress of 9.07 MN m-2  is close 
to the maximum stress for which ex(t) is proportional to a, 
at least for times up to about 104 s. 

It will be observed in Figure 4 that D(t) increases with 
time from a value of 1.6x 10-~°m2 N -1 at 10-8 s. The 
rate of increase of D(t) exhibits a maximum at 10-1 s and 
subsequently decreases with time to a minimum around 
104 s. This behaviour is characteristic of the extremely 
broad /~ retardation process which has a prominent 
influence on the creep data for PMMA at room tempera- 

ture. However, the onset of the glass-rubber or ~ re- 
tardation process is reflected by a further increase in the 
rate of change of D(t) at times above 104 s. 

The fl retardation process is also clearly evident in the 
time-dependence of vc(t) which increases (Figure 4) from a 
value of 0.33 at very short times to a value of 0.37 at 10 s. 
The pseudo plateau in the vc(t) curve in the region of 10 s 
to 103 s is more pronounced than that observed in the D(t) 
curve owing to the somewhat narrower appearance of the 
fl retardation and consequent smaller degree of overlap 
between the fl and ~ retardation regions. 

The derived time-dependence of J(t) using equation (3) 
is closely similar to that found for D(t), the substantial 
influence of the fl process and onset of the ~ process being 
apparent in Figure 5. Also shown in Figure 5 are values of 
the bulk compliance B(t) evaluated on the basis of 
equation (2). The B(t) curve levels off to a plateau in the 
long time region above 104 s, there being little apparent 
contribution to B(t) from the c~ process at the times so far 
investigated. 

Non-linear creep and crazing 
In Figure 6 the measured axial strains are plotted 

against time for stresses in the range 4.54 MN m -2 to 
26.30 MN m -2. Also indicated are the times for which 
crazes were observed for stresses of 15.80 MN m -2 and 
above. Although these times are shorter than those 
obtained for P MMA  by Menges and Schmidt 1 ' ,  a result 
which probably arises from differences between the grades 
of material, the observed decrease in craze induction time 
with increasing stress and strain is consistent with pre- 
vious data for this and other polymers 11. 

Figure 7 shows the time-dependence of the apparent 
tensile compliance (D,(t)= ex(t)/a ) derived from the data 
in Figure 6. At the lowest stress, results have so far been 
obtained only for times up to about 104 s and within this 
timescale the D,(t) values at 4.54 and 9.07 MN m -2 are in 
close agreement. Departures from this substantially linear 
behaviour are observed at higher stresses by the increase 
of D,(t) with stress at any given time. However, the onset 
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Figure 5 Shear compliance J(t) and bulk compliance B(t) as a 
function of time derived from the results of Figure 4 
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F i g u r e  7 Time-dependence of the apparent tensile compliance 
Da(t ) at various stresses for PMMA at 23°C. Point symbols and 
(- - -) as in Figure 6 

of non-linearity may occur at lower stresses with increas- 
ing time and a more precise characterization of stress 
linearity limits requires further data in the low stress-long 
time region. 

Some measured lateral contraction ratios are shown as 
a function of time in Figure 8. Comparative data obtained 
by the electrical extensometers and by the optical in- 
terference method suggest that vc(t) values were repro- 
ducible to within about + 1% for times up to 105 s. At 
longer times a somewhat lower accuracy was apparent in 
both methods of lateral strain measurement and the vc(t) 
values obtained electrically tended to be slightly higher 
than the optical values. This effect could not be accounted 
for by indentation of the sample by the transverse 
extensometer, which was negligible, and may involve 
electronic drift. The accuracy of the optical method is 
quite sensitive to values ofe x which are required (equation 
(4)) owing to variations of the sample refractive index with 
strain. In order to eliminate this problem an optical 
extensometer is being developed which effectively replaces 
the sample surfaces by partially reflecting windows sepa- 
rated by a known air gap. 

In Figure 8 complete sets of data points are shown only 

for the applied stresses of 9.07 MN m-2 and 
26.30 MN m -2. At intermediate stress levels, selected 
points are shown to indicate the location of the curves at 
different stresses whilst avoiding the confusion due to the 
scatter of data at long times. For  times greater than 102.5 s 
it will be observed from Figure 8 that v~(t) increases with 
increasing stress. A similar result was found by Benham 
and McCammond a2, although their vc(t ) value of 0.40 at 
102 is about 8% higher than our value. 

The variation of volumetric strain with time and stress 
(Figure 9) was calculated from the data of Figures 6 and 8 
on the basis of equation (1). After an initial slight increase 
with time up to about 102.5 s, subsequent variations of 
AV(t)/V are small, consistent with the overall time 
dependence of B(t) in Figure 5. However, in the non-linear 
stress region AV(t)/V exhibits a significant decrease for 
times about 104 s. 

The apparent bulk compliance B=(t)=3AV(t)/Va is 
shown as a function of time and stress in Figure 10. For 
stresses up to 9.07 MN m -2, B=(t) shows little variation 
with a and increases with time toward a plateau value of 
2.67 x 10 -~° m 2 N -~ as illustrated also in Figure 5. At 
higher stresses Ba(t ) initially increases with t and a, apart 
from some apparent inconsistency at intermediate st- 
resses due to experimental errors around 3%, but sub- 
sequently passes through a broad maximum at times 
between about 103 and 104 s. The possibility that small 
electronic or temperature drifts may contribute toward 
the decrease in AV(t)/Vand Ba(t ) at long times cannot 
however be discounted. 
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F i g u r e  8 The lateral contraction ratio vc(t ) as a function of time 
at different stress levels for PMMA at 23°C. Point symbols as in 
Figure 6 

20 

\ 

S 
s~ 

q 

o! 
1 0  

F i g u r e  9 

,\ 

[ L L _ 2 
10 2 10 s 10 4 10 b 

t(S) 

Variation of the volumetric strain ~V(t) /V with time 

10 ~ 

at different tensile stresses for PMMA at 23°C. Point symbols and 
( . . . .  ) as in Figure 6 

POLYMER, 1984, Vol 25, November 1683 



Deformation and craze initiation in PMMA: B. E. Read and G. D. Dean 

3.0 i i T 

z 2 8  

o 

,~ 2 6  

2.4 

101 102 103 104 105 106 
t (s) 

Figure 10 Time dependence of the apparent bulk compliance 
Ba(t ) calculated from the data of Figure 9 

DISCUSSION 

Creep and agein9 phenomena 
From Fioures 4 and 5 it is clear that the time-dependent 

deformation of PMMA at room temperature is con- 
siderably influenced by the broad fl retardation process. 
This process is thought to involve rotations within side 
groups which may be coupled to local torsional displace- 
ments of the main polymer chain 1 o. The increase in shear 
or tensile compliance at times greater than 103s cor- 
responds to the short-time tail of the glass-rubber or 
retardation process which marks the onset of hindered 
rotations around main-chain bonds with consequent 
rearrangements in local chain conformationL 

The non-linear behaviour illustrated in Figure 7 may 
partly arise from an increase with stress of the equilibrium 
unrelaxed compliance of the ct retardation process (or 
relaxed compliance of the fl process) corresponding to a 
vertical shift of the creep curves. A more important factor 
appears to involve the shift of creep curves to shorter 
times resulting from a reduction in retardation times with 
increasing stress 2. It is evident, however, that the curves 
cannot be superposed by horizontally shifting along the 
time axis, whether or not vertical shift factors are also 
applied. This result suggests that the shape of the 
retardation spectrum is changed by the applied stress in a 
manner corresponding to the increased merging of the 
and fl regions. Such an effect would arise if the stress 
caused a substantially larger decrease in retardation times 
associated with the ~ process than in those characteristic 
of the fl process. It is well-known that physical ageing 
produces an increase in retardation times of the 
process 2'13, and shape changes have been observed with 
increased ageing in both creep 4 and stress relaxation 14 
curves for PMMA consistent with an increasing sepa- 
ration of the ~t and fl regions. It thus appears that an 
applied stress in the non-linear region may yield a change 
in segmental mobility associated with the ~ process which 
is initially the reverse of that produced by physical 
ageing 2. 

Although the time-dependences of AV(t)/V in Fioure 9 
and of B°(t) in Fioure 10 are small, and subject to 
considerable magnification of experimental error, they 
could provide an important clue to the possible structural 
changes and mechanical ageing effects generated by the 
applied stress. In this context we first note that the non- 
equilibrium (quenched) glassy polymer had undergone 
prolonged ageing at room temperature prior to the 
present investigation. During this period, some volume 
reduction will have occurred by means of conformational 

rearrangements characterized by a broad distribution of 
volume retardation times ~5'16. Whilst some parts of the 
structure associated with relatively short volume re- 
tardation times may have thus approached their equilib- 
rium states, most of the ageing will be exceedingly slow 
and the net volume will remain significantly higher than 
the equilibrium volume. 

If a tensile stress in the linear range is applied to the 
polymer for times short compared with the • retardation 
times, local torsional displacements will occur around 
main-chain bonds but the sequences of rotational isomers 
which characterize the conformational structure will be 
unaffected. Under these conditions the volume increase 
AV(t)/V will result from the hydrostatic component of 
stress and will involve a net change in intermolecular 
spacing due to local elastic displacements about equilib- 
rium positions. With higher applied stresses in the non- 
linear range the increased perturbations of the intra- and 
intermolecular force fields may also induce some changes 
in molecular conformation and packing. Neglecting a 
relatively small elastic contribution from the anharmo- 
nicity of the intermolecular force fields we assume that the 
non-linear part of AV(t)/V, 

AV(t) "] a V J.1 =~[B"(t)-B(t)] (8) 

arises mainly from these structural changes. Here Bo(t) 
and the low-stress value B(t) are measured at the same 
time. 

At the highest stress so far applied (26.3 MN m -2) the 
peak value of B~(t) in Figure 10 is about 8% higher than 
the low-stress B(t) value, yielding (AV(t)/V), 1 ~0.02%. 
This initial increase in (AV(t)/V),I is thought to arise 
mainly from stress-induced conformational changes 
which partially erase the original ageing of the polymer 
and are associated with the increased mobility of the 
process. The subsequent decrease in Ba(t) to values less 
than B(t) corresponds to a negative (AV(t)/V),I and is 
indicative of a mechanical enhancement of the original 
ageing involving the longer volume retardation times. A 
thorough investigation of possible long-term sources of 
error is being undertaken in an attempt to confirm this 
suggestion. 

The question arises as to whether the hydrostatic or 
shear component of the stress field is mainly responsible 
for the structural effects. As discussed by Struik 2, shear 
creep compliance curves, obtained from torsion tests in 
the absence of a hydrostatic stress component, also shift to 
shorter times with increasing shear stress. Similar shifts, 
although somewhat smaller in magnitude, are also obser- 
ved from uniaxial compression tests 12 in which the 
isotropic compressive stress component produces a net 
contraction or negative AV(t)/V. Furthermore a small 
dilational contribution to the volumetric strain, resembl- 
ing our (AV(t)/V),I, has been observed during the non- 
linear uniaxial compression of PMMA a 7 whereas under 
hydrostatic compression a 8 the volumetric strain is essen- 
tially proportional to hydrostatic stress up to 
50 NM m- 2. These results indicate that the shear stress 
may be largely responsible for (AV(t)/V),I and the 
proposed structural changes. 

The effects discussed above may be considered in terms 
of the influence of stress in generating an initial increase 
and subsequent decrease in 'free-volume' which may be 
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associated with the values of (AV(t)/V), 1 but not with the 
total AV(t)/V. According to Robertson's theory of 
plasticity ~9, the shear stress component alters the energy 
difference between the rotational isomeric states and the 
initial structural changes involve a transient increase in 
the number of high-energy conformations. The temporary 
structure resembles an equilibrium structure 
characteristic of a higher temperature with enhanced 
semgnetal mobility, and a transient volume increase is 
predicted which might be related to the peak value of 
(AV(t)/V),I. Attempts are currently being made to assess 
the ability of the above models to quantitatively account 
for the stress-dependence of retardation times. These 
analyses, including a proposed method for separating the 
contributions to the creep data from the respective ~ and fl 
retardation processes, will be reported subsequently z°. 

It should finally be mentioned that the apparent 
maxima in volume during the tensile creep resemble the 
volume relaxation peaks, discussed by Kovacs ~ and by 
Struik 2, which are found after heating (to temperatures 
below To) samples of glassy polymers which had been 
previously quenched and stored for extended periods. 
This resemblance exemplifies the possible similarity in 
structural changes produced by the application of high 
stress and by increases in temperature. 

Criteria for crazing 
Although the detailed mechanisms of craze initiation 

are not well understood, it is widely considered that the 
local regions of voided, oriented polymer which constitute 
the craze structures result from the generation, accumu- 
lation and plastic expansion of cavities within the ma- 
teriala~-23. Various elastic criteria for the initiation of 
crazes have been proposed, demonstrating the need for a 
dilational stress together with a stress bias 24 or shear 
stress, but the precise influence of the different stress 
components on the local molecuar mobility, cavity for- 
mation and molecular orientation is unclear. It has been 
recognized for some time that these inhomogeneous 
deformation processes are time-dependent and probably 
related to the non-linear creep deformation during con- 
stant load tests. From the results in Figure 7 it is evident 
that the ~ retardation process is involved and that the 
retardation times and craze incubation times are similarly 
reduced by increases in the level of applied stress. 

The results of the present investigation are also relevant 
to some recently proposed viscoelastic crazing criteria. 
Br/iller 25 has found that, under a constant tensile stress a, 
crazes become visible when the 'crazing incubation 
energy' 

and 4.5 x 10 -1° m 2 N -~ respectively. It follows from 
Figures 4 and 7 that during loading at 20 MN m -z, 
relaxation will have occurred involving an appreciable 
portion of the fl process, whilst at 50 MN m-2 a larger 
amount of relaxation, involving the ct and fl processes, 
would have taken place during the loading phase. 

Assuming that craze initiation involves molecular 
motions associated either with the ~ process or with a 
combination of ~ and fl mechanisms, it is instructive to 
consider the values of ~ obtained by the successive 
identification of ssp with the limiting unrelaxed strains e,= 
and e.a of the respective ct and fl processes. After 
separating contributions to our creep curves from the 
and fl regions 2° we have estimated that, with increasing 
stress from 15.88 to 26.30 MN m - 2, s~ - ~,~ increases from 
0.12 to 0.17% and e¢-s,~ increases from 0.43 to 0.68%. 
Hence if relaxation effects during the loading were 
accounted for, or if loads could be applied sufficiently 
rapidly to avoid relaxation during the loading period, it 
appears that the 'viscoelastic' energy W~ supplied for the 
incubation of crazing would increase with applied stress. 

The estimated increases in s~-s,~ and sc-s ,a  with 
increasing stress also seem inconsistent with the constant 
'inelastic strain' criterion proposed by Wright 26. Further- 
more, the crazes were not observed at a given value of 
volumetric strain (Figure 9) or of the increment 
(AV(t)/V), r It should also be noted in this context that no 
abrupt volume increases were observed which might be 
associated with crazing (cavitation), the volume changes 
being apparently dominated by the molecular relaxation 
and physical ageing effects. 

The present data seem more consistent with a crazing 
criterion based on an approximate constancy of a com- 
pliance increment ((e~-e,=)/a~7 × 10 -1~ m 2 N -1 or 
(ec-e,~)/a~2.6 x 10 -~° m E N -1) rather than a constant 
increment of energy or strain. It should be emphasized, 
however, that the inherently large scatter in the observed 
craze incubation times and the breadth of overlapping 
retardation spectra cause considerable uncertainty in 
assessing the proposed criteria. Despite these difficulties it 
seems that those stress-induced structural changes con- 
sidered to result in a reduction of retardation times also 
serve to decrease the craze initiation times. Since crazing is 
observed after only a small overall proportion of the ct 
retardation mechanism has been effective, corresponding 
to the short time tail of the 7 region, stress-concentrating 
defects or local variations in structure seem necessary to 
account for the local large-scale molecular rearrange- 
ments apparently necessary in craze formation. 

W¢ = a(sc - e~v ) (9) 

attains a constant value. Here e c is the total strain (sx(t)) 
when crazes become visible and esv is the 'quasi- 
spontaneous' strain existing immediately after the load 
application. W~ is thus the time-dependent energy per unit 
volume supplied to the polymer after the initial loading, 
part of the energy being stored within the material and 
part dissipated. Recognizing the difficulties associated 
with the determination of esp, Br/iller obtained values for 
PMMA by extrapolating creep curves to the vicinity of 
the loading times (1-2 s). The e~v values ranged from about 
0.6% at a = 2 0 M N m  -2 to 2.2% at a - - -50MNm -2 
corresponding to compliance values around 3.0 x 10-1 o 

CONCLUSIONS 

Simultaneous measurements of the time-dependent ten- 
sile compliance and lateral contraction ratio for glassy 
polymers can provide important data relevant to the 
retardation mechanisms and mechanical ageing effects 
which occur subsequent to the application of constant 
loads. 

Results obtained at low stress levels over about 14 
decades of timescale exemplify the prominent role of the/3 
retardation process on the room temperature creep 
behaviour of PMMA, and the onset of the ~t process at 
long times after loading. 

The onset of non-linear viscoelastic behaviour with 
increasing stress is largely determined by decreases in the 
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r e t a rda t ion  t imes of  the ~ process.  The  failure to  super-  
pose  creep curves ob ta ined  at  different stresses by simple 
hor izon ta l  and  vert ical  shifts is ascr ibed to a relat ively 
small  s t ress-dependence  of  the fl r e t a rda t ion  t imes and  
consequent  increased merging  of  the ~t and  fl r e t a rda t ion  
regions. A small  non- l inea r  con t r ibu t ion  to the net  t ime-  
dependen t  vo lume change  is thought  to  reflect stress- 
induced confo rma t iona l  changes  connec ted  with the 
ini t ial  eras ing and  subsequent  enhancement  of  previous  
physical  ageing. 

A decrease  in craze incuba t ion  t imes with increas ing 
stress corre la tes  app rox ima te ly  with the increased seg- 
menta l  mobi l i ty  associa ted  with the 0t r e t a rda t ion  process.  
The  present  da t a  are  no t  fully consis tent  with p r o p o s e d  
cri ter ia  based  on a cons tan t  viscoelast ic  energy input  or  
constant  inelastic (tensile or  volumetric) strain, the craze 
in i t ia t ion  t imes appea r ing  to  corre la te  more  closely with 
the level of  t ime-dependen t  compl iance .  
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