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Temperature effects in the fracture of

PMMA

G. P. MARSHALL*, L. H. COUTTS, J. G. WILLIAMS
Mechanical Engineering Department, Imperial College, London, UK

Experiments are described in which the fracture toughness, K., of PMMA has been
determined in the temperature range —190 to + 80°C and over the crack speed range of
102 to 10 mm sec~'. Single edge notch tension was used for instability measurements
but the other data were obtained using the double torsion method. in the range —80 to
+80°C the variations in K. may be described in terms of modulus changes and a constant
crack opening displacement criterion. Crack instabilities are correlated with
isothermal-adiabatic transitions at the crack tip. Below —80°C there is an inverted rate
dependence associated with thermal effects during post-instability crack propagation.

1. Introduction

There has been considerable effort devoted to
the determination of accurate fracture toughness
versus crack speed curves for polymers at room
temperature. In particular, polymethylmetha-
crylate (PMMA) has been intensively studied and
a review of all published data [1] showed that
there is a consistent explanation for all the
numbers given when the data are correlated as a
function of crack speed. Data obtained at other
temperatures are less plentiful and there is
considerable variation between the results
quoted by various authors [2-7]. Fig. 1 shows all
the published data plotted as stress intensity
factor, K., as a function of temperature. Some
of these results have been obtained at instability
and some at the onset of slow cracking (as
shown), but even accounting for this, there is
considerable difference in trends except that K.
tends to increase with decreasing temperature. It
was considered worthwhile, therefore, to make
precise measurement of K. as a function of
crack speed over the temperature range — 190 to
+80°C.

The published data are generally obtained on
single edge notched (SEN) specimens or some
form of cleavage test. At any temperature the
form of curve to be expected is as shown in Fig.
2. Slow crack speeds give a rising K. curve
resulting in stable growth (I) until an instability
is reached (IT) after which it is not possible to

achieve stability since K. decrecases with in-
creasing a (IIT) until the rapidly rising curve
associated with kinetic effects (IV) is reached.
On an SEN specimen (see Fig. 3d) slow crack
growth will start at some point in region (I),
depending on the testing rate, and the crack will
grow giving an increasing K. until instability is
reached (II). Crack initiation is identified by
observing the onset of slow crack propagation
with a microscope and K. at initiation is
calculated using the initial crack length. For the
instability value of K., the maximum load is
used and the crack length taken as the initial
length plus the slow growth portion, which can
easily be discerned on the fracture surface [8].
The initiation K, would be expected to be rate
dependent while the instability value would not.
The determination of crack speeds (@) at each
K. value is difficult with SEN specimens since K
varies rapidly with crack length and, therefore, a
changes rapidly.

To overcome this problem, parallel cleavage
(PC) tests are often employed (see Fig. 3b) since
the crack speed changes are much less. Indeed, a
tapered cleavage (TC) specimen may be used
(Fig. 3c) which is specifically contoured to give a
constant speed for a constant load. This method
has been used successfully on polymers [9] but it
requires great practical skill because of variations
in the crack geometry and is very time-con-
suming to use. A more convenient configuration
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Figure 1 The comparison of published K. values as functions of temperature. A and A are taken from [4].

LOG a

Figure 2 Schematic representation of X, versus crack
speed curve.

is that of double torsion (DT) (Fig. 3a) which
also has a constant speed characteristic but is
much more easily used, since it is not prone to
crack wandering. This method has been em-
ployed here for determining the crack speed
data although some cross-checks are included on
TC specimens.

All the tests reported here were performed in a
temperature cabinet designed to fit on an
Instron testing machine with a cross-head rate
range of 0.005 to 50 cm min~. The cabinet was
well insulated thermally and temperatures could
be controlled to 4- 1°C. Above ambient
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Figure 3 Specimen geometries. (a) Double torsion (DT);
(b) parallel cleavage (PC); (c) tapered cleavage (TC); (d)
single edge notch (SEN).

temperatures were achieved with bar heaters on
the cabinet walls, and for low temperatures
nitrogen gas was used to blow in liquid nitrogen
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Figure 4 K. at initiation and instability as a function of cross-head rate at 20°C from SEN tests.

and the vapour was circulated using a high
speed fan. A controller, working from a thermo-
couple in the cabinet, controlled both the
nitrogen flow and the bar heaters. Various door
designs were employed to allow observation of
the crack growth and arm holes were included to
facilitate the changing of specimens. Crack
speeds were recorded with a travelling micro-
scope at low speeds and on a television system
with video tape at higher speeds. A UV recorder
was used instead of the normal load chart at the
higher rates.

2. Single edge notch tests

The critical stress intensity factor K. may be
calculated for this geometry from the relationship

K. = YoJa 4))

where ¥ = /7 for an infinite plate. Finite width
and free edge effects are included in [10] giving

a a\?
Y = [1.99 - 041 (—V—V> + 18.7 (W)

3848 <~;«,)3 + 53.85 <V-"—Vﬂ @

where @ = crack length and w = specimen
width (see Fig. 3d). Tests were performed at
various cross-head rates at each temperature and
the K, value at initiation and instability deter-
mined by plotting Y?%0? versus a~1. Fig. 4 shows

some data at 20°C, the initiation value is rate
dependent and the instability value, as expected,
is not. Fig. 5 shows the K. values obtained in this
way over the whole temperature range and be-
tween — 70to + 80° C. Aninitiationvalue obtained
at 0.5 cm min— is also shown and the two curves
cross at approximately — 80°C. There is a notice-
able plateau in the instability results in the region
—20 to 0°C and it is possible that this is due to
freezing effects associated with absorbed water.
Below —80°C there is a pronounced rate effect
in the instability values and no initiation could be
determined since no slow growth was observed.
The most notable features of this region are the
inverted strain-rate dependence in that the higher
cross-head rate gives the lowest K. value, and
the tendency for the data to become independent
of temperature below about —140°C.

The data are shown in Fig. 1 (the broken lines)
and give a reasonable degree of agreement with
those of other workers for temperatures
> —80°C for both initiation and instability.
Below —80°C, however, there is a much greater
disparity. The amount of information available
from such data is limited, however, and it is
necessary to determine the K. versus crack speed
curves to obtain the complete picture.

3. Double torsion tests
This specimen may be analysed by the general
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Figure 5 K. at initiation and instability as a function of temperature from SEN tests.

compliance method [9],

2 d
W (am) (Fa) O

where p = the applied load, B, = crack width
(side grooving is usually employed so that
B, # plate thickness B), E = modulus, and C
= gpecimen compliance.
An approximate analysis gives an expression
for C of the form
a] + C, 4)

6(1 + v)/2
EWB®
where C, = specimen compliance for ¢ = 0,
| = distance between loading points (see Fig. 3a),
W = plate width, B = plate thickness, so that

dc 601 + v)P2
da =~ WHB )

i.e. the product is independent of the modulus.

Since K. and E are constant for a given crack
speed and dC/da is a constant then p will also be
constant. The crack speed (@) for a cross-head
rate (x) is given by

C:

E

X
= paciia ©
i.e. a constant. The ratio x/a4 may be re-expressed
from Equation 3 as

- o5 (8)

a

Q)
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Specimens were manufactured with W = 80
mm, B = 6 mm and the loading system gave
[ = 27 mm resulting in a calculated calibration
factor of

dcC
E— =33 x 10°m—2,
da
Experiments were performed at various x values
in the temperature range — 60 to +60°C For
each test the loads and crack speeds were
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Figure 7 Crack speeds as a function of cross-head rate for various temperatures from the DT tests.

constant at any given rate and temperature as

illustrated in Fig. 6. A complete compliance curve

at 20°C is also given showing that dC/da is a

constant and using E for this strain-rate (2900
MN m~?) gives

E dc

da

which is essentially identical with the calcu-

lated value. Fig. 7 shows crack speeds meas-

ured at a wide range of cross-head speeds at

=34 x 10°m~2,

several temperatures and the line is that for a
oc %, indicating (from Equation 7) that Kc/E is a

,constant over this whole range with a value of
3.2 x 10~* m?* (B, = 4 mm).

A cross-check was made on the consistency
of the DT method at 20°C by determining K,
from Equation 3 at a range of crack speeds and
the results are shown in Fig. 8. A further series
of tests had previously been performed using the
TC method [9] and these resuits are also shown
in Fig. 8. There is good agreement, demonstrat-
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Figure 8 K as a function of crack speed at 20°C from DT and TC tests.
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Figure 9 K. as a function of crack speed at various temperatures — stable crack growth in DT tests.

ing the validity of the DT configuration. The
highest crack speed shown is the limit for stable
crack growth (i.e. ~ 20 mm sec™) and extra-
polating the curve to meet the SEN value (as
shown in Fig. 8) indicates a true instability speed
of 50 mm sec—!. This method was used at all
other temperatures to determine the instability
speeds.

The data obtained in the range — 60 to +80°C
(the limits for stable crack growth and ductile
tearing respectively) are shown in Fig. 9 as log K¢
versus log 4 lines together with the SEN in-
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stability values. There is some tendency for the
lines to decrease in slope at their lower extremi-
ties but in general the slope is constant at about
0.06. As the temperature decreases, the lines are
displaced along the log & axis in accordance with
an Arrhenius type equation giving an activation
energy, H, of around 20 kcal mol-!. This
indicates that the PMMA B relaxation process
is operating in this range and agrees with other
published data [11].

The data are shown plotted as K, as a function
of temperature over the range —180 to +80°C
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Figure 10 K. as a function of temperature for various cross-head rates from DT tests.
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Figure 11 Modulus, E, as a function of temperature at various crack speeds from DT test compliance measure-

ments.

in Fig. 10 with lines drawn at various X values.
The pattern of stable growth behaviour for
temperatures > —&Q0°C fits well with the SEN
instability data and below —80°C the same
inverted rate dependence as with the SEN tests is
apparent; the curves tending to converge at the
lower temperatures.

Since the compliance may be determined at
each temperature and crack speed and E(dC/da)
is a geometric factor, then E may be determined
for all these conditions if one value is known.
Fig. 11 shows F values determined in this way at
various crack speeds. Some values obtained
using three point bending are also shown and
give the same trend. Again, a f process is
indicated with A = 20 kcal mol~' and a rela-
tionship between K. and E is indicated. Fig. 12
shows K. plotted against E over a range of crack
speeds and temperatures and a constant ratio of
K/E = 3.1 x 10~* m?* is obtained, agreeing
closely with that obtained from crack speed
measurements (Fig. 7).

4. Discussion of the results

The deformation processes at the crack tip in a
polymer may be modelled successfully by a
Dugdale line plastic zone as shown in Fig. 13.
[12]. For a non-work-hardening yield stress, oy,
the zone length is given by

o KCZ

4= 3 ®

- 8 ) Ty
and the displacement at the crack tip (the crack
opening displacement or COD) is
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Figure 12 K. as a function of E for various temperatures
and crack speeds.

K

providing that, in both cases, ¢ < 0.5 oy. It has
been shown [12] that the yield strain, ey, is
largely insensitive to both rate and temperature
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Figure 13 The Dugdale line zone at the crack tip.

in PMMA and the analysis may be considerably
simplified by assuming that ey is a constant and

(10)

It will also be assumed here that the fracture
criterion is a constant COD, u, which is also
independent of both rate and temperature. From
Equation 9 we have

K = J(uey) E. (11)

This is consistent with the experimental finding
for both crack speed and direct K. and E
measurements and

J(uey) ~ 3 x 10*m~*.

ey may be taken as approximately 0.06 [12] so

that u ~ 1.6 um — which is in reasonable accord

with direct measurements. A constant u implies a

constant 4 and from Equations 8 and 9 we have
4="1

8 2 (12)

Correlations between K. and F have been noted
previously [13] over a more limited temperature
range and interpreted as a fixed surface energy
(i.e. K&/E = constant). The time dependence of
the modulus at any fixed temperature may be
reasonably accurately represented by

E=E,t™ (13)

where ¢+ = the time scale, E;, = the unit time
modulus, and » = dInE/dInt and is assumed to be
approximately constant.

The exponent # is a measure of the degree of
time dependence acting (e.g. n = O for an elastic
material) and corresponds to the loss factor tan
8. A simple comparison of a ramp wave form
shows that tan 8 ~ 0.88 nfor n <€ 1 and clearly,
since the modulus changes were measured in the
range —80 to +80°C where a distinct S tran-
sition occurs, tan 8 (and hence n) would be
expected to go through a peak within this range.
There is some evidence in Fig. 9 of n decreasing
at the lower rates and temperatures and the

1416

Oy = eyE.

~ 10 ym .

expected sigmoidal form could be inferred but
not determined with any precision in this way.
The values of n agree reasonably well with those
of measured peak tan & [11] values and the rate
of variation is not expected to be great. However,
the subsequent analysis, which is based on a
constant n, will be inappropriate at extremes of
rate or temperature as » tends to zero.

The time scale appropriate to the deformations
at the crack tip may be deduced simply from the
ratio [14],

=

SHBLN

but it is more precise to consider the elastic
strain-rate around the crack tip and to assume
that the strains are of the order ey which gives,

S

The combination of Equations 11 to 14 gives the
result

Ko = JJ(uey) (”—;Y) Eya". (15)

Since the temperature dependence may be
described by the Arrhenius equation, the time ¢*
at a temperature 7" may be computed from ¢ at
T 0 bY5

= t e—H/RQUT-1Ty)

(16)

so that the Equation 15 becomes,

K, = J(uey) (?) E, enH/RQU/T-1ITy) (17)
and this is a reasonable representation of the data
in Fig. 9 with n = 0.06 and H/R = 10* K.

The instabilities observed are of considerable
practical significance and the controlling mecha-
nism has been the subject of some recent debate.
It has been suggested that the instability con-
ditions correspond to a tan & peak and are
governed by the B process [4]. There is no
evidence to support this in Fig. 9 since the
instabilities do not occur at maximum » and the
crack speed decreases much less rapidly with
temperature than is required by the B transition.
Fig. 14 shows some B transition data with the
constant E and K, taken from Figs. 9 and 11 as
well as the instability points and it is clear that
they are not governed by the same process.

The stability of crack growth in slow growth is
governed by # since it is the increase in E with
crack speed which makes the system stable. It
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Figure 14 Crack speeds at instability.

would be expected, therefore, that the crack
would be more, rather than less, stable at
maximum 7.

An alternative explanation for the instability
is the onset of significant thermal softening in the
crack tip region as the deformation changes from
an isothermal process at low crack speeds to
adiabatic at high speeds [15-17]. The low thermal
conductivity of polymers makes the speeds
rather lower for this effect than in metals and
previous predictions on 20°C data showed good
agreement [15—17] with experiment. The
adiabatic temperature rise may be computed
from the energy dissipated and the zone thick-
ness b so that

— (uey) Ke

AT pch

(18)
and p is the density and ¢ the specific heat. The
zone may be modelled as a parallel strip,
embedded in an infinite medium, in which heat
is generated at a constant rate, and the tempera-
ture rise for a time ¢ is given by [18]

AT = AT [1 — 4iferf ¢ \/(%;)] (19)

where « = k/(pc) and k is the thermal conduc-
tivity. The convention i2 erf ¢ refers to the second
integral of (1 — erf x) where erf x is the error
function [18]. 5 is known to be small [17] and a
useful lower bound to crack speed can be
obtained by taking the limit as b — 0 so that

7= el [ -

Previous solutions [17, 19] have used forms
similar to this and then guessed some value for
AT (e.g. 50°C for T, = 20°C) so that the
instability speed would not be expected to be
dependent on T, Equation 17, however,
provides a method of determining A7 since the
condition for dK./da = 0 may be determined

K. \/il ’ (20)

and is

dar R\ [T?

%~ (7) () b
where T is the temperature necessary for

Similarly, .from Equation 20, we have a second
condition for dK./da = 0 so that

= |G [z

and combining Equations 20, 21 and 22 we have

2R -
G =TT,

22)

(23)

Table I gives values for T — T, together with
values of g, computed from Equation 20 using
the following values:

H
R= 100 K; ey = 0.06; u = 1.6 pm;

Ke=09MNmM—22;p = 1.2 gcm3;
k =5 x 10-%cal (cm°C sec)!

1417



G. P. MARSHALL, L. H. COUTTS, J. G. WILLIAMS

TABLE I Calculated temperature rises and crack
speeds at instability, together with experi-
mental crack speeds

T, (°C) T—T,(°C) dc (mm Experimental
sec™) ac (mm

sec™)
80 29.2 126.4 240
60 25.7 924 140
40 22.5 66.5 85
20 19.5 46.8 50
0 16.8 324 40
—20 14.3 21.7 24
—40 12.0 14.0 17

- 60 9.9 8.8 1.4

and a linear variation of ¢ with 7} is included
since T — T, is not large, namely,

(e = 1.2 x 10-3 T, cal (°C g) (T, in K)] .

Fig. 14 shows these results and indicates a
good agreement with the trend. K, = 0.9 MN
m-3"2 was used since it is lower bound to the K,
values and the broken line is obtained with
actual K. values from Fig. 9. As expected the
speeds are lower than the experimental results
since b = 0 has been assumed but the trend is
sufficiently good to assume that the controlling
factor is an isothermal-adiabatic transition.

There is a more rapid decrease in the instability
speed at —60°C than expected from the analysis
and at —80°C no stable crack growth was
achieved, indicating a speed of less than 10-2
mm secL. It seems likely that these temperatures
represent the lower end of the 8 transition region
so that n is decreasing; eventually tending to
zero around —100°C within the measurable
crack speed range, so that stable crack growth is
not possible. The rate dependence observed
below —80°C is not thought to be visco-elastic
in origin but to stem from thermal effects. The
coupling of K¢, AT and & as expressed in
Equation 20 gives a qualitative description of the
results but numerical comparisons are difficult
because ais not known for unstable crack growth.
Support for this concept is provided by the
observation of very substantial craze growth at
the crack tip prior to fracture (~ 0.2 mm)
indicating a much reduced yield stress. At the
very low temperatures, the results tend to
become independent of rate and it is possible
that the temperature rise is reaching the adiabatic
limit as expressed in Equation 18. These
comments relating to very low temperatures

1418

apply equally to the very high crack speed region
at higher temperatures, i.e. III in Fig. 3.

5. Conclusions

The observed fracture data in the temperature
range — 80 to +80°C is accurately modelled by
assuming a Dugdale model at the crack tip and
taking the crack opening displacement as a
constant. The observed changes in K. are shown
to be reflections of changes of the modulus with
rate and temperature and are largely governed
by the 5 transition. The instabilities observed in
the range —40 to +80°C appear to be due to
thermal softening effects but below —40°C there
is a suggestion that the visco-elastic effects
arising from the B transition may cease to act,
leading to an essentially elastic, and therefore
unstable, material. Rate-dependence effects ob-
served at temperatures as low as —180°C would
appear to be due to thermal effects in post-
instability behaviour but there is no quantitative
support for this contention.
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