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Temperature and strain-rate dependence of fracture
toughness of phenolphthalein polyether ketone?
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A strong strain-rate and temperature dependence was observed for the fracture toughness
of phenolphthalein polyether ketone (PEK-C). Two separate crack-blunting mechanisms
have been proposed to account for the fracture-toughness data. The first mechanism
involves thermal blunting due to adiabatic heating at the crack tip for the high temperatures
studied. In the high-temperature range, thermal blunting increases the fracture toughness
corresponding to an effectively higher test temperature. However, in the low-temperature
range, the adiabatic temperature rise is insufficient to cause softening and J\c increases with
increasing temperature owing to viscoelastic losses associated with the B-relaxation there.
The second mechanism involves plastic blunting due to shear yield/flow processes at the
crack tip and this takes place at slow strain testing of the single-edge notched bending
(SENB) samples. The temperature and strain-rate dependence of the plastic zone size may
also be responsible for the temperature and strain-rate dependence of fracture toughness.

1. Introduction

The application of fracture mechanics parameters,
critical strain-energy release rate, Gy, and fracture
toughness, Jic or Kjc, to describe and characterize
crack growth in polymers, is now firmly established
[1]. Because of the viscoelastic nature of polymers,
subcritical crack growth can take place at G and
K levels below Gy and K¢ and this depends on both
rate and temperature. For a given temperature, T, the
rate effect is usually expressed in terms of crack velo-
city, d. Theoretical relationships between G(K), d and
T have been obtained by Marshall et al. [2], Atkins
et al. [3] and Mai and Atkins [4], for several glassy
polymers. Various experimental techniques to deter-
mine K—d relations have also been discussed [5]. In
this work our interest was in the variation of K¢,
Jic or Gyc with T and applied strain rate or stressing
rate. Low strain rate can be achieved by conducting
quasi-static experiments in single-edge notched bend
(SENB) specimens in an Instron machine over a range
of crosshead speeds.

Temperature has a significant effect on fracture
toughness of many brittle thermoplastics, such as
poly(methyl methacrylate) (PMMA) and polystyrene
(PS). The fracture toughness of PMMA has been
measured over a wide range of temperatures by sev-
eral investigators [6—8]. In the results of their
measurements, it was found that the fracture tough-
ness of PMMA decreased with increasing temperature
over a range of —50°C to the glass transition temper-
ature, T,. In a previous paper, the temperature de-
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pendence of the critical stress intensity factor, K, of
PMMA was investigated. It was found that K. de-
creased with increasing temperature over the range
—35 to 60°C. However, K¢ increased near T,, and
reached a maximum at T,; it then dropped off with
increasing temperature. Johnson and Roden [9] meas-
ured the critical stress intensity factor (fracture tough-
ness, Kic) over a temperature range from —190°C
to —50°C and reported that K c-temperature curves
of PMMA exhibited a peak at low temperature
( —60°C) which agreed with the B relaxation at that
temperature. On the other hand, the linear elastic
fracture mechanics (LEFM) approach is now well
established for thermosetting polymers. It was
reported that the fracture toughness of epoxy resins
did not vary in the low-temperature range, and
increased with increasing temperature up to
T, [10-13]. Mizutani [14] suggested that the
Kic peak at T, was related to the large increase in
crack-tip plastic zone size at this temperature. In fact,
the variation of Kj- with T can be accurately pre-
dicted from the isothermal—-adiabatic transition model
put forward by Williams and co-workers for glassy
polymers [2, 4].

The effects of strain (loading) rate and temperature
on pure and rubber-modified epoxies have been in-
vestigated extensively by Kinloch and co-workers
[15,16]. Toughness generally decreases with strain
rate at low rates. Toughness also decreases very
slightly with temperature initially, but increases as the
glass transition temperature is approached (ic. for
—50°C < T < T,) [15,16].

As phenolphthalein polyether ketone (PEK-C) is
being increasingly used in engineering applications
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there is also a need to understand rate and temper-
ature effects on the fracture toughness. In this paper,
we report the strain-rate and temperature dependence
of fracture toughness of PEK-C. Strain-rate effects
were studied using the quasi-static SENB specimens.
Temperature effects on PEK-C were investigated in
the temperature range 100—190°C. The results are
discussed in relation to the micromechanism of the
deformation process at the crack tip.

2. Experimental procedure

Fracture mechanics characterization was performed
in three-point bending with a span-to-width ratio of 4,
using an Instron 1121 dynamometer, at different
temperatures, at a constant crosshead speed of
Smmmin~ ', and at room temperature at different
crosshead speeds. Specimens were single-edge-
notched 80 x 16 x 8 mm bars. Sharp notches were in-
troduced by scalpel-sliding a razor blade having an
on-edge tip radius of 13 pm.

For material that exhibited brittle behaviour, the
critical stress intensity factor, K, at fracture initiation
was determined according to ASTM Standard E399-
83 for metals [17]. Tests were carried out with speci-
mens of varying notch léngth, a. The values of K were
obtained from the slope of the plot .Y ? versus a™?,
o, being the critical stress for fracture initiation, and
Y a geometrical factor taken from [17].

For the characterization of fracture resistance in
more ductile materials, the J-resistance curve, Jg, ac-
cording to the multispecimen technique covered by
ASTM Standard E813-81 [18] was used. Each of
several specimens were loaded to a different deflection,
and J was calculated from the input energy, U,
measured at the final deflection according to the
expression

J=2U/W —a) (1)

in which B, W, and a are the specimen thickness,
width, and initial notch length, respectively. The speci-
mens tested were then fractured completely at a higher
speed in order to change the fracture regime and,
therefore, the fracture surface morphology. The initial
crack length and the amount of crack extension could
thus be measured from the surface of the completely
broken samples with a microscope.

The J values obtained are then plotted against the
Aa measured, giving the Jy curve. Because, with duc-
tile materials, some crack-tip blunting may occur
prior to the real crack propagation, to determine the
onset of crack extension according to [18], the J
versus Aa curve is extrapolated to intersect the blunt-
ing line, which is assumed to be expressed by

J = 2Aac, 2

in which o, is the tensile yield stress, while the intersec-
tion gives the fracture resistance, Jic, at fracture initia-
tion, the slope dJ/dAa of the linear region of the
Jg curve represents the resistance to crack propagation.

In all the fracture tests performed, the size require-
ments set by Standards E399-83 and 813-81 for the
validity of both K¢ and Jyc, respectively, were always
met.

3. Results

The results of fracture mechanics tests are shown in
Figs 1 and 2, respectively. In the temperature range
from room temperature to 70 °C, the material exhib-
ited brittle fracture behaviour; it gave valid LEFM
data. So we used K¢ to describe its fracture behav-
iour. With increasing temperature, the material be-
came more ductile, LEFM was invalid. Another
method, the J-integral, was used. In this temperature
range (from 70-190°C), J;c was converted to K;c by
the relation

Kic = EJic/(1 — v?) = EGic/(1 = v?) 3)

where E is the elastic modulus and v is Poisson’s ratio.

From room temperature to 70°C, K¢ was also
converted to Jic by Equation 3. At room temperature,
at different strain rates, K;c was obtained, and was
converted to Gic by Equation 3.

4. Discussion

It is common experience that the resistance to crack-
ing in many engineering materials depends on the rate
of deformation, and the test temperature in which
cracking takes place. Traditionally, the effects of rate
and temperature have been interpreted in terms of
simple stress—strain curves, tensile strain-to-fracture,
stress/time-to-failure curves, and the like. Nowadays,
however, such effects are given in terms of fracture
toughness parameters and they can be studied either
individually or in combination.

4.1. Crack-tip blunting

The concept of crack-tip blunting was originally pro-
posed by Kinloch and Williams [ 19] to explain unsta-
ble “stick—slip” fractures observed in epoxies under
quasi-static conditions. Blunting occurs as a direct
result of plastic shear flow at the crack tip. Evidence in
support of this mechanism is the “stretched zone”
formed at the crack initiation in PEK-C tested
with SENB specimens at ambient temperature.
A “stretched zone” can only be formed if there is
plastic flow and blunting of the sharp crack tip.

4.2. Thermal blunting

Thermal blunting [20] and not plastic blunting is the
major reason for the high toughness values. This
assumes that heat is generated in a linear zone of
crazed materials, and that the crack-tip temperature
rise, AT, is

AT = Gye/(npckt)'’? )

where p is the density, ¢ is the specific heat, k is the
thermal conductivity, and ¢ is the loading time.

4.3. Temperature effect

Fig. 1 shows the variation of fracture toughness,
Kjc and J¢ of PEK-C with temperature. It was found
that in the temperature range from 12-70°C, K¢
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Figure 1 (O) Jic and (A) K¢ of PEK-C as a function of
temperature.

increased slightly with increasing temperature and
Jic increased rapidly. Above 70°C, K- increased
near T,, peaked at T, and then dropped off with
increasing temperature. Jic increased with increasing
temperature. In the high-temperature range, the trend
is primarily due to the increasing amount of crack-tip
blunting as the yield stress is decreased when the
temperature increases. We have already indicated that
adiabatic heating would induce crack-tip blunting by
softening a zone of material prior to unstable crack
propagation. The whole process is to increase the
fracture toughness as would be measured from an
effectively higher test temperature (which is equal to
the sum of the ambient temperature and the adiabatic
temperature rise, AT').

At low temperature, the adiabatic temperature
rise is not sufficient to cause thermal blunting. Conse-
quently, fracture toughness should decrease with
decreasing temperature providing no other relaxation
processes exist. However, Fig. 1 shows that the reverse
is true, because there is a loss peak at about 70—100°C
for PEK-C. We suggest that the viscoelastic loss
of this P-transition is solely responsible for the
increasing fracture toughness observed in the
temperature range from 12-70°C. Heat is usually
evolved with the B-transition which, in principle, helps
in softening and blunting the crack tip. However, at
these very low temperatures, the temperature rise is
not high enough to cause thermal blunting to occur.
Even so, the viscoelastic loss processes due to the
B-transition would still contribute to the total fracture
toughness.

4.4. Strain-rate effect

Strain rate has a significant effect on the fracture
toughness of many polymers and it has been investi-
gated extensively by Yamini and Young [10], Kinloch
et al. [15, 16], Williams and co-workers [21, 227 and
Low and Mai [23] at different testing conditions. The
degree of strain-rate effects on the fracture toughness,
K¢ and Gy, of PEK-C may be discerned from the plot
given in Fig. 2; there is a general trend for K- and
Gyc to decrease with strain rate at a constant temper-
ature, the effect being more significant at high temper-
atures than low. In the low strain-rate SENB domain,
the negative rate dependence of K- and Gy is entirely
the result of the plastic blunting mechanism. Plastic
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Figure 2 (O) Kjcand (A) Gyc of PEK-C as a function of crosshead
speed.
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Figure 3 Plastic zone size versus temperature.

blunting obviously decreases with increasing strain
rate because of the increasing yield strength. Adiabatic
heating does not play any part in the crack-tip blunt-
ing here.

In general, the fracture toughness of polymers
depends upon strain rate and temperature and there
is a general equivalence between these two factors.
The fracture behaviour observed at low temperatures
and high strain rates can be reproduced at high
temperatures with slow strain rates. This behaviour

is known as the time—temperature superposition
[24].

4.5. Plastic zone size

It is known that plastic deformation occurs at the
crack tip during crack growth in polymers. The length
of the plastic deformation zone at the crack tip, R, is
related to the fracture toughness, K¢, by

R = 1/8(Kic/o,)? (5)

where o, is the yield strength. The R-temperature
curve is shown in Fig. 3. Below 70 °C, the values of
R were almost constant and above 70°C increased
vigorously. R decreases with increasing strain rate,
as shown in Fig. 4. R increases with increasing
temperature and so does the fracture toughness;
R decreases with increasing strain rate, and fracture
toughness also decreases with increasing strain
rate. So the dependence of R on temperature and
strain rate can also be responsible for the dependence
of fracture toughness on temperature and strain
rate.
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Figure 4 Plastic zone size versus crosshead speed at room
temperature.

5. Conclusion

The failure mechanisms of phenolphthalein polyether
ketone (PEK-C) were investigated over a wide range
of temperatures and strain rates. A substantial vari-
ation in fracture toughness with rate and temperature
was observed. In order to explain these rate- and
temperature-dependent results, two separate crack-
blunting mechanisms were proposed: thermal blunt-
ing due to crack-tip adiabatic heating and plastic
blunting associated with shear yield/flow processes.
Thermal blunting was found to occur at high temper-
atures. For low temperatures, the fracture toughness is
dependent on viscoelastic loss processes and not ther-
mal blunting. Plastic blunting was predominant at
very low strain rates. The temperature and strain-rate
dependence of plastic zone size may also be respon-
sible for the temperature and strain-rate dependence
of fracture toughness.

References

1. J. G. WILLIAMS, “Fracture mechanics of polymers” (Ellis
Horwood/Wiley, Chichester, 1984).

10.
11.

12.
13.
14.
15.
16.
17.

18.

19.
20.
21.
22.

23.
24.

G. P. MARSHALL, H. COUTTS and J. G. WILLIAMS,
J. Mater. Sci. 9 (1974) 1409.

A. G. ATKINS, C. S. LEE and R. M. CADDELL, ibid. 10
(1975) 1381.

Y. W. MAT and A. G. ATKINS, Polym. Eng. Sci. 16 (1976)
400.

A. G. ATKINS and Y. M. MAI, “Elastic and plastic fracture”
(Ellis Horwood/ Wiley, Chichester, 1985).

J. BROUTMAN and F. J. McGARRY, J. Appl. Polym. Sci.
9 (1965) 589.

A.T. DIBENEDETTO and K. L. TRACHTE, ibid. 14 (1970)
2249.

G. P. MORGAN and I. M. WARD, Polymer 18 (1977) 87.
F.A.JOHNSON and J. C. RADON, J. Polym. Sci. Chem. Ed.
11 (1973) 1995.

S. YAMINI and R. J. YOUNG, Polymer 18 (1977) 1075.

R. A. GLEDHILL, A. J. KINLOCH, S. YAMINI and
R. J. YOUNG, ibid. 19 (1978) 574.

S. YAMINI and R. J. YOUNG, J. Mater. Sci. 15 (1980)
1814.

Idem, ibid. 15 (1980) 1823,

K. MIZUTANI, J. Mater. Sci. Lett. 6 (1987) 915.

A. J. KINLOCH, S. J. SHAW, D. A. JOD and D. L.
HUNSLON, J. Mater. Sci. 24 (1983) 1341.

Idem, ibid. 24 (1983) 1355.

Standard test method for “Plain-strain fracture toughness of
metallic materials”, ASTM E399-83 (American Society for
Testing and Materials, Philadelphia, PA, 1983).

Standard test method for “J,., a measure of fracture tough-
ness”, ASTM E813-81 (American Society for Testing and
Materials, Philadelphia, PA, 1981).

A. J. KINLOCH and J. G. WILLIAMS, J. Mater. Sci. 15
(1980) 987.

J. G. WILLIAMS and J. M. HODGKINSON, Proc. R. Soc.
Lond. A375 (1981) 231.

M. KISBENYI, M. W. BIRCH, J. M. HODGKINSON and
J. G. WILLIAMS, Polymer 20 (1979) 1289.

E. PLATI and J. G. WILLIAMS, ibid. 16 (1975) 915.

I. M. LOW and Y. W. MAI, J. Mater. Sci. 24 (1989) 1634.
A.J. KINLOCH and R. J. YOUNG, “Fracture behaviour of
polymers” (Applied Science, London, 1983).

Received 15 December 1993
and accepted 3 February 1995

3661



