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Abstract

The influence of electron irradiation on the glass transition temperature, Ty, of poly(ether ether ketone) (PEEK) has been investigated by
differential scanning calorimetry, up to a dose of 100 MGy. For amorphous PEEK, the observed Ty increases linearly with absorbed dose at a
rate of 0.18°C MGy~ '. This indicates the formation of crosslinks, as deduced elsewhere. Above ~50 MGy, these crosslinks prevent
crystallization on heating to above T,, whereas at lower doses, the polymer is able to crystallize to some degree. Qualitatively, the variations
in T, seen in these partially crystalline samples can be explained in terms of a number of factors. The crystals serve to constrain the
amorphous fraction, resulting in a direct elevation in T,. This is reinforced through the rejection of crosslinks from crystalline regions, so
resulting in an increase in the local amorphous crosslink density. Conversely, crosslinking can also serve to inhibit crystallization. Quantita-
tively, models based solely upon the percentage crystallinity are, however, unable to account fully for the variations in 7}, that are seen. In
contrast, a model based on both overall crystallinity and lamellar thickness gives good agreement with experiment over the complete
crystallinity range. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The potential of the high performance aromatic polymer
poly(ether ether ketone) (PEEK) for use in demanding
applications has meant that many aspects of its radiation
response have been considered (see for example, Refs.
[1-4]). From such work, it is evident that PEEK is highly
resistant to ionizing radiation, such as high energy electrons
[5,6]. The observed effects have been interpreted in terms of
crosslink formation in amorphous regions and progressive
destruction of crystallinity [7,8]. Above 15 MGy, gels have
been extracted, which can constitute up to 75% by mass of
the initial material [8].

The effect of crosslinking on molecular mobility and,
hence, the glass transition temperature, has been considered
both experimentally and theoretically. Theoretical treat-
ments predict that 7, should increase linearly with crosslink
density [9], and such a dependence has been reported for a
series of ethylene glycol bis(allylcarbonate)-co-allyl ethoxy-
ethyl carbonate [10] and styrene-co-divinyl benzene [11]
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polymer networks, where the crosslink density has been
varied by adjusting the chemical composition of the system.
In this short communication, we report on variations in
the glass transition temperature seen in a series of PEEK
samples, all of which had been subjected to electron irradia-
tion in the amorphous state. In addition to describing the
direct effect of the radiation treatment on 7, we will also
consider the consequences of subsequent crystallization.

2. Experimental

The PEEK considered here was obtained from ICI in the
form of an amorphous sheet. Gel permeation chromatogra-
phy resulted in average molecular mass values of M,, =
41x10* and M, = 1.3 x 10%, respectively. Samples of
this material were wrapped in aluminium foil and irradiated
directly using a Van de Graaff electron accelerator operating
at 1 MeV and a flux density of 9 pA cm ™% This is equiva-
lent to a dose rate of 1.1 MGy min ! [8]. All irradiations
were performed in air upon a water-cooled block, to prevent
undue sample heating. Subsequent thermal characterization
was carried out using a Perkin—Elmer DSC7 differential
scanning calorimeter. All samples were first heated from
50 to 400°C at 10°C min~"' (first scan) and, then, rapidly
cooled from the melt to 50°C in the calorimeter, whereupon,
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Fig. 1. Plots of glass transition temperature against radiation dose: first scan
(®@: solid line), second scan (O: dashed line).

most of the specimens considered here crystallized to some
degree. These samples were then rescanned to 400°C
(second scan).

3. Results and discussion

The variation in observed glass transition with absorbed
dose is shown in Fig. 1, for both first and second scans.
Considering the first scan data (solid circles), it is evident
that the glass transition temperature increases linearly with
dose, D, within the range 0—100 MGy: we will subsequently
represent this quantity by T, (D). This linearity suggests
that irradiation within this dose regime results in a linear
increase in crosslink density.

The open circles in Fig. 1 indicate the dose-dependent
glass transition temperatures data obtained from each speci-
men on rescanning: that is, after completion of one cold
crystallization/melting/recrystallization cycle. We will
subsequently refer to these data as Ty (D). Above about
50 MGy, first scan and second scan data are equivalent.

Tp(D) = Ty (D) ey

Such doses have, previously, been shown to prevent crys-
tallization of amorphous PEEK on heating to above T,
[8,12] and, consequently, these data merely indicate that
heating to 400°C does not result in further crosslinking
via, for example, the reaction of trapped radicals, or thermal
routes [13]. At lower doses, a degree of crystallization
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Fig. 2. Plot of first scan enthalpy of crystallization against radiation dose.

occurs above Ty, as shown in Fig. 2. Here the magnitude
of the first scan crystallization exotherm is shown as a func-
tion of dose. From this it evident that, up to ~20 MGy,
crystallization results in the development of an approxi-
mately constant lamellar fraction; this equates to about
18% of the system, assuming a value of 130 J g~' for the
enthalpy of crystallization of crystalline PEEK [14]. Above
~20 MGy, irradiation serves increasingly to inhibit crystal
formation, such that no crystallization could be observed in
the DSC at dose above 39 MGy.

The increase of Ty, (D) over T, (D) seen throughout the
range 0—40 MGy is, qualitatively, not unexpected and can
be related to two factors. First, as can be seen in the unirra-
diated sample, the presence of lamellae serves directly to
restrict molecular mobility in the intervening amorphous
layers, since Ty (0) > T;(0). Second, assuming that cross-
links are rejected from growing crystals, the presence of
18% crystallinity' will necessarily increase the local
concentration of crosslinks within inter-lamellar amorphous
regions over that which was, previously, present within the
entirely amorphous system. The variation in Ty (D) with
dose that can be seen in Fig. 1 can therefore be explained
qualitatively by a combination of these two factors. Up to
about 20 MGy, from Fig. 2, the level of crystallinity that is

' This figure for crystallinity is derived directly from the enthalpy of
crystallization and, as such, is strictly the percentage by mass. However,
the value is not greatly changed if differences between amorphous and
crystalline specific volumes are taken into account.
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Fig. 3. Plot of excess glass transition temperature against fractional crystal-
linity derived from all the partially crystalline materials considered here.

able to form remains approximately constant and, conse-
quently, the observed increase in Ty, (D) with dose can be
associated with the molecular constraints associated with
accommodating increased numbers of crosslinks into the
residual amorphous fraction. At a given dose, the extent
of the increase of Ty (D) over Ty (D), is then dependent
upon the degree of crystallinity that is able to form during
the initial scan cycle. That is, the reduced amorphous
volume. Up to 20 MGy, the need to accommodate more
and more crosslinks into a constant amorphous volume
results in Ty, (D) increasing with D. At higher doses, this
effect is more than offset by the reducing degree of crystal-
linity, such that the value of Ty, (D) drops towards Ty(D).

The glass transition temperature of a polymer will depend
upon the constraints imposed upon the amorphous phase.
These will include crosslinking [9—-11], crystallinity [15]
and other factors which influence the local mobility, free
volume and molecular packing [16,17], such as deforma-
tion, the presence of plasticizers and physical ageing. These
final factors are incompatible with our experiments and,
consequently, a description based upon crosslinking and
crystal formation is, qualitatively, very reasonable here.
However, a more quantitative analysis raises problems.
From Fig. 1:

T, (D) = 143.8 + 0.18D 2)
Eq. (2) relates the number of crosslinks per unit volume

of amorphous material to the consequent elevation in T,.
What is now the effect of crystallization? In the simplest

case, the resulting amorphous fraction would be expected to
have its local crosslink density increased by a factor of
[1/(1 = x.)], where x. represents the volume fraction of
crystals in the system. From the enthalpy data described
above:

Ty(D) = Ty (0) + my

D (3a)

C

such that, initially, we would expect:
Ty (D) = Ty (0) + 0.22D (3b)

Taking the initial linear portion of the T,,(D) data in
Fig. 1, between 0 and 11 MGy:

Tp(D) = 149.1 + 0.78D (3¢)

That is, the initial gradient in the Ty, (D) data in Fig. 1 is
much steeper, by almost a factor of 4, than would be
expected simply on the basis of the exclusion of crosslinks
from crystalline regions. Additional factors, beyond the
direct effect of the crystals, that is T, (0) > T4,;(0), and
the consequent reduction in the amorphous volume, must
therefore also be considered. To explore this, we have
developed two models.

3.1. Crystallinity constraint model

As described above the glass transition temperature of the
unirradiated partially crystalline specimen exceeds that of
the equivalent amorphous material. From the amorphous
perspective, we could therefore consider the crystals to
behave as additional constrains, which result in what may
be termed the observed excess glass transition temperature.
We shall consider this effect to result from an array of
effective crystalline network nodes. This excess glass tran-
sition temperature, AT,,(D), at any dose is then simply the
difference between the experimentally measured 7y, (D) and
that which would be expected if all the entanglements,
radiation induced crosslinks etc were simply confined
within the residual amorphous faction. That is:

ATp(D) = TD) = | 10 ©) = m =D @)
C

If this is the correct interpretation of ATgQ(D), then this
should be related simply to the crystallinity of the system, at
all doses. Fig. 3 shows a plot of ATy, (D) against y., where
the latter parameter is derived from the dashed line in Fig. 2,
and the error bars in the former are estimated from the
variability seen in the measured glass transition temperature
at each dose. Assuming a linear relationship between the
number of effective crystalline network nodes and the crys-
tal faction, in the range 0-20% crystallinity, the resulting
correlation coefficient of 0.74 suggests that there is either
considerable uncertainty in the data, which is certainly
true in the low y. range, or that the assumed linear depen-
dence between crystallinity and constraint is inappropriate.
Indeed, this approach does not enable the form of the
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experimental T,,(D) data in Fig. 1 to be reproduced.
However, statistically, from Fig. 3, there is only about a
1% probability of AT,,(D) and . being completely uncor-
related. Crystallinity is therefore at the route of the effects
seen but, equally, Fig. 3 indicates that a model based solely
upon fractional crystallinity is insufficient. Consequently,
we have also considered the impact of structural dimensions
on T,

3.2. Dimensional constraint model

It has been suggested by Jonas et al. [18] that the glass
transition of the amorphous component of PEEK is inver-
sely related to its dimensions. Assuming the most simple
two phase model of lamellar crystals separated by amor-
phous regions, then:

j— lc
Xe= T (5a)
and
Ly =0 = x ), + L) (5b)

where [, and /. are the amorphous and crystalline layer
thicknesses, respectively. Kalika et al. [19] investigated
the relationship between [, and T, in PEEK using samples
prepared in a variety of ways and, for values of /, ranging
from 4 to 11 nm, 7, was found to decrease linearly with
increasing [, Whilst such a dependence may well hold
over a relatively narrow [, range, clearly, it cannot be
extended to include samples which contain few crystallites:
i.e. where [, is very large. To include such materials, an
alternative relationship must be devised, which should,
ideally, reflect the linearly decreasing dependence of T,
with increasing /, at small /, values, whilst tending towards
T, for a purely amorphous PEEK sample as [, — o0. Eq. (6)
below has the necessary attributes, which is the only reason
for its selection.

!
T, = T,(0) —[ h

e OB ©®

In this, K is an arbitrary constant such that, as [, — 0,
T, — T,(0) (T, for amorphous material fully constrained
by crystallinity) and, as [, — oo, T, — T,(00) (T, for amor-
phous material in the complete absence of crystallinity).
Eliminating [, from Eqs. (5a)—(6) and replacing the
constants K, T,(0) and Ty(o0) with values derived from the
data in Table 1, the glass transition temperature in unirra-
diated PEEK, Tg(lc, X.) in degrees Celsius, can be related
empirically to both the fractional crystallinity, y., and the
crystal thickness, /. in nanometers, as follows:

371(:(1 - Xc)
3'3)((: + lc(l - Xc)
This relationship could be refined by treating all the

included numerical constants as additional fitable para-
meters. We have not attempted to do this here: rather, the

Ty(les xe) = 180 — )

Table 1
Values of /, and T, used to estimate the parameters K, T,(0) and T,(c0)
used in Eq. (7)

1, (nm) T, (°C) Source

0 180 Ref. [16]
11.5 150 Ref. [16]
3 143 Fig. 1

indicated values were chosen simply to be consistent with
available relevant data. Finally, by combining Eqs. (4) and
(7) to incorporate the additional constraints that result from
the accumulation of crosslinks in the amorphous phase:

3710(1 - Xc)
3'3Xc + lc(l - Xc)

The dashed line in Fig. 1 was obtained using this equa-
tion: by including both crystallinty and crystal thickness, we
have quantitatively reproduced our experimental T, (D)
data.

The values for the two independent parameters, crystal-
line fraction, y., and crystal thickness, /., used to generate
the dashed line in Fig. 1 are shown in Fig. 4. Whilst resulting
agreement with the experimental 7y, (D) data is good, are
the values shown in Fig. 4 reasonable? The indicated y.
values are equivalent to the data in Fig. 2, where they are
represented by the dashed line. That is, we are assuming
similar crystal fractions develop rapidly during the first
heating scan and during rapid cooling in the DSC. Whilst
these two processes will not be exactly equivalent, the over-
all degree of crystallinity that forms in PEEK is generally
low [14,20,21], particularly when crystallization occurs
quickly. We therefore believe that the values chosen are
entirely reasonable. The apparent variation in /. is more
intriguing.

We are unaware of any direct measurements relating to
crystalline development in irradiated PEEK and, therefore,
any discussion of these data must be derived from indirect
evidence. Blundell and Osborn [14] used X-ray scattering
to investigate the effect of crystallization temperature on
both the crystallinity and crystal thickness of PEEK. They
reported values for these parameters that ranged from 19%
and 2 nm, for cold crystallization at 200°C, to 40% and
5.9 nm for isothermal crystallization from the melt at
320°C. Lee et al. [21] and Ivanov et al. [22] have reported
similar figures. In absolute terms, the data in Fig. 3 are
therefore comparable with experimental results. Indeed,
the highest /. value of 3.3 nm at D = 0 MGy corresponds
to a melt crystallization temperature of about 270°C [14,21].
Although this value is somewhat high, it does correspond to
the lowest isothermal melt crystallization temperature
accessed by Bassett et al. [23]. Thereafter, the monotonic
decrease in [, with dose can be related to two kinetic factors.

First, crosslinking inhibits crystal formation [8], such that
crystallization during cooling in the DSC would occur at
lower temperatures, so leading directly to reduced lamellar

Ty(D) = 180 — D ®

mll_Xc
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Fig. 4. Values of crystal thickness (l) and crystalline fraction (O) used in
conjunction with Eq. (8) to model the second scan dose dependent glass
transition data shown in Fig. 1.

thicknesses. In addition, time dependent small angle X-ray
scattering studies of the annealing behaviour of PEEK
suggest that, when crystals of PEEK are surrounded by
poorly constrained amorphous conformations, appreciable
thickening is possible [22]. Indeed, Hsiao et al. [24] have
argued that cold crystallized PEEK can contain a broad
population of lamellar thicknesses, which would certainly
indicate a wide range of stability. Time-resolved studies of
crystallization also indicate that the long period falls
significantly during the early stages of the process [24,25],
as a result of dominant/subsidiary crystallization. That is,
dominant lamellae form first and, as a result, the long period
is large. Subsequently, subsidiary lamellae develop within
the existing dominant framework and, consequently, the
observed long period falls. We therefore propose that, after
irradiation, crystals similarly form within the network but,
now, reject the crosslinks, which consequently accumulate
in amorphous regions and at lamellar surfaces. Molecular
relaxation studies indicate particular changes in these latter
regions [26]. The extent to which dominant lamellae are
able to thicken will therefore be reduced by the crosslink
density at their basal planes; subsidiary crystallization may,
nevertheless, occur within the remaining interstitial regions,
to an extent determined by the local defect concentration.
As a result, crystal thickness may be reduced after irradia-
tion and will tend towards the thickness of the initial nuclei.

Whilst the above analysis of crystallization parameters is
somewhat speculative at this point, it does explain the
observations and relies upon nothing more controversial
than the concept of reduced lamellar growth rates and

reduced isothermal thickening when crystal formation
occurs from a crosslinked melt. Thereafter, the dependence
of T, on dose is simple determined by a combination of
crosslink density and the additional constraints imposed
by neighbouring lamellae.

4. Conclusions

The effect of electron irradiation on the glass transition
temperature of PEEK has been studied up to 100 MGy. In
amorphous samples, 7, increases linearly with radiation
dose, suggesting that the crosslink density similarly increases
linearly within this dose range. Up to ~50 MGy, crystalliza-
tion occurs above T,. The presence of these crystallites serves
to impose further constraints upon the residual amorphous
fraction, which, consequently, exhibits increased T, values.
This behaviour has been explained by invoking a combination
of rejection of crosslinks to dimensionally constrained
amorphous regions and to lamellar surfaces, which con-
sequently, modifies crystallite development. Quantitatively,
the observed variations in 7, could only be explained through
the development of a model which explicitly includes both
overall crystallinity and crystal thickness.
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