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SYNOPSIS

The relaxational behavior of CR-39 (poly allyl diglycol carbonate) nuclear track detectors
was determined over a large temperature range (—100 to 125°C) including the glassy, glass
transition, and ionic conduction regions by means of dynamic mechanical and dielectrical
measurements, differential scanning colorimetry, linear coefficient of expansion, and es-
pecially thermally stimulated current methods owing to their high sensitivity and resolving
power. This investigation was carried out as a first step aimed, on the one hand, at finding
possible correlations between dosimetric performances, polymer morphology, and intrinsic
or extrinsic relaxations and, on the other hand, at determining the origin of the inconsistent
background and response properties, which are still a serious obstacle to the use of this
material as a personnel dosimeter in spite of its high sensitivity and wide response range.
Six distinct relaxation regions have been evidenced, most of which being to some extent
dependent on the sample investigated and its thermal history. From higher to lower tem-
peratures, these various relaxations have been ascribed to charge carrier migration over
macroscopic distances (p), glass transition («), nonequilibrium precursor motions of the
glass transition («'), and local mode motions of the diethylene—glycol dicarbonate links
(), diethylene glycol segments (), and carbonate groups (4). In addition to these intrinsic
relaxations, the as-received samples are also characterized by small-scale residual stresses
that relax out irreversibly at temperatures lower than the glass transition temperature T}.
The systematic study of the influence exercized by the position of a specimen in a given
sheet, and, for a given sample, by annealing, thermal cycling, and physical aging on relaxation
properties shows that, besides spatially inhomogeneous internal stresses, cross-linking
density, and cluster morphology, marked structural modifications and nonequilibrium pro-
cesses can occur by heating the polymer above T,. These phenomena deserve a great deal
of consideration because they could be key points for identifying the sources of the trou-
blesome fluctuations of dosimetric response. Relaxation studies thus appear as useful and
sensitive tools for a deeper understanding of the performance of CR-39 polymer as a track

recorder.
INTRODUCTION I
(6]
. . . I |
CR-39 polymer is a highly cross-linked poly (allyl , CH,—CH,—0—C—0—CH,—CH—CH,———

diglycol carbonate) whose structure can be sche-

O
matized as follows: \CHZ—CHZ—O—(|3|—0—CH2—(|IH—CH2————
0 I

* Research Associate of the National Fund for Scientific Re-

Sea{Ch (Belgium). In the structure presented, the broken bonds rep-
To whom correspondence should be addressed. ¢ N ¢ th linked th di

Journal of Applied Polymer Science, Vol. 44, 1027-1042 (1992) resent continuation o € cross-linke ree-di-

© 1992 John Wiley & Sons, Inc. CCC 0021-8995/92/061027-16304.00 mensional network.



1028 VANDERSCHUEREN ET AL.

This polycarbonate is now well established as the
most promising nuclear track detector for personnel
dosimetry of fast neutrons because of its ability to
detect recoil protons from tens of keV to the 10-20
MeV range, its high sensitivity and resolution, and
its low cost.!® For routine measurements and op-
erational applications, however, and in spite of the
considerable effort spent to find the optimum po-
lymerization conditions,”® a number of limitations
remain, related to the reproducibility, background,
aging, and fading properties of this material.® The
variability of background, in particular, which sets
the lower limit for a detectable dose, is one of the
more serious problems with CR-39.%'° As a matter
of fact, the background noise can markedly vary in
sheets from different manufacturers, from one batch
to another, from one part of a sheet to another part,
and even from one side to the other of a given sam-
ple; in addition, it also generally increases with the
age of the polymer and may be affected by the en-
vironmental conditions under which it is stored.>!
Severe variations in the response of different com-
mercial batches, as well as depth and spatial vari-
ations in sensitivity of a given batch, have also been
evidenced by several investigators.>!? Other sources
of trouble are, on the one hand, the more or less
rapid fall-off in sensitivity (fading) and increase in
background noise during the time delay between ir-
radiation and processing and, on the other hand,
the pronounced changes in sensitivity and polymer
properties by varying temperature in the range 0-
80°C, i.e., the range within which dosimeters are
used and processed.'®¢

All these troublesome effects and inconsistent
properties of CR-39 are still far from being fully
understood; since it appears that the performance
of this material as a nuclear track detector is mark-
edly influenced by its preparation,® they have been
tentatively related to variations and temporal de-
pendencies of the composition and morphology of
the polymer, possibly via cross-linking density and
structure inhomogeneities or instabilities. For ex-
ample, one possible explanation of the formation of
irregular nodules appearing as background noise af-
ter chemical etching could be inhomogeneous cross-
linking density, where densely cross-linked portions
remain after etching.® As far as the depth and spatial
variations in track recording properties are con-
cerned, the origin could possibly be found in inho-
mogeneous mechanical stresses present in the cast
polymer and resulting from large internal temper-
ature fluctuations and gradients (and even thermal
runaway ') taking place during curing from the lig-
uid monomer [diethylene glycol bis(allyl carbon-

ate)] as a consequence of the very exothermic nature
of the process (AH ~ 145 kJ mol™!)!® and the rel-
atively low thermal conductivity of the polymer'®
(large variations in thermal conductivity and dif-
fusivity have been measured during polymeriza-
tion?°). Also, fading, which has been shown to be
an intrinsic property of the polymer and not of the
latent tracks, could be due to the existence of me-
chanical stresses (perhaps in conjunction with the
excess carbon dioxide present in the material after
manufacture).”® Finally, the thermally induced
property changes may contribute to some of the in-
consistencies. Heat treatment has been reported to
alter the internal morphology of the polymer* and
possibly to induce the formation of a layer of en-
hanced bulk-etch rate, even in samples produced in
a curing cycle designed to yield uniform polymer-
ization with depth.’? While published data on the
effects of pre- or postirradiation annealing show
considerable and complex variations (in this view,
it should be noted that the high-temperature etching
must be considered as a form of postirradiation an-
nealing and should thus be taken into account in
interpreting the results*??).

It thus appears that a deeper knowledge of the
itrinsic and fundamental material characteristics
and, in particular, of the temperature domains cor-
responding to specific molecular motions (i.e., the
relaxational or transition behavior directly con-
nected with molecular mobility) is essential for a
better understanding of the performance of CR-39
as a track detector. It is well established that the
relaxation temperatures in polymers may be of con-
siderable technical importance in that they often
determine what may be called the “working tem-
perature range” of the glassy material.?*?* Not only
is the glass transition important but also minor re-
laxations occurring at lower temperatures (local or
secondary transitions) since it is often found that
the macroscopic properties of a glass are determined
by these relaxations (in particular, the mechanical
properties are generally superior above the so-called
B-transition temperature). It is also of particular
interest for constant properties in the temperature
range of use that energy-loss phenomena are small
and constant over this range.”® The determination
of location and properties of all the transitions is
also important because they are especially sensitive
to the presence of intrinsic inhomogeneities and in-
ternal stresses and to the aging phenomenon. In fact,
when a polymer is cooled and passes its glass tran-
sition temperature T}, the cooperative motions of
large parts of the main polymer chain are frozen in,
but in a gradual way determined by the change in
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free volume. So, below T}, the vitrification process
continues and the polymer is characterized by a more
or less large excess of free volume that progressively
decreases as a function of aging time. A glassy poly-
mer is thus never in the equilibrium state and un-
dergoes slow processes that attempt to recover this
equilibrium, i.e., the material becomes stiffer and
brittler and the diffusivity and transport properties
decrease. This will manifest itself in relaxation
measurements through a shift of the relaxation time
spectrum of molecular motions to longer time
scales. 28?7

So far, however, and surprisingly enough, no at-
tention has been systematically paid to the problems
of molecular mobility in CR-39. Only one research
team®?® has reported some dynamic mechanical re-
sults, showing that preparation from purified mono-
mer leads to a polymer with improved background
noise and sensitivity, having also higher overall
modulus and higher transition temperatures com-
pared to commercial materials (and thus probably
higher cross-linking density), which seems to es-
tablish a possible relation between dosimetric per-
formances and relaxation properties. In indirect
connection with these properties, it should also be
mentioned, on the one hand, the fact that the fading
can be reduced at freezer temperatures (—20°C),
which is probably a consequence of decreasing mo-
lecular mobility and, on the other hand, some ex-
periments involving study of UV absorbance and
track density as a function of annealing temperature,
showing an unusual pattern of behavior with the
appearance of marked minima and maxima attrib-
uted to compositional changes but possibly related
to molecular transitions.'

In the framework of a general investigation aimed
at determining the correlations between dosimetric
performances, polymer morphology, and molecular
transitions, we present in this paper the results of
a systematic study of the relaxational behavior of
unirradiated CR-39 polymer, carried out by means
of dynamic mechanical and dielectrical measure-
ments, differential scanning calorimetry, linear coef-
ficient of expansion, and thermally stimulated cur-
rent methods.

EXPERIMENTAL

Sample Preparation

All samples used in this study were cut by means of
a diamond-saw from the same commercial sheet of
Bristol CR-39, approximately 800 um thick. They

were obtained in the form of squares 2.5 X 2.5 cm?®
(for electrical measurements) or 0.2 X 0.2 cm? (for
DSC measurements) or rectangles 1 X 4 cm? (for
mechanical and expansion measurements). Pow-
dered specimens for DSC measurements were also
prepared by scraping sheets with a stainless-steel
rasp.

The samples for electrical measurements were
silver-coated with two measuring electrodes and a
guard ring (area of the guarded electrode 2.01 cm?)
in order to prevent surface leakage currents, and
they were then short-circuited until as the mea-
surements were started. All samples were kept over
phosphorus pentoxide at the freezer temperature
(—20°C).

Mechanical Measurements

The dynamic mechanical spectra were determined
by the method of forced oscillations in torsion with
a Rheometrics mechanical spectrometer model 800
(rectangular sample geometry). Measurements were
taken by heating the samples at a heating rate of
1°C min~! in the temperature range between —40
and 110°C using 1 Hz frequency of torsional vibra-
tions. The results are presented in terms of real shear
modulus G’ and loss factor tan 6 = G”/G'. During
the measurements, the sample ends were maintained
under a small, constant normal force and the
changes in length of the sample were recorded, al-
lowing the calculation of the evolution of the linear
coefficient of expansion.

DSC Measurements

The DSC measurements were carried out at a heat-
ing rate of 20°C min ' in the temperature range
between —40 and 110°C using a Perkin-Elmer-4
calorimeter. The samples were always placed in
identical positions in sealed aluminum pans.

Electrical Measurements

The measurements were performed at a heating rate
of 1°C min~! (dielectric measurements) or 6°C
min ! (thermally stimulated current measurements)
in the temperature range between —100 and 125°C
with a three-terminal electrode system under a con-
trolled nitrogen flow (25 cm® min™!) in a modified
dielectric test cell of a relaxation spectrometer
(Unirelax, Tetrahedron) where the heating and
cooling rates were controlled by an automatic tem-
perature programming system (Wizard 1501, Tet-
rahedron). The electrical connections between the
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metal-coated samples and the electrodes of the cell
were established via silver-pasted thin copper wires
so that the samples were maintained freely in the
cell and no pressure was exerted on them during the
measurement. This procedure was found necessary
to obtain reproducible results and to avoid the pres-
ence of spurious or exceedingly noisy currents, often
accompanying the volumic variations of the samples
during heating.

For dynamic dielectrical measurements, the
spectrometer was provided with a General Radio
bridge (type 1615-A) together with an oscillator-
detector (General Radio, type 1232-A), allowing the
determination of the complex dielectric constant in
the frequency range from 1072 to 102 kHz. The re-
sults are presented in terms of the imaginary part
of the dielectric constant (€”) as a function of tem-
perature.

For thermally stimulated current (TSC) mea-
surements, the spectrometer was provided with a
stabilized dc generator (VG Electronics) and a cur-
rent detector ( Keithley electrometer, type 616). The
thermal cycles of polarization and depolarization
consisted of the following steps:

1. Cooling the samples to a temperature T
= —100°C at a rate b, = 10°C min ! in short-
circuit conditions.

2. Application of a dc field F, ranging from 2.5
to 12.5 X 10° Vm™! and linear heating at a
rate b, = 6°C min ' up to various maximum
polarization temperatures T,. The current
recorded during this step is the thermally
stimulated polarization current (TSPC).

3. Cooling in the field to the temperature T, at
the rate b..

4. Disconnecting the dc supply and linear heat-
ing of the short-circuited samples at the rate
by,. The current recorded during this step is
the thermally stimulated depolarization cur-
rent (TSDC).

To test the possible presence of a spontaneous
polarization in the specimens, some experiments
have also been performed by heating as-received
samples short-circuited through the electrometer,
that is, without any external voltage being previously
applied. The current recorded is a particular case of
TSDC, which is designated by “TSDC under zero
bias voltage” or thermally stimulated spontaneous
current (TSSC).

For all types of experiments, physical aging and
annealing at various temperatures were always
achieved entirely in the measuring cell.

RESULTS AND DISCUSSION

Thermally Stimulated Spontaneous Currents
(TSSC) and Differential Scanning
Calorimetry (DSC)

Figure 1 shows the temperature dependence of short-
circuit currents observed during the course of a
spontaneous depolarization carried out from room
temperature (RT') to 110°C on a series of samples
cut from the same CR-39 as-received sheet (first
heating cycle). In each case, significant TSS cur-
rents have been obtained, thus reflecting the initial
existence of a nonnegligible internal polarization.
Their polarity depends on the configuration of the
specimens relative to the electrodes, but, for con-
venience of comparison, they are all plotted in the
same conventional direction. In all but one case, the
main feature of these curves is the presence of a
single current peak extending in a range from RT
to approximately 90°C with a maximum tempera-
ture Ty at 70 + 5°C. Most generally, the maximum
current amplitude is of the order of 4-107% to
6-107* A, with a corresponding polarization of
4-107° to 8-107° C cm™2. Some samples show a
more particular behavior, however, being charac-
terized either by spectacularly larger current and
polarization (Fig. 1, curve — - + «+ —) or by a current
reversal occurring near 70°C (Fig. 1, curve — —).
In principle, such a reversal could result from the
existence of two competing processes or, more prob-
ably, of an important inhomogeneity of charge dis-
tribution in the sample volume.

In DSC thermograms, a well-defined endothermal

lissc [ x10%A)

-1+

20

Temperature (°C)

Figure 1 Thermally stimulated spontaneous currents
obtained from various as-received CR-39 samples.
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peak characterized by significant variations in am-
plitude and shape from sample to sample also always
appears in a similar temperature range during the
first heating stage (Fig. 2) and is also present, often
with a higher magnitude, in powdered samples
(Fig. 3).

Both TSSC peaks and DSC endotherms are very
sensitive to preannealing and aging treatments. If
performed at temperatures lower than T}y, they give
rise to a progressive shifting to higher temperature
and decrease in amplitude of the peak, these effects
being larger as the annealing temperature and time
are higher (Figs. 4 and 5). As far as thermally stim-
ulated experiments are concerned, these results are
similar to those observed by applying the partial
heating technique to TSDC peaks and can be as-
cribed to a gradual depolarization of the sample in-
volving a large distribution of relaxation times.?**
For higher annealing temperatures and whatever the
annealing time, these peaks are no more visible on
a second T'SSC or DSC run carried out in the same
conditions on the same specimens, even if rapid
cooling was used (10-50°C min!) between the
heating cycles. This proves not only their nonre-
versible nature, but also shows that the underlying
process cannot be related to a nonequilibrium re-
laxation directly resulting from cooling through T},
(located in the vicinity of 90°C, see following sec-
tion). In addition, the TSSC peaks and DSC en-
dotherms cannot be correlated to any known intrin-
sic transition of the polymer (no relaxation peak
can be situated in this temperature region, see fol-
lowing section), to a thermal detrapping of charge
carriers possibly injected during manipulation of the
samples (which could not explain the DSC results),
or to a disorientation of chain segments from some
previous aligned configuration possibly frozen in

dH/dt{mcal. sec™!)
0.50

o 1 1 1 1
40 60 80 100

Temperature (°C)

Figure 2 DSC thermograms of various CR-39 samples
in sheet form. First heating ( ) and second heating

(---).

0.7

dH/dt{mcal.sec™)

-1
10 50 90
Temperature (°C})
Figure 3 DSC thermograms of various CR-39 pow-
dered samples. First heating ( ) and second heating

(---).

during the casting process (which could not explain
the DSC endotherms observed with powdered spec-
imens).

Of course, some kind of nonequilibrium mecha-
nism must be advocated. The most plausible is the
presence, in as-received samples, of plastic insta-
bilities and unrelaxed small-scale stresses that could
be direct consequences of the large internal tem-
perature fluctuations and gradients taking place
during curing and already postulated for interpreting
the depth and spatial variation in track recording
properties.™? If such is the case, the TSSC and DSC
methods could become very useful and sensitive tools
for evidencing internal stresses too small to be found
by birefringence measurements and for quantifying
them at various places of a given sheet. The exact
molecular mechanism involved, however, remains
unclear. The relaxation of residual stresses must
obviously be related to some increase in molecular
mobility and could result from localized motions of

Irgsc( x107A)

40 60 80 100
Temperature (*C)

Figure 4 Effect of preannealing treatment on TSSC of
CR-39 sheets. The solid line refer to a typical spectrum
obtained from as-received samples. The dashed curve was
observed after previous annealing at 60°C during 2 h.
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dH/dt {mcal.sec™)

0 50 90 10

Temperature {°C)
Figure 5 Effect of preannealing treatments on DSC
thermograms of CR-39 powdered specimens. As-received
sample ( ), annealing at 40°C during 1 h (- - -), and
annealing at 75°C during 30 min (—-—).

main-chain segments precursor of the glass transi-
tion (i.e., corresponding to the lowest relaxation
times of the distribution associated with the glass
transition).

Besides the peak or current reversal occurring in
the vicinity of 70°C, the T'SSC spectra are also
characterized in the high-temperature range by a
steadily increasing current of polarity similar or op-
posite to that of the main peak, depending on the
considered sample. This is a purely electrical effect
and a common feature to most polymers. The perfect
explanation of its generation is still obscure. It does
not arise from stored charges but could result from
internally created charge gradients along the thick-
ness direction of the film, thermal degradation,
thermoelectric effects, contact electrification, or
small electrochemical potential differences between
the two electrodes.?%3!

Thermally Stimulated Depolarization and
Polarization Currents (TSDC and TSPC)

The TSDC method was used as the first step aimed
at determining the intrinsic molecular mobility and
transport properties in CR-39 because this technique
is now considered as a very sensitive probe of kinetic
transitions, molecular relaxation processes, ionic
migration, and/or carrier release of traps in poly-
mers. As far as dipolar phenomena are concerned,
a TSDC spectrum is somewhat similar to the more
conventional dielectric loss curves plotted as a func-
tion of temperature (¢’ or tan §-T measurements).
The TSDC method is, however, inherently more
sensitive, and owing to its low equivalent frequency
(1072-10"* Hz), the resolution is usually much bet-
ter.2%° On the other hand, it also has some disad-
vantages associated to the variety and complexity
of interfering mechanisms and to the fact that the
smallest internal motions can be evidenced only at

very low temperatures. Most of the time, it has, thus,
to be cross-checked and complemented by other
methods in order to obtain a complete picture of the
temperature-dependent relaxations.*

The TSPC method, consisting of registering the
charging instead of discharging current as a function
of temperature, provides a first useful complement
to the TSDC method, allowing, in particular, one to
distinguish between dipolar and ionic migration
processes, but it is subject to additional difficulties
resulting from the possible superposition of internal
conduction or injection currents.*

Figure 6 shows typical TSDC and TSPC spectra
observed from —80 to 140°C in a CR-39 sample po-
larized at 125°C in a dc field of strength F, = 6.2
X 10° V m™! during a time of 10 min (for the sake
of comparison, they are both reported in the same
conventional direction, although their polarities are
obviously opposite). The TSDC spectrum is char-
acterized by at least six distinct peaks that have
been labeled p, o, o, 82, 81, and v in order of de-
creasing temperatures. There is no general agree-
ment in peak designation for polymers presenting
several transitions, and this is a source of some con-
fusion in the literature. In dielectric and mechanical
loss measurements, the peaks are often labeled from
higher to lower temperatures with the successive
letters of the Greek alphabet «, 8, v, and so on, but
there is a marked trend for designating the glass
transition by « and the highest intrinsic secondary
relaxation by 8.2 So, when other types of peak occur
in certain circumstances, we find it more advisable
to use a complementary terminology. This is the
case here for the p peak, appearing only by the TSDC
method, and the o' peak, which is probably a non-
equilibrium relaxation not typical of the polymeric
structure (see below). In addition, the large peak
located below 0°C appears unique in some samples
(B type) but structured in others (case represented
in Fig. 6), so it was found advisable to designate the
two components, when present, by 8, and 3,.

As shown in Figure 7, nonnegligible variations in
shape, position, amplitude, and structuration of the
TSDC peaks can be observed in different samples,
but the most significant of them occur in the p and
o regions.

The p TSDC peak usually appears with a distinct
maximum (ranging from 105 to 125°C) only for po-
larization temperatures T}, higher than 125°C (Fig.
8). For T, higher than 130°C, it gradually shifts
toward higher temperatures and markedly increases
in amplitude, becoming rapidly predominant with
respect to the a peak, which, consequently, is only
visible as a small shoulder in its initial part (there-
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Figure 6 Typical TSDC (

1
90 140
Temperature (°C}

) and TSPC (- — -) spectra of CR-39. For convenience

of comparison, both are reported in the same conventional direction.

fore a 10°C increase of T}, gives rise to an intensity
increase of more than one order of magnitude).
Qualitatively, these properties are typical of ionic
processes, which is confirmed by the fact that the p
peak has no equivalent in the TSPC spectra (where
a steadily increasing conduction current is observed
instead) or in dielectric or mechanical measure-
ments (see following sections). There is thus no
doubt that it results essentially from a polarization
process involving charge carrier migration over
macroscopic distances (space charge polarization
due to the unavoidable presence of small amounts
of ionic impurities in the matrix). In fact, the pres-

ence of such a p peak in TSDC curves is a common
feature of practically all polymers,??° but its very
high sensitivity to polarization conditions such as
found in CR-39 is rather unusual and has no obvious
explanation. In particular, its rapidly increasing
amplitude as a function of T, can be ascribed neither
to an abrupt increase in molecular mobility in the
corresponding temperature range ( which cannot be
evidenced by mechanical measurements, e.g.) nor to
a marked increase in the number of charge carriers
involved (due to degradative processes) because
there is no corresponding spectacular increase in
ohmic conductivity.

-
N

= 11gpc { x107A)

L
-10

40

I
140

1
90
Temperature (°C)

Figure 7 Typical variations observed in the TSDC spectra recorded from various CR-
39 samples. F, = 12.5 X 10° V/m, T, = 125°C, ¢, = 10 min.
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As seen in Figure 9, which gives an Arrhenius
plot in which the logarithm of conductivity is plotted
as a function of the reciprocal of temperature, the
p region is, instead, characterized by a progressive
decrease in slope at high temperatures. At this stage,
we think that this phenomenon could reflect mor-
phological variations of the matrix, inducing new
structural defects that may play a major role in elec-
trical transport properties by supplying new trapping
sites and thus increasing the charge storage capacity.
This is not to say that degradation is not also im-
plied, but more experimental evidence is needed for
complete understanding.

The a TSDC peak can be well resolved by using
polarization temperatures a little bit lower than
125°C and polarization times lower than 15 min, for
which it is only slightly deformed in its low- and
high-temperature parts by the « and p peaks, re-
spectively (Fig. 8). A complete elimination of the p
small shoulder would be possible by lowering T,
but, under these conditions, a partial truncation of
the «a distributed relaxation would occur and the ob-
served maximum would no more correspond to the
exact location of the transition.?®3® Unless otherwise
specified, the polarization conditions used through-
out for studying the properties of the a peak were
T, = 124°C and ¢, = 10 min.

-
(4]

Iispct x107A) lisoc (x10"4)

Temperature {(°C)

Figure 8 Influence of polarization temperature on the
TSDC spectra of CR-39. F, = 12.5 X 10° V/m, ¢, = 10
min, T, = 124°C (——), 126°C (---), and 134°C
(—-—).
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Figure 9 Arrhenius plot of apparent conductivity (as
determined from TSPC measurements) of a CR-39 sample
in the « and p regions.

During a first heating cycle, the « peak can be
situated at 90 + 1°C for all the samples investigated,
1.e., close to the glass transition temperature as
specified by manufacturers of similar polymers
(85°C).*2 Its relation with the glass transition is
confirmed by the following facts: (1) its high am-
plitude and asymmetrical shape are typical of this
kind of transition as seen in TSDC measurements>’;
(2) its position and amplitude are only slightly sen-
sitive to slight variations in the polarization con-
ditions; (3) it corresponds closely to the beginning
of the conduction current observed in the TSPC
curves (Fig. 6) and thus to a temperature region
characterized by a high molecular mobility (neces-
sary for charge carrier transport); (4) it is revealed
in TSPC measurements by a break in slope in the
Arrhenius plotlog ¢ = f(1/T') (Fig. 9); and, finally,
(5) it has its equivalent in dielectrical and mechan-
ical loss measurements (see following section) but
not in DSC thermograms, which are not sensitive
enough for detecting glass transition in highly cross-
linked materials.

There is thus no doubt that the « TSDC peak is
associated with micro-Brownian motions of chain
segments, but a systematic study of the field depen-
dence and of the influence of thermal history shows
that some other mechanisms are probably involved.
As seen in Figure 10, the maximum intensity of the
a peak increases less than linearly with increasing
field strength. This behavior is more typical of an
ionic migration process (for which the gradual ac-
cumulation of carriers near the electrodes rapidly
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decreases the effective directing field) than of an
uniform volume dipolar polarization (for which a
strict proportionality to the field strength is ex-
pected).?3° Moreover, repeated cooling-heating se-
quences on a given sample induce a gradual decrease
in peak intensity and shift of its position toward
lower temperatures, so that, during a fourth heating
cycle, the maximum temperature can be situated at
81 + 1°C, i.e., approximately 10°C less than during
the first cycle (Fig. 11). This is confirmed in TSPC
curves where the break in slope in the conductivity
Arrhenius plots undergoes a similar shift (Fig. 12).

It must also be noted from this figure that im-
portant changes in the absolute values of conduc-
tivity are observed during successive cycles. This
complex behavior cannot be ascribed to a progressive
degradation of the material (e.g., decrease in cross-
linking density) since this phenomenon should un-
avoidably cause an important increase in ohmic
conductivity from cycle to cycle, when a significant
decrease from third to fourth cycles is observed in-
stead. More probably, it must be related to a gradual
change in the polymer morphology. It has been
postulated®® and confirmed by us®* that even in a
fully polymerized CR-39 material some difference
in the network structure between the original mi-
crogel particles and the polymer in the intersticial
space can survive, such inhomogeneities being per-
haps one of the reasons for anomalous etching and
response fluctuations. In this view, the progressive
shift of T, toward lower temperatures and the de-

Iu(a)( x102A)
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Figure 10 Influence of polarization voltage on the
maximum intensity of the « TSDC peak of CR-39.
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Figure 11 Influence of repeated thermal cycles on the
TSDC « regions of CR-39.
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Figure 12 Influence of repeated thermal cycles on the
Arrhenius plots of apparent conductivity (as determined
from TSPC measurements) of a CR-39 sample in the «
and p regions. The arrows show the gradual shift of the
slope break corresponding to 7.
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crease in amplitude of the o TSDC peak in succes-
sive heating cycles could suggest that the polymer
gradually gains a more homogeneous structure (de-
crease in the interfacial component of the « peak®).
It should also be mentioned that this « transition
could be correlated with the minima observed by Ipe
and Ziemer' in the 60-80°C range in their curves
of net track density and UV-absorbance as a func-
tion of annealing temperature.

The o peak always appears in thermally stimu-
lated current curves in the form of a more or less
well-individualized shoulder on the low-temperature
side of the a relaxation. Its characteristics of am-
plitude, shape, and position vary markedly from
sample to sample (Figs. 7 and 13), depend on the
type ('TSDC or TSPC) of measuring technique (Fig.
13), and, for a given specimen, are also highly sen-
sitive to the thermal history but in an apparently
unpredictable way. By using repeated heating—cool-
ing sequences, in particular, the « peak can grow
from the first to the second cycle and then gradually
decrease (Fig. 14) or, alternatively, it can undergo
no significant variation during the first cycles and
then decrease or increase depending on the sample
investigated. By using various field strengths during
the successive cycles, similar types of evolution are
observed, sometimes accompanied by shift and
structuration of the peak (Fig. 15). All these ex-
perimental facts seem to indicate that these appar-
ently erratic variations cannot be attributed only to

lispcl ¥10%A)

5»—
1,7 Sample t
2,2: zumpllz § a’
AN 3,3 Sample
3
2+
[
0 1 I 1

20 40 60
Temperature {°C)
Figure 13 Typical o peaks observed in the TSDC

(~~~) and TSPC ( ) spectra of three different CR-
39 samples. F, = 6.2 X 10°V/m, T, = 124°C, t, = 10 min.
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Figure 14 Influence of repeated thermal cycles on the
o TSPC region of a CR-39 sample. F, = 2.5 X 10° V/m,
maximum temperature reached after each cycle = 124°C.

the possible structural modifications and that the o’
relaxation is, in fact, not characteristic of the equi-
librium state of the polymer. It is very probable that
it has to be related to the so-called “intermediate”
relaxations that have been reported to appear in a
number of polymers as nonequilibrium shoulders on
the dissipation curves over the temperature range
of 40-80°C for low-frequency measurements.?*3>-37
Generally speaking, this kind of intermediate relax-
ation could be considered as a more or less proximate

12 cycle 3
Iyspe (x07°A) 11000V

3+

50
Ternperature {*C)

Figure 15 Influence of repeated thermal cycles per-
formed with various applied voltages on the o TSPC re-
gion of a CR-39 sample. The maximum temperature
reached after each cycle was 124°C.
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nonequilibrium precursor of the glass transition re-
sulting from the motion of several repeat units of
the polymer chain, made possible by the increase in
free volume and molecular mobility consecutive to
the cooling through T,. However, little is known
about its detailed molecular mechanism and it re-
mains unclear why an erratic evolution is observed
in a given sample from cycle to cycle, even though
the cooling process is well controiled and always
identical in all experiments.

The 8 peak, widely spread between —40 and 20°C,
appears usually composed of two overlapping, poorly
resolved peaks (3; and ; in order of increasing tem-
peratures). Occasionally, however, a one-peak
structure is found in some samples, whereas, for a
given specimen, the complex nature of the § region
is always better evidenced in TSPC than in TSDC
measurements (Fig. 6). On the other hand, an-
nealing experiments carried out at temperatures
lower than 125°C or successive heatings performed
up to temperatures not exceeding 125°C do not lead
to significant variations in the properties of the
TSDC or TSPC 8 peaks, and it is thus probable that
they correspond to an intrinsic, complex local mode
relaxation of the polymer. Their temperature range
is too high for assigning them to local reorientation
motions of the carbonate groups alone, since, in most
polymers containing such groups, the corresponding
TSDC peak occurs at temperatures lower than
—100°C (—130°C in polydiancarbonate,® e.g.).
More probably, they result from motions involving
the entire diethylene glycol dicarbonate (DEGDC)
links, perhaps with some cooperation of the main
polyallyl chains. This could explain the complex na-
ture of the 8 relaxation since some of these DEGDC
entities may exist in a cyclized form or may be ter-
minated at one end by residual allyl groups.®* In
this hypothesis, the variations observed from sample
to sample could be a good and sensitive probe of the
spatial variations in cross-linking density and ho-
mogeneity.

The v peak invariably appears as a small shoulder
on the low-temperature side of the 8 peak and can
be approximately located near —60°C (Fig. 6). It is
well reproducible from sample to sample and is in-
sensitive to thermal history. Since its temperature
range is still too high for relating it to carbonate
groups, it is probable, if the hypothesis about the
origin of the 8 relaxation is correct, that the v re-
laxation involves motions of smaller segments of the
DEGDOC links, for example, crankshaft-type motions
of diethylene glycol groups, but more experimental
evidence would be needed for a final attribution.

Dielectric Measurements

The temperature dependence of the imaginary part
€” of the dielectric constant at four frequencies rang-
ing from 5-107! to 10 kHz is shown in Figure 16.
Two well-individualized loss maxima are observed:
a small « peak at temperatures higher than 100°C
and a large & peak at temperatures lower than
—20°C. For the lower frequencies used, a small
shoulder is also obtained in the intermediate tem-
perature range. As expected, the entire spectrum
shifts to higher temperatures with increasing fre-
quency but the effect is less and less pronounced
from low to high temperatures, so that the resolution
gradually decreases. In particular, the intermediate
shoulder seems to undergo a gradual suppression
and ultimately disappears at the highest frequencies,
which obviously results from its progressive merging
with the « peak.

In the range investigated, the maximum temper-
ature of the a peak varies only slightly with mea-
suring frequency (from 104 to 114°C in the example
shown), which corresponds to a high apparent ac-
tivation energy of several eV, typical of a glass tran-
sition process. Clearly, this dielectric loss peak cor-
responds to the o TSDC peak, the difference in po-
sition resulting logically from the low equivalent
frequency of the TSDC method (approximately 1073
Hz for the heating rate used of 6°C min *). A direct
comparison is, however, not possible by extrapola-
tion of the dielectric results at the equivalent fre-
quency of TSDC, because in this temperature range,
the log frequency vs. 1/ T plot exhibits a curvature
more or less consistent with an equation of the WLF
form.

€°(x10?)

4

L 1 1 )
100 -60 -20 20 60 100 W0 180
Temperature (°C)

Figure 16 Temperature dependence of dielectric losses
of CR-39 at 0.5 kHz (—-—), 1 kHz (. . . .), 2 kHz
(~---),and 10 kHz ( ).
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The é peak is characterized by a maximum tem-
perature varying markedly with measuring fre-
quency (from —50°C to —22°C for frequencies rang-
ing from 5-107! to 10 kHz). Figure 17 gives the
corresponding log frequency vs. 1/ T plot (the thick
part of the line indicates the region of the measure-
ments, whereas the thin part is extrapolation),
showing a linear dependence typical of a thermally
activated Arrhenius process with an activation en-
ergy of about 0.5 eV. The extrapolated curve shows
clearly that the é peak cannot be associated with
any of the low-temperature relaxations observed in
TSDC measurements since maximum temperatures
lower than —100°C would be expected for measuring
frequencies of the order of the TSDC equivalent fre-
quency. In fact, the extrapolated value at 1 Hz
(—93°C) is compatible with the maximum temper-
atures of the local mode relaxation processes ob-
served by mechanical and dielectric measurements
at a similar frequency in several polycarbonates
(=90 to —110°C) such as polydian carbonate,
poly (bis-ortho-cresol A carbonate), or poly(bis-

log f (Hz)
L
3._
2._
]._
-93°C
O
1 |
4 5 6
103/T (K)

Figure 17 Frequency-temperature Arrhenius plot of the
& dielectric loss maxima of CR-39.

phenol acetophenone carbonate)*®! and the
extrapolated value at 102 Hz (about —135°C) is in
good agreement with the maximum temperature of
the low-temperature T'SDC peak obtained in poly-
dian carbonate (—130°C).*® It thus seems reasonable
to postulate the same origin for the ¢ loss peak of
CR-39, i.e., local motions of the carbonate groups.??

The intermediate relaxation appearing as a small
shoulder in the increasing part of the a peak can
probably be related, at least in part, to the « non-
equilibrium relaxation because its properties are
markedly dependent on the sample investigated and,
for a given sample, on the thermal history. However,
on account of its temperature range, it is likely that
some contribution of the 3 relaxation evidenced in
TSDC measurements is involved, this complex
structure resulting from the merging of the two pro-
cesses at the frequencies used. As far as the small v
relaxation is concerned, it is expected from equiv-
alent frequency estimation to appear near 0°C (1
kHz) and is thus probably masked by the high-tem-
perature part of the § peak.

Mechanical and Thermal Expansion
Measurements

The results of isochronal measurements of dynamic
mechanical spectra for various samples are shown
in Figure 18. On account of the measuring frequency
(1 Hz) and their temperature range, the peaks ob-
served in the loss factor vs. temperature curves can
be easily correlated with the TSDC and dielectric
relaxations. The broad loss peak at low temperatures
{centered at about 10°C) reflects the complex 3 re-
laxation process, the important peak with a maxi-
mum temperature of about 95°C is the manifestation
of the glass transition (« process}, and the shoulder
approximately located between 50 and 70°C corre-
sponds to the nonequilibrium «' relaxation. As ex-
pected, each loss peak is accompanied by a drop in
the corresponding real shear modulus (G’) curve,
but, surprisingly enough, the most intense effect is
obtained in the o region, unambiguously showing
the important role played by nonequilibrium effects
in the properties of this material. In the T, range,
the variations in shear modulus are faint and the
damping peak is broad, which confirms that the
polymer is characterized by a high degree of cross-
linking.2*4243 Qccasionally, however, an unusual be-
havior was observed in some samples, showing a
sudden sharp increase of the shear modulus by ap-
proaching 7, (Fig. 19). This is probably an indi-
cation that these samples were not fully cured and
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that a cross-linking reaction occurred during the
tests.?

Figure 20 shows the temperature dependence of
the length of various CR-39 samples, expressed in
terms of the linear coefficient of expansion ap de-
fined by dL/LdT, where L is the current length of
the specimen. All the curves have the same general
shape, being characterized by an apparently well-
defined peak in the vicinity of 55°C, i.e., in the o
relaxation range. Taking into account the nonequi-
librium nature of this relaxation, the peak could, in
fact, be a consequence of the existence, besides the
normal reversible thermal expansion effect, of an
entropic contraction component leading to a tem-
porary fall of ap in the corresponding limited tem-
perature region (55-80°C).

Further experimental evidence of the nonequilib-
rium character of the «' relaxation is given by an-
nealing and aging experiments carried out at tem-
peratures lower than the glass transition tempera-
ture. As shown in Figures 21 and 22, as a matter of

tand,
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Figure 18 Temperature dependence of real part of shear
modulus (G’) and loss factor (tan é) for various CR-39
samples. The identically symbolized curves in the two
types of measurements refer to same samples.
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Figure 19 Temperature dependence of real part of shear
modulus G’ observed for two CR-39 samples probably not
fully cured.

fact, annealing a sample at 75°C during 2 h gives
rise to pronounced changes in the o range; the G’
and a vs. T curves are markedly smoothed and the
shoulder in the tan é vs. T curve almost completely
disappears.

CONCLUSIONS

As a first step of a study aimed at determining, on
the one hand, the origin of background and sensi-
tivity fluctuations of CR-39 nuclear track detectors
and, on the other hand, the existence of possible
structure-dosimetric response correlations, the re-
laxational behavior of this material has been inves-
tigated over a temperature range sufficient to include
the glassy, glass transition, and ionic migration re-
gions and by using various complementary methods,
most efforts having been concentrated on the ther-

Qe 10° (K™)

1 L 1 L
60 80 100 120
Ternperature (°C}

Figure 20 Temperature dependence of expansion coef-
ficient of various CR-39 samples.
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Figure 21 Effect of preannealing treatment on the
temperature dependence of real part of shear modulus (G')
and loss factor (tan §) of CR-39. Curves obtained before
( ) and after (- - —) annealing at 75°C during 2 h.

mally stimulated methods owing to their high sen-
sitivity and high resolving power consecutive to
the low equivalent measuring frequency involved
(~102Hz).

From the thermally stimulated spontaneous cur-
rents (TSSC) and DSC experiments, it has been
shown that small-scale residual stresses are always
present in the as-received samples, probably result-
ing from internal temperature variations and gra-
dients produced during the curing process. The
nonequilibrium stresses, which relax out irreversibly
at temperatures below T, show considerable differ-
ences in samples cut from the same original sheet
and could contribute significantly to the depth and
spatial variations observed in track recording prop-
erties.

In samples from which the stresses were previ-
ously eliminated, six distinct relaxation regions, la-
beled p, a, o, 8, v, and & from higher to lower tem-
peratures, have been evidenced by means of ther-
mally stimulated currents, dynamic dielectrical, and
dynamic mechanical measurements.

The p relaxation, typical of the TSDC spectrum,
results from a polarization process involving charge
carrier migration over macroscopic distances (space
charge polarization). The unexpectedly large vari-

ations observed as a function of the polarization
conditions lead to the conclusion that, at tempera-
tures higher than 125°C, important morphological
changes occur in the matrix, giving rise to new
structural defects and, thus, increasing the charge
storage capacity.

The « relaxation undoubtedly reflects the glass
transition of the polymer, i.e., cooperative motions
of large parts of the main chain. Its position ob-
viously depends on the method used via the mea-
suring frequency, but from quasi-static TSDC mea-
surements, T, can be situated at about 90°C, at least
during a first heating cycle. Repeated cooling—heat-
ing sequences gradually induce a decrease of this T},
value and a decrease in amplitude of the relaxation,
which has been attributed to the progressive dis-
appearance of previous inhomogeneities due to sep-
aration of cross-linked polymeric clusters.

The intermediate o relaxation is a nonequilib-
rium relaxation, very sensitive to thermal history
and physical aging effects in a rather erratic manner.
It should be considered as a more or less proximate
nonequilibrium precursor of the glass transition in-
volving motion of several repeat units of the polymer
chain, made possible by the increase in free volume
and molecular mobility consecutive to the cooling
through T,. The exact molecular mechanism, how-
ever, is not still fully understood.

The low-temperature 3, v, and § relaxations are
local mode molecular transitions taking place in the
glassy region and resulting from more or less limited
motions of smaller groups. The  relaxation is a
complex one that can be probably ascribed to mo-
tions of the diethylene glycol dicarbonate entities
that can exist under various forms in the polymeric
network (inter- and intrachain links, side chains

30FQpx0* (K™

-40 0 40 80 120
Temperature (*C)

Figure 22 Effect of preannealing treatment on the
temperature dependence of expansion coefficient of CR-
39. Curves obtained before ( ) and after (- - -) an-
nealing at 75°C during 2 h.
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ended by residual allyl groups). The weak v relax-
ation, only seen in TSDC measurements, has been
tentatively attributed to more local motions of the
diethylene glycol segments in the same entities,
whereas the large 6 relaxation, only evidenced in
dynamic dielectric measurements, seems related to
motions of the carbonate groups.

Even in stress-free materials, most of these re-
laxations are to some extent dependent on the sam-
ple investigated, probably as a result of spatially in-
homogeneous cross-linking density and cluster
morphology, i.e., structural variations that could also
contribute to some of the inconsistencies encoun-
tered in the dosimetric applications. In addition, the
relaxational behavior of a given sample is also very
sensitive to annealing, thermal cycling, and physical
aging processes even at the low-temperature level,
showing, on the one hand, that nonequilibrium ef-
fects can play an important role in the material
properties and, on the other hand, that heating above
T, can induce, besides possible degradation and
compositional changes, marked morphological
modifications of the matrix, consisting in a first step
(T < 125°C) of a gradual homogenization of the
network structure, leveling the differences between
the original microgel particles and the intersticial
polymer, and in a second step (T > 125°C), of a
structural reorganization producing new structural
defects. These structural variations could explain
the complex influence exercized by annealing pro-
cedures on the background track recording and fad-
ing properties of CR-39 as well as the irregular tracks
appearing as background noise after chemical etch-
ing (because etching must be considered as an in-
stance of postirradiation annealing). Generally
speaking, the relaxational methods thus appear as
useful and sensitive tools for evidencing and char-
acterizing the possible sources of dosimetric re-
sponse fluctuations, i.e., internal stresses, structural
defects, and inhomogeneities, plastic instabilities
leading to nonequilibrium effects, and thermally in-
duced morphological modifications.

The authors are greatly indebted to the Etablissement
Technique Central de I’Armement ( Arcueil, France) for
financing this study and supplying the samples.
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