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The crystallization kinetics of polyamide-12

Abstract The crystallization kinetics
of polyamide-12 has been investi-
gated using a combination of differ-
ential scanning calorimetry (DSC)
and hot-stage optical microscopy.
The DSC data for isothermal crys-
tallization were consistent with a
simple two-parameter Avrami model
for isothermal crystallization and
optical measurements of the
spherulite growth rates and nucle-
ation density. On the basis of semi-
empirical expressions for these

quantities, it is shown that with
small adjustments the model can
also account for DSC data for
nonisothermal crystallization, pro-
vided that corrections are made for
the dynamic heat balance between
the sample and the DSC oven.
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Introduction

The aim of this work is to provide a working analytical
description of the crystallization kinetics of polyamide-
12 (PA-12) in the range of temperatures readily acces-
sible to crystallization experiments in the differential
scanning calorimeter and to hot-stage light microscopy.
PA-12 has attracted considerable recent interest as a
matrix for fibre-reinforced composites. As with any
semicrystalline thermoplastic of commercial importance,
a description of the parameters that govern its crystal-
lization kinetics is of great interest, being central to any
rational approach to thermomechanical processing.

At relatively high temperatures and under quiescent
conditions, the crystallization of PA-12 from the melt
proceeds by nucleation and growth of spherulites. If
adequate descriptions of the nucleation rate, «, and the
spherulite growth rate, G, are available, the crystallization
kinetics may therefore be modelled using the classical
approach often attributed to Avrami, but which was
developed independently by a number of authors [1, 2, 3,
4, 5]. Alternatively, o and G may be inferred from the
crystallization kinetics as reflected by differential scanning
calorimetry (DSC) data, say. In this latter approach,

apparent deviations from ideal Avrami behaviour are
often accounted for by modifications to the model based
on various hypotheses, such as that of secondary crystal-
lization behind the spherulite growth front [6]. It should
nevertheless be borne in mind that such deviations may
also arise from extrinsic effects such as an inappropriate
choice of sample geometry, and, particularly in noniso-
thermal experiments, from fluctuations in the sample
temperature with respect to that of the DSC oven [7, §].

In what follows, it is shown that given suitable
experimental precautions and corrections, a combina-
tion of the basic Avrami model and measurements of G
by hot-stage microscopy can provide an adequate
description of both isothermal and nonisothermal DSC
data for PA-12. The extent to which it is possible to
extrapolate the results to conditions difficult to access
using conventional techniques is then examined.

Experimental

Materials

Ems Chemie provided the PA-12 for this study in the form of
extruded pellets with a weight-average molar mass of 26.4 kgmol™'
and a number-average molar mass of 15.7 kgmol™".
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Differential scanning calorimetry

Samples for DSC with a mass of approximately 2 mg were cut from
a 500-pum-thick compression moulded sheet and pressed into
aluminium sample pans with pierced covers. The measurements
were carried out under dry nitrogen gas using a Perkin-Elmer
DSC 7, with the block held at —30 °C. The temperature scale of the
differential scanning calorimeter was calibrated with indium and
zinc, which were heated at various constant rates. The onset
temperatures of the observed melting endotherms were then
extrapolated to zero heating rate in order to obtain the value of
the melting point, Ty,, required for the calibration. The heat
transfer coefficient, y, between the sample pan and the DSC oven
was determined to be approximately 1.4 x 107> WK™! from the
melting endotherm of indium as described elsewhere [7, 8, 9].

In order to obtain reproducible measurements, all the PA-12
samples were held at 220 °C for 30 s prior to isothermal
crystallization or cooling in the differential scanning calorimeter.
Under these conditions, repeated cycles of melting and crystalliza-
tion gave very similar data for a given crystallization temperature
or cooling rate, even for a relatively large number of cycles. The
previous crystallization temperature also had little influence on the
data. Nevertheless, as a precaution, the samples were changed every
six cycles. After the measurements each sample was removed from
its pan in order to check that its geometry had not altered
substantially during melting and to examine its microstructure.

A typical isothermal crystallization cycle consisted of melting at
220 °C for 30's, cooling at a nominal rate of 100 Ks™' to the
required crystallization temperature, isothermal crystallization,
cooling to 50 °C at 100 Ks™' and reheating to 220 °C at a constant
rate. The melting endotherm was recorded during each heating
step. Ty, for the PA-12 was then determined by extrapolating the
melting-peak temperatures obtained at different heating rates
to zero heating rate. Baselines for the isothermal part of the
cycles were estimated from runs in which the temperature of the
isothermal step was 180 °C. At this temperature the crystallization
rate was too low for it to contribute significantly to the signal. In
the nonisothermal crystallization cycles, after melting at 220 °C,
the samples were cooled directly to 50 °C at the required rate.

Hot-stage microscopy

Hot-stage microscopy was carried out using a Linkam THMS 600
hot stage mounted on an Olympus OM2 light microscope equipped
with crossed polarizers. Films with thicknesses of several microns
were cast onto a glass cover slip from freshly made up solutions of
PA-12 in phenol at 50 °C and were dried under vacuum at the same
temperature. Observations were carried out under nitrogen with a
second cover slip placed over the film to limit degradation and
dewetting. A melting temperature of 220 °C was used for all the
experiments, and the spherulite growth rates were measured from
video recordings of isothermal crystallization at the required
temperature. The nucleation density in these films was generally
sufficiently low for spherulites of up to several hundred microns in
diameter to be formed. In each case isothermal conditions were
assumed to be reflected by a time-independent growth rate. To
achieve this at temperatures where the overall crystallization rate
was relatively rapid (below about 150 °C), films were cast from
15% PA-12/polystyrene in m-cresol. Crystallization of certain of
the dispersed domains of the PA-12 that resulted was delayed long
enough for growth to be observable under isothermal conditions in
this temperature regime.

Microstructural characterization

To estimate spherulite sizes a number of samples were embedded in
epoxy resin after crystallization in the differential scanning calo-
rimeter and sections of a few microns in thickness were prepared

using a glass knife and a Reichert—Jung Ultracut-E ultramicrotome.
Figure 1 is from a sample crystallized isothermally in the differen-
tial scanning calorimeter at 170 °C and shows a uniform distribu-
tion of equiaxed spherulites. Since the spherulites were relatively ill
defined no attempt was made at a detailed morphological analysis.
Rather, the average spherulite radius was estimated to be half the
average centre-to-centre distance of neighbouring spherulite sec-
tions, divided by a factor of 0.8 to correct for the presence of
nondiametral sections (the spherulite radii were typically much
greater than the film thickness). Ultrathin sections (about 100 nm
in thickness) were obtained at room temperature using a Reichert—
Jung Ultracut-E ultramicrotome with a 30° diamond knife, after
fixing and staining by overnight exposure to RuO,4 vapour. The best
results were obtained by repeating this procedure at least once. The
sections were observed using a Philips EM430 transmission electron
microscope (TEM) at 300 kV in bright field.

Analysis
Isothermal crystallization

The Avrami model may be used to describe space filling by
an array of similar objects nucleating at random points in
space whose size changes at a well-defined rate, subject to
the condition that they cannot nucleate in a region already
occupied by another object. In the ideal case of spherical
objects with a radial growth rate G and nucleating at a rate
o, the degree of conversion, X, after time ¢ is [4]

t ! 3

x=1-ew|-T [ae)| [c0] a

0 S

(1)

Under isothermal conditions, for which G is generally
observed to be constant in polymers, this simplifies to

Fig. 1 Optical micrograph of polyamide-12 (PA-12) crystallized
isothermally in the differential scanning calorimeter at 170 °C and
viewed between crossed polarizers
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This expression can be simplified further in the case of
instantaneous heterogeneous nucleation at =0 to give

X@:l—w%—%@Nf} (3)

where N, is the number of nuclei per unit volume.
However, even for heterogencous nucleation there is
often a significant activation barrier. A single activation
barrier may be characterized by a time constant, 7, and
a first-order rate equation may be used to describe
isothermal nucleation [3],

N(t) :No{l —exp(—é)}, (4)

from which o(f) may be obtained by differentiation.
More generally, there is likely to be a spread in
nucleation times, reflected by a sigmoidal form for
N(?); however, if this spread is very much less than the
total crystallization time, it is reasonable to assume a
single “induction” time and to replace Eq. (3) by

3

47TG 3
X(H)=1—-exp|— No(t — it >,
(0 p| =3 Nolt =711 2 ¢ .

X(t) =0t <1

The spherulites in Fig. 1 represented the upper limit
of the observed size range, as discussed later. Their mean
radii were about 50 um and there were consequently at
least ten spherulites per unit sample thickness and more
than 10° spherulites per sample. Truncation effects were
therefore insignificant and the use of the Poisson
approximation implicit in Eq. (5) was justified. There is
also some suggestion in Fig. 1 of approximately planar
interspherulite boundaries locally, which would be
consistent with a single induction time; however this
was difficult to confirm from micrographs taken at
higher undercooling and N, was found to vary signifi-
cantly with temperature, as inferred both from compar-
ison of the DSC data with direct measurements of G and
from direct examination of the samples. Nonetheless, a
dependence of N, on T need not be incompatible with
the notion of predetermined nucleation under isothermal
conditions and at relatively large undercooling [10, 11].

Nonisothermal crystallization

The DSC signal is equal to y(Ts—Ty), where T is the
sample temperature, 77 is the oven temperature of the
calorimeter and y is the heat transfer coefficient referred
to in the Experimental section. As long as the sample
mass does not exceed a few milligrams, variations in the
difference between T and T during isothermal crystal-

lization lead to minor corrections and are generally
ignored. In a nonisothermal experiment, on the other
hand, y(Ts — Ty) may be nonnegligible even in the absence
of a phase change. For a constant cooling rate and steady
state conditions, the difference between 7, and T; is
constant and can be determined from the shifts in a
suitable transition at different cooling or heating rates.
However, the evolution of Ty at high cooling rates is
also significantly influenced by the evolution of latent
heat during crystallization. This is nevertheless relatively
straightforward to correct for, if the crystallization
kinetics and the heat of crystallization are known [7, 8, 9].

The model used here for nonisothermal crystalliza-
tion is based on similar approximations to those used for
the isothermal case. Equation (1) is replaced by

¢ 3

X(0) = 1= exp |- Tnitea) | [ 600 ) [sr=

X(t) =05t < 14,
()

where 74 is a dynamic induction time. Rather than

determine 74 explicitly, nucleation was assumed to occur
at a sample temperature 7Tyq, defined by

T
0c(T,)
Ty

where T is the sample temperature at =0 and 0 is the
cooling rate (initial transients were ignored). N, was
then taken to be Ny (Ty), which was obtained by
interpolation or extrapolation of data from isothermal
crystallization. In practice, however, both N, and T
were adjusted in order to optimize the fit to the data.
This may have compensated inaccuracies (see later), but
slight adjustment of Ny was in any case anticipated to be
necessary since 7 typically decreased by up to a few
Kelvin during nonisothermal crystallization. This would
lead to a somewhat higher effective value of N, than that
predicted at Tiy.

DSC cooling curves were simulated by solving
numerically the heat balance equation,
V<Ts* Tf) = *(mscs+mpcp)%+msAHs%7 (8)
where C; and C,, are the heat capacities of the sample
and the sample pan (taken to be 1.8 [12] and
0.9 JK 'g™!, respectively), mj is the sample mass, my, is
the mass of the sample pan (about 30 mg) and AH is the
enthalpy of fusion per unit mass of the sample, which
decreased from about 80 to 60 Jg~' as the cooling rate

(7)

was raised from 1 to 40 Kmin™' as shown in Fig. 2.
Details of our own implementation of this method are
given elsewhere [9].
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Fig. 2 Differential scanning calorimetry (DSC) data for the crystal-
lization enthalpy of PA-12, AH, as a function of cooling rate

Results and discussion

An isothermal crystallization curve with relatively
strong baseline curvature is shown in Fig. 3 in order to
illustrate the baseline correction. A correction for the
difference in heat capacity, AC,, between the amorphous
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Fig. 3 a Isothermal crystallization curve at T.= 165 °C, b estimated
baseline, ¢ W(¥) after baseline correction and correction for ACs, d X(¢)
(bold curve) superposed onto an empirical fit of Eq. (5) to the data

and crystalline phases was also made as follows. A first
estimate of the degree of conversion was obtained from

AGE
LT ©)
[ Wy(&)dé

0

X =

where Wy, is the baseline-subtracted signal and 7.4 is a
first estimate of the endpoint of the crystallization. The
corrected signal, W, was taken to be W, —xmsAC0,
where AC; was adjusted so that W tended to zero for
t > teng. The degree of conversion, X, was then deter-
mined from Eq. (9) by replacing Wy, by W.

Equation (5) was fitted to X(¢) by adjusting K=4/
3nNoG(T)* and 7. As shown in Fig. 3, there were slight
discrepancies at small X(z), which were expected in view
of the approximate treatment of the nucleation kinetics,
but the overall agreement was satisfactory. The values of
K(T) and 1(T) obtained in this way are summarized in
Fig. 4. The data for G from hot-stage observations at
different temperatures are shown in Fig. 5. These were
combined with the data in Fig. 4 in order to estimate the
effective nucleation density, N,, in the DSC samples.
The results are shown in Fig. 6, illustrating the signif-
icant decrease in Ny with decreasing T referred to earlier.

The calculation of the results in Fig. 6 required
interpolation of the G data since the temperatures at
which the measurements were made did not always
coincide with those of the DSC measurements. An

Log(t [s])
[\S)
o
o
o

170

Log(K [s3])

-9
-10-

Fig. 4 K=4/3nN,G(T)’ (filled squares) and «(T) (open squares),
determined by fitting Eq. (5) to the isothermal DSC data. The curves
are derived from the analytical expressions for ©(7), No(T) and G(7)
described in the text
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Fig. 5 G(T) determined by hot-stage optical microscopy. Data points
in the range indicated were obtained from blends as described in the
text. The curves are fits of Eq. (10) to the data (see Fig. 8)
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Fig. 6 N,(7) estimated from the results for K in Fig. 4 and the data
for G in Fig. 5, along with the exponential fit initially used to
extrapolate to lower temperatures

analytical description for G was also necessary for
modelling the nonisothermal crystallization curves. For
this purpose expressions derived from the Lauritzen and
Hoffman (LH) theory were used [13]. These take the
form

U K,
G = Goexp <_R(T - T0)> xp <_ TAGT>’

where Gy and Kg are constants. The first exponential
term is a transport term and, following Hoffman et al.,
the “‘universal” values U=6270 Jmol™" and Ty= Ty
51.2 = 264 K were assumed [14, 15]. The case has also
been made for a single temperature-independent activa-

(10)

tion energy [16] that is a universal function of the
melting point and T, [17], but here both forms of
transport term led to very similar results in the
temperature regime of interest. The dependence of the
second exponential term on the supercooling,
AT=T — Ty, Where Ty, is the equilibrium melting
point, is a more general feature of expressions for G. Ty,
was estimated to be about 190 °C from 7, determined
at different crystallization temperatures, 7., using the
Hoffman—Weeks construction [18] shown in Fig. 7. This
compares with a literature value of 187 °C [19].

To determine G, and Kg, the data for G were
linearized by plotting In(G) + U/R(T-T,) against 1/
TAT as shown in Fig. 8. It is clear from the figure that
the data did not all lie on one straight line; however, a
reasonable fit could be obtained by considering them to
fall into two distinct “‘regimes”. In the low-temperature
regime Kg was about twice the value obtained in the
high-temperature regime, suggesting there to be a
transition from regime I to regime II, in terms of the
LH theory, when the temperature decreased below
about 171 °C. It is beyond the scope of this article to
comment further on the existence of these regimes or on
the validity of other aspects of the theory. Moreover, for
the purpose of modelling nonisothermal crystallization
in the differential scanning calorimeter in the range of
cooling rates investigated here, it was sufficient to take
Go=0.013 ms™! and Kg=280,000 K> over the whole
temperature range.

In calculating Ty from Eq. (7) it was assumed that
7 showed a similar temperature dependence to G, so

/
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165 A
160 A

155 -

150 .
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Fig. 7 Estimation of T, from data for T,,,(7;). Two 1s given by the
value of T, at which the linear extrapolation of T, (7,) crosses
the curve T, = T,
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Fig. 9 Comparison of data
(open squares) with a simulation
of a nonisothermal cooling
curve, W(Ty), at 40 Kmin™'
made using N, extrapolated
from the data in Fig. 6 (uncor-
rected) and a simulation made
after adjusting N, and T to
optimize the fit to the data
(corrected). Also shown is the
adjusted simulation plotted as a
function of the sample temper-
ature, T, and the degree of
conversion as a function of T
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The fit of Eq. (11) to the data in Fig. 4 gave
7o=1.5x10"*s and Ky= 110,000 K? (cf. Eq. 10). The
form of Eq. (11) was chosen somewhat arbitrarily, but it
was found to account well for the observed temperature
dependence of 7. (cf. the classical Turnbull-Fisher
expression for primary nucleation, for example, in which
the argument of the second exponential is raised to the
power 2 [20]).

The data obtained from nonisothermal crystallization
at 40 Kmin™' are compared in Fig. 9 with curves
calculated using parameters derived from the isothermal
data (Fig. 6, Egs. 9, 11) and a simulation made after
adjusting N, and Ty to optimize the fit. Also shown is
the optimized fit plotted as a function of the sample
temperature, 75, and the corresponding degree of
conversion as a function of T,. This demonstrates that
crystallization itself took place over a relatively narrow
range of sample temperatures between 140 and 146 °C,
in spite of the fact that the oven temperature, T,
corresponding to the end of the crystallization exotherm
was about 132 °C. For nominal cooling rates above
40 Kmin~' adequate control of the temperature ramp

X(Ts) - 0.6

W(Ty) (uncorrected)

W(Tp) (corrected)

120

130 140 150 160

T}, T [°C]
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became difficult [9] and 146 °C was therefore considered
to be the lower limit of the temperature range which
could be investigated in detail.

DSC results for various cooling rates are shown in
Fig. 10 along with the calculated curves. The adjusted
values of Ny(Ts) used to obtain these curves are
compared with the results from isothermal experiments
in Fig. 11 and the adjusted values of T,y are compared
with the predictions of Egs. (9) and (11) in Fig. 12. The
differences between the predicted and adjusted values of
T.q were comparatively small. The differences between
the predicted No(T,q) and adjusted values of N, were
more significant, as borne out by Fig. 9. However the
predicted values relied on a relatively long extrapolation
of data points confined to a narrow range of tempera-
tures in which N, was changing relatively slowly with 7.
An exponential temperature dependence has been
observed in other polymers [10, 11], but given the

Fig. 10 Data for nonisother-
mal crystallization at various
cooling rates (open squares) and
simulated curves obtained by
treating No(7Tsq) and Ty as
adjustable parameters

Heat flow [mW]

assumptions implicit in the use of Eq. (10) for G,
corroborating evidence for the evolution in N, from
optical microscopy was considered to be important. The
results of direct estimates of the average spherulite radii
are shown in Fig. 13, where they are compared with the
radius of a sphere with volume N;!. The agreement is
satisfactory, although in the case of the sample cooled at
40 Kmin™' it was difficult to characterize the morphol-
ogy precisely, owing to overlap in the projections of
individual spherulites and an ill-defined spherulitic
texture.

Time-temperature transformation diagrams

Time—-temperature transformation diagrams are a con-
venient way of representing either data or models for
solidification. The isothermal time—temperature trans-

2 K/min

160
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symbols), along with an exponential fit to the isothermal results only
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Fig. 13 Comparison of values of spherulite radii, R, inferred from the
results for N, with values estimated directly from thin sections (open
squares)

formation diagram for PA-12 inferred from the present
model and extrapolated to higher undercooling using
No=9 x 10*'exp(—0.1537) (T in Kelvin) to interpolate
and extrapolate Ny(7) (the hatched curve in Fig. 11) is
shown in Fig. 14. It should be emphasized that the
induction time 1 is not expected to correspond to a true
onset since it is derived from a fit of a two-parameter
Avrami model to data from a system in which the
effective induction times may be distributed (and in
which thermal nucleation may also be present). On the
other hand, the curves for 50 and 99% conversion are
realistic for the temperature range in which data were
available.

Figure 15a shows the non-isothermal time—tempera-
ture conversion diagram for a starting temperature of
220 °C, chosen to be consistent with the DSC data (a
different choice of starting temperature would simply
result in a shift in the zero of the time axis). The curves
were calculated from Eq. (6) and therefore do not
include effects of latent heat evolution or thermal lag
and will therefore, in general, not reflect the apparent
behaviour in practical situations. Indeed, as indicated
in Fig. 15a, the predicted time for 99% conversion
diverged from the experimental DSC data quite mark-
edly at the highest cooling rates, even when these latter
were corrected for thermal lag. Nevertheless certain
situations, such as quenching against a cold metallic
mould, will be approximately consistent with the ideal
case. Also shown for completeness in Fig. 15b is a
time—temperature degree of crystallinity diagram, tak-
ing the enthalpy of crystallization of 100% crystalline
sample to be 130 Jmol™' [19] and using the data shown
in Fig. 2.

The question naturally arises as to the extent to which
the extrapolation of the present model to lower crystal-
lization temperatures and/or faster solidification rates in
Figs.14 and 15 is justified. The extrapolation of G is
arguably physically based [13, 21], and the AT depen-
dence is widely observed, even if reservations have been
expressed regarding the form of the transport term. N,
on the other hand, was interpolated/extrapolated as-
suming a simple exponential dependence on T inferred
empirically from the results. There is therefore no a
priori basis for assumptions about N, in temperature
regimes not accessible here. Also, even if it were possible
to justify extrapolation of N, measured at high and
intermediate crystallization temperatures, in practice
these latter are often strongly dependent on the thermo-
mechanical history (other parameters may also vary,
particularly in the presence of a flow field). Therefore,
although the application of the present approach to
well-controlled DSC experiments has been demonstrat-
ed, characterization of the microstructure after crystal-
lization would still be necessary to verify any initial
hypothesis regarding the nucleation density in other
specific cases.
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Fig. 15 Nonisothermal time-temperature transformation diagram
for PA-12 showing a the degree of conversion and b the absolute
degree of crystallinity (curves corresponding to cooling rates are
indicated in Kelvin per minute)

In connection with this, the lamellar structures
of wvarious samples were investigated briefly. The
microstructures of samples crystallized isothermally at

different temperatures and that of a sample taken from
close to the surface of a molten plaque brought into
contact with a metallic surface held at room temperature
are shown in Figs. 16 and 17. In this latter case,
the spherulite envelopes were ill defined, although
lower-magnification images of heavily irradiated
samples suggested a mean radius of about 0.5 um.
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Fig. 16 Lamellar structure in samples isothermally crystallized at
different temperatures as indicated

Fig. 17 Lamellar structure obtained by bringing the surface of a
molten plaque into contact with a metal plate held at room
temperature (microstructure just behind the surface)

For comparison, extrapolation of N,=9 x 10*!
exp(—0.1537T) predicted a radius of 5.4 ym at 130 °C
and 3.3 yum at 120 °C. Estimates of the lamellar
thicknesses from the samples shown in Fig. 16 gave
values of 7.2, 6.7 and 6.3 nm for crystallization temper-
atures of 172, 166 and 158 °C, respectively. If the
lamellar thickness is assumed to scale as 1/AT, the
thicknesses expected at 130 and 120 °C would be 5.7 and
5.65 nm, which is consistent with Fig. 17. Faster cooling
by quenching a thin film in ice-water from the melt, on
the other hand, led to no discernible features in the TEM
or in the optical microscope.

There remains the question of the assumption of an
induction time given by Eq. (11), which was necessary to

account for both the isothermal and the nonisothermal
data. However, if the dependence of N, on T is assumed
to be a consequence of athermal nucleation, as suggested
elsewhere, it is difficult to account for the existence of an
induction time at high undercooling [10, 11] and it is at
present not possible to justify the form of Eq. (11). It is
therefore of interest to consider the consequences of zero
induction time. The corresponding crystallization onset
as defined by 1% conversion is given by the hatched line
in Fig. 15a. In this case, the apparent cooling rate
necessary for quenching to a predominantly amorphous
state is shifted from about 800 Kmin™' to about
1000 Kmin™".

Conclusions

The crystallization kinetics of PA-12 has been success-
fully modelled using a simple two-parameter Avrami
model for isothermal crystallization, which has also been
shown to be consistent with optical measurements of the
spherulite growth rates and nucleation density. With
small adjustments, parameters inferred from the iso-
thermal DSC data also accounted for DSC data for
nonisothermal crystallization, when the dynamic heat
balance between the sample and the oven was taken into
account. Further work is envisaged with the aim of
investigating the balance between heterogeneous and
homogeneous nucleation and the significance of the
observed incubation times, and the role of the prior
thermomechanical history on N,,.
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