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1 | INTRODUCTION

Nucleation and crystallization of polyamide 12 (PA 12) have been systemati-
cally investigated by fast scanning calorimetry at non-isothermal and iso-
thermal conditions. The critical cooling rates of crystallization and crystal
nucleation were determined as 300 and 10,000 K/s, respectively. Moreover,
the half-times of nucleation (f;/5nu1) and overall crystallization (&2 cry)
show monomodal and bimodal dependencies on the crystallization tempera-
ture. t1/2 nuc has an approximate minimum value of about 0.0005 s at 333 K,
which is about 10-20 K above the glass transition temperature, and fy/, cry
has two minima of about 0.05 and 0.8 s at about 333 and 383 K, respectively.
Comparing the crystallization behavior of PA 12 with other polyamides, the
activation energy for crystallization increases and the energy barrier of
short-range diffusion decreases with the increase of the amide-group density

in the chains.
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polyamide 11 (PA 11), but the cost-performance ratio of
PA 12 is better than for PA 11.* Therefore, PA 12 is

Polyamide 12 (PA 12) is a semicrystalline thermoplastic
polymer made from -aminolauric or laurolactam
monomers. It has a long aliphatic chain with 11 methy-
lene groups in the repeat unit separated by an amide
group. The long carbon-chain results in a rather low-
melting point (Ty o ~ 500 K),"* density, and moisture
absorption; however, good chemical resistance and
dimensional stability, high-elongation at break, and
excellent impact resistance compared to other polyam-
ides."? These properties of PA 12 are similar to

widely used for electronic and engineering applications,
as well as for precision hoses and tubes in automotive
and some sports goods. PA 12, having these balanced
properties, is a superior material for creating functional
parts and prototypes utilizing fused deposition modeling
(FDM) 3D printing.” PA 12 is a semicrystalline polymer,
and the final properties of the products will largely
depend on the crystallization or processing conditions.
Studies of the crystallization kinetics of PA 12 are gener-
ally done by differential scanning calorimetry (DSC).®’
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However, the limitation to low cooling rates does not
allow DSC to access the crystallization of PA 12 at high
supercooling of the melt.

Fast scanning calorimetry (FSC) is based on chip-
sensor technology, using small samples with masses
from sub-nanogram to a few hundreds of nanograms,
which largely reduces the total heat capacity of the
sample-sensor arrangement. The sample, without a
container, is directly placed on the heater. These two
factors enable high-scanning rates up to 1,000,000 K/ s.B
By using FSC, the crystallization of polyamides has
been intensely investigated.”*® As high-cooling rates
can be applied, the polyamide melt can be quenched
to both low and high supercooling.®™'"'471%20725 The
crystallization kinetics can be studied through non-
isothermal or isothermal experiments. In addition, the
dependencies of the cold-crystallization enthalpy
(AH,.) on previous cooling rate or time and tempera-
ture of crystallization provide an estimate of the nucle-
ation kinetics in non-isothermal and isothermal
conditions, respectively.?®

Several studies applied FSC to investigate the crystalli-
zation kinetics of different polyamides,'>!>1018192427-29° A
bimodal temperature-dependence of the crystallization rate
was observed in most studied polyamides. Li et al. pointed
out that hydrogen bonds between the amide groups accel-
erate crystallization at high temperatures but delay crystal-
lization at low temperatures.'® Investigation of isothermal
crystallization kinetics of PA 12 also yields such bimodal
distributions of the half time of crystallization as a function
of the crystallization temperature.'*'* Fischer et al.** stud-
ied the crystallization behavior of PA 12 according to a
temperature-time protocol mimicking processing. They
reported that y and ¥ polymorphs formed at about 333 K
and 408 K, respectively. y is a hexagonal/monoclinic phase
and y' is a defective y form (hexagonal phase).*

The bimodal dependence of the crystallization rate
on temperature has been explained by homogeneous
nucleation at high supercooling and heterogeneous
nucleation at low supercooling of the melt.*’*> Rho-
ades et al.** used FSC and X-ray diffraction to investi-
gate the effect of melt-supercooling of PA 11 on
heterogeneous and homogenous crystal nucleation. By
combining FSC with atomic force microscopy, Zhang
et al.'” measured the rate of homogeneous nucleation
of PA 66, which had a maximum value of about
10°° m > s~ ' at 345 K.

The crystallization kinetics and the positions of the
maxima of the overall crystallization rate are different
for the large variety of polyamides. The occurrence of
one or two minima may be caused by different heteroge-
neous nuclei densities (impurities) for the different mate-
rials. Considering the molecular structure of these

polyamides, they exhibit different amide-group densities.
In this article, besides a systematic investigation of the
kinetics of non-isothermal and isothermal crystal nucle-
ation and crystallization of PA 12 by FSC, the target is
to understand the effect of the amide-group density of
aliphatic polyamides on these processes.

2 | EXPERIMENTAL STRATEGY

The enthalpy of formation or melting of crystal nuclei is
below the detection limit of any calorimetry. Therefore,
the direct observation of crystal nuclei by calorimetry is
currently impossible. To investigate the crystal nucleation
kinetics, Tammann's two-stage crystal nuclei develop-
ment method is applied, which proposes two separate
stages for crystal nucleation and growth.'”**® The
nucleation stage allows the formation of crystal nuclei at
non-isothermal or isothermal conditions. The subsequent
growth stage, which can also be performed at non-
isothermal or isothermal conditions, allows the growth of
the nuclei formed in the nucleation stage to detectable
crystals, allowing indirect observation of crystal nuclei.
This way, the nucleation kinetics in the first stage can be
analyzed by the non-isothermal or isothermal cold-
crystallization enthalpy in the second stage, conveniently
assessed by the melting enthalpy of the crystals grown
from the nuclei. Figure 1, below, shows the temperature
profile for non-isothermal nucleation and non-isothermal
crystal growth and consecutive melting. The observed
cold crystallization on heating represents the growth
stage in Tammann's two-stage method. Figure 5 below
shows the profile for isothermal nucleation followed by a
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FIGURE 1 Temperature-time protocol for investigating non-

isothermal crystallization and nucleation of PA 12 (T, o = 500 K,
T, = 314 K).> PA 12, polyamide 12
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non-isothermal growth stage. Again, cold-crystallization
on heating represents the growth stage.

3 | MATERIALS AND METHODS

The PA 12 used in this work is a transparent 3D printing
grade from Fiberlogy (Poland). It has a melt flow index of
180 cm>/10 min (508 K/5 kg).

The FSC device (Functional Materials Rostock e.V.,
Germany) was described elsewhere.*® A chip-sensor (XI-
395, Xensor-Integration, Netherlands)*® was employed
in this work to cover the cooling rate range between
10 and 100,000 K/s and an optimum heating rate range
between 5000 and 30,000 K/s for measuring cold crystal-
lization and melting. The sample was cut to obtain a
tiny particle and placed on the FSC sensor. A good and
stable thermal contact between the sample and the sen-
sor was obtained after several melting-crystallization
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FIGURE 2

cycles.*! Liquid nitrogen was applied as a cooling agent
for the thermostat, and gaseous nitrogen provided the
thermal link between the chip sensor and the thermo-
stat, as described elsewhere.*® Before measurement, the
thermal history was assured to be erased by heating the
material to 540 K, followed by annealing for 0.01s,
which was proven by a preliminary experiment, as
shown in supporting materials.

Isothermal crystallization of PA 12 at high tempera-
tures, between 433 and 436 K, was investigated using a
Mettler-Toledo heat-flux DSC 1, equipped with the FRS
5 sensor and connected to a Huber intracooler TC100.
The purge gas is nitrogen with a flow rate of 60.0 ml/min.
The sample, directly being cut from the circular filament
into a round section, was placed into an aluminum pan
with a volume of 40 pl, and the sample mass was about
4 mg. The temperature and heat flow calibrations of DSC
were done by the onset melting temperature and melting
enthalpy of indium, respectively.
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FSC heating scans of PA 12 after cooling at different rates between 10 and 100,000 K/s. the heating rates in plots (A), (B),

(C), and (D) were 5000, 10,000, 20,000, and 30,000 K/s, respectively. The dashed line represents the heat capacity of the liquid phase, serving
as a baseline for obtaining cold-crystallization enthalpies and total enthalpy changes. FSC, fast scanning calorimetry; PA 12, polyamide 12
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4 | RESULTS
41 | Non-isothermal crystal nucleation

and crystallization

Figure 1 shows the thermal protocol of non-isothermal
experiments for analysis of the kinetics of crystal nucle-
ation and crystallization of PA 12. The thermal history of
the sample was removed at 540 K (T, o = 500 K),> where
the sample was kept for 0.01 s, which is long enough to
equilibrate the nanogram sample.*>** Next, the sample
was cooled from 540 K to 120 K (T, = 314 K) at different
rates varying from 10 to 100,000 K/s (see the blue seg-
ment in Figure 1). After equilibrating at 120 K for 0.02 s,
the sample was reheated to 540 K at 5000, 10,000, 20,000,
or 30,000 K/s (see the red segment in Figure 1). Nuclei
and crystal formation during prior cooling at different
rates were analyzed from the enthalpies of cold-
crystallization and melting in the subsequently recorded
heating scans.

Figure 2 shows the FSC heating curves obtained dur-
ing heating PA 12 at rates of (A) 5000, (B) 10,000,
(C) 20,000, and (D) 30,000 K/s after cooling the PA
12 melt at various rates. As the heating rates increase, the
available time for crystal growth will become shorter,
and then the area of the cold-crystallization peak
becomes small. Regarding heating at 5000 K/s (A),
quenching the melt with a cooling rate of 100,000 K/s
(black curve) shows a glass transition step, a cold-
crystallization peak and a melting peak related to melting
of crystals formed during cold-crystallization. At cooling
rates lower than 10,000 K/s (red curve), the area of the
cold-crystallization peak increases due to the increasing
number of nuclei formed at slower cooling. When cooling
the melt at rates below a few hundred K/s, the cold-
crystallization peak area reduces and the melting peak
area increases due to the formation of crystals during
cooling. If the cooling rates are below 100 K/s, cold-
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crystallization disappears and the endothermic peak on
further heating represents melting of the crystals formed
during cooling. With increasing heating rate, the cold-
crystallization peaks become smaller, suggesting that the
growth of nuclei to crystals was restricted. In addition,
the melting peaks become lower in height and broader,
which refers to suppression of recrystallization and
instrumental thermal lag.**** The thermal-lag related
peak-widening will not change the obtained enthalpy
values nor the results of the nucleation and crystalliza-
tion experiments and will therefore not be further
discussed.

In Figure 2, the cold-crystallization enthalpy, AH,
was obtained by integrating the area of the cold-
crystallization peak. The total change of enthalpy,
AH,,,, Was obtained by integrating the curves between a
temperature slightly above the glass transition to a tem-
perature above the melting peak. In both cases, a linear
baseline was used, constructed by extrapolation of the lig-
uid heat capacity to low temperature (see the gray dashed
lines in Figure 2).

Figure 3A shows AH,, as a function of the prior
cooling rate, obtained during heating at different rates
between 5000 and 30,000 K/s. AH,, can be used to
estimate the crystallization enthalpy during cooling
since it is proportional to the fraction of the crystalline
phase in the sample. As the cooling rate increases, the
value of AH,. decreases and becomes zero if the
cooling rate is higher than 300 K/s, indicating the crit-
ical value for suppression of crystallization. As
expected, the variation of the heating rate used in the
measurement scan (red segment in Figure 1) has no
noticeable effect on the dependence of AHy, on
cooling rate. It is worth noting, although AH, as a
function of cooling rate is not affected by the heating
rate, the structure of the melting peak is still signifi-
cantly influenced by the heating rate because of
recrystallization.*®™*°
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-0.20 -

102 104 10%
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107

(A) AHora) and (B) AH, as a function of prior cooling rate between 10 and 100,000 K/s
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Figure 3B shows AH,. as a function of prior cooling
rate, obtained during heating the samples at different
rates. The values of AH,., evaluated from the area of the
cold-crystallization peaks, are used to estimate the non-
isothermal nucleation kinetics. It increases when the
cooling rate is above 80 K/s. The increase of AH,. here
refers to the suppression of crystallization during cooling.
Cooling the melt at a rate higher than 300-400 K/s
decreases AH.. due to the suppression of homogeneous
nucleation, which leads to a decrease of the number of
available nuclei.'”'®*>*° Increasing the cooling rate to
above 10,000 K/s, the value of AH_. becomes zero or con-
stant at a certain value. The latter is detected if using
heating rates lower than 10,000 K/s, presumably due to
the presence of heterogeneous nuclei. Homogeneous
nucleation is entirely suppressed if cooling the sample at
rates faster than 10,000 K/s. For heating rates of 5000
and 10,000 K/s, the value of AH,. finally cannot reach a
value near zero, which will be further analyzed in the
next section.'®2°

As described in the introduction, the cold-
crystallization enthalpy is proportional to the nuclei
number as well as the time available for growth during
reheating; as such, the cold-crystallization enthalpy is
highly dependent on the cooling and heating rates
applied. When the heating rate is low, the value of AH,.
becomes constant on cooling at rates above 10,000 K/s
because a small number of unavoidable heterogeneous
nuclei initiates cold crystallization. Two critical cooling
rates, corresponding to the suppression of growth of
nuclei (i.e., of crystallization) and homogenous crystal
nucleation, respectively, are illustrated in Figure 3A,B for
PA 12, marked as black arrows in the corresponding fig-
ure. The first critical cooling rate (CCR.ys) is the cooling
rate where AH,, reaches zero, and the second critical
cooling rate (CCR,,) is the cooling rate where the cold-
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FIGURE 4

crystallization enthalpy reaches zero or becomes con-
stant. CCR.ys and CCR,,q are determined as about
300 and 10,000 K/s, respectively. Li et al. reported that
AH ) of PA 12 decreases to zero on cooling faster than
500 K/s,' which agrees with our result.

4.2 | Critical heating rate of PA 12

If the heating rate is suitable, the formation and growth
of nuclei can occur during heating.*>* The crystalliza-
tion behavior of PA 12 at different heating rates is investi-
gated through the temperature-time protocol shown in
Figure 1 with a fixed cooling rate of 100,000 K/s. At first,
the sample is quenched from 540 K to 120 K by cooling
at 100,000 K/s. According to the results shown above,
crystallization and homogeneous crystal nucleation are
absent at this cooling rate. After equilibrating at 120 K
for 0.02 s, the sample is reheated to 540 K at different
heating rates varying from 1000 to 30,000 K/s (red
segment), which is used to analyze the crystallization
behaviors during heating via the cold-crystallization
enthalpy.’® Because the sample is quenched, any nuclei
in the sample are heterogeneous nuclei or homogeneous
nuclei formed during heating. As such, the value of AH
will be influenced by both homogeneous and heteroge-
neous nucleation.

Figure 4A shows the heating scans (see the red seg-
ment in Figure 1) of PA 12 with heating rates varying
from 1000 to 30,000 K/s. Regarding the heating scan at
1000 K/s, a cold-crystallization peak and a subsequent
melting peak were observed with the same area, indicat-
ing a crystal-free structure in the sample before heating.
As the temperature increases during heating, the nuclei
first grow to crystals and then these crystals melt, causing
cold-crystallization and melting peaks, respectively. As

(B)

0.0 [romemrrererrss e O

AHgin pd

1l 1 1 I R A | 1 L 1

108 10¢
Heating rate in K/s

(A) FSC heating scans of PA 12, which was quenched to 120 K at 100,000 K/s, recorded at different heating rates varying

from 1000 to 30,000 K/s. (B) Cold-crystallization enthalpy (AH,.), of scans shown in (A), as a function of heating rate. FSC, fast scanning

calorimetry; PA 12, polyamide 12
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FIGURE 5 Thermal protocol for investigating the isothermal

nucleation and crystallization kinetics of PA 12 (T, o = 500 K,
T, = 314 K).” PA 12, polyamide 12

the heating rate increases, the areas of the cold-
crystallization and melting peaks become smaller. The
cold-crystallization enthalpy as a function of the
heating rate is shown in Figure 4B. It decreases with
heating rate and reaches a value close to zero at
10,000 K/s. The critical heating rate (CHR) is the
heating rate above which cold-crystallization is
suppressed during heating. CHR is about 10,000 K/s. It
is worth noting that there is still a small residual
enthalpy at 10,000 K/s in Figure 4B. Above 10,000 K/s,
the decrease of cold-crystallization enthalpy becomes
significantly slower; therefore, cold-crystallization is
assumed to be suppressed at this heating rate. This
experiment alone does not allow us to decide if the
effect is caused by missing homogeneous nucleation on
heating or a too short time for a detectable growth of
crystals from nuclei formed on heating. A distinction
between both explanations becomes possible with a
sample containing nuclei before heating at the CHR. In
Figure 3B, the red curve corresponds to heating at the
CHR of 10,000 K/s, and for prior cooling rates below
100,000 K/s homogeneous nuclei are formed during
cooling, see above. The observed cold-crystallization
enthalpy in Figure 3B shows that crystal growth from
pre-existing nuclei is possible at the CHR and even at
higher heating rates of 20,000 and 30,000 K/s. Conse-
quently, missing nucleation on heating causes the dis-
appearance of the cold-crystallization peak for a sample
cooled faster than the CCR,,. (negligible number of
nuclei) on heating at or above the CHR

The peak maximum of the cold crystallization peak
asymptotically approaches about 400 K. According to the
derivations provided in ref. 51, this temperature is close
to the maximum of the crystal growth rate.

4.3 | Isothermal crystal nucleation and
crystallization

The kinetics of homogeneous crystal nucleation at high
supercooling of the melt is analyzed using isothermal
nucleation and Tammann's two-stage crystal nuclei devel-
opment method employing a non-isothermal growth stage.
Figure 5 shows the temperature-time protocol for investi-
gating the isothermal nucleation and crystallization kinet-
ics at 303 K. At this temperature, around 10 K below T,
homogeneous nucleation and crystal growth are slow and
well separated in time, allowing to follow both separately
by FSC. The sample is cooled from 540 K to 303 K at the
maximum possible cooling rate of the chip-sensor
(100,000 K/s) and then isothermally annealed at 303 K for
different times. After the isothermal segment, the sample
is cooled to 120 K at 100,000 K/s. Finally, the sample is
reheated to 540 K at 5000, 10,000, 20,000, and 30,000 K/s
(red segment), which is applied to evaluate isothermal
nucleation and crystallization.

Figure 6 shows the heating curves corresponding to
the red segment in Figure 5. Regarding the data obtained
on heating at 5000 K/s (Figure 7A), the heating scan of
the sample annealed for 0.01 s (the black curve) shows,
from low to high temperatures, the glass transition step,
a cold-crystallization peak, and a melting peak related to
crystals formed during cold-crystallization. As the
annealing time increases, the cold-crystallization and
melting peaks increase in size due to an increase of the
nuclei number. However, increasing the annealing time
above 1 s (red curve), two overlapping events, enthalpy
recovery and melting of tiny crystals formed during
annealing, occur at low temperatures. Therefore, the
endothermic peak at the glass transition is larger than
the endothermic peak observed after shorter annealing.
Noteworthy, the exothermic peak does no longer repre-
sent cold-crystallization only but also crystal reorganiza-
tion on further heating. As the heating rate increases, the
melting peaks at high temperatures become smaller due
to reduced cold crystallization and broader due to
smearing at the highest heating rate (30,000 K/s), similar
to Figure 2. The relatively sharp low-temperature melting
peak also broadens due to smearing with increasing
heating rate already at 10,000 K/s. However, both effects,
reduced cold crystallization and smearing, do not influ-
ence the total enthalpy change of PA 12, as shown in
Figure 7A.

The values of AH,,, and AH. as a function of
annealing time are shown in Figure 7A,B, respectively. In
Figure 7A, AHi,, increases if annealing the sample lon-
ger than about 0.2 s, indicating the onset of crystal
growth during the isotherm. Different heating rates do
not influence the values of AH,,, and its dependence on
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annealing time. In Figure 7B, the value of AH,. increases
at first if the sample is annealed longer than about 0.02 s
and then decreases if the annealing time is longer than
about 0.5 s. The increasing number of homogeneously
formed nuclei causes the increasing values and the
decreasing values are due to the decreasing volume avail-
able for crystal growth on heating because of the space
occupied by the crystals already grown during the iso-
therm.'”'#2%°%53 Unlike AH,ow), the values of AH,. are
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(A) AH,o,; and (B) AH, as a function of annealing time at 303 K for different heating rates

highly dependent on the heating rate; even the annealing
time dependency is qualitatively similar.'”*”**>* After
reaching the maximum, the trends for heating rates
of 5000 and 10,000 K/s are different from the trends
of heating rates of 20,000 and 30,000 K/s because
crystallization during the isotherm causes increasing
recrystallization, which cannot be distinguished from
cold crystallization at the low-heating rates.*****” Recrys-
tallization is suppressed at high-heating rates, and the
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exothermic peak finally disappears. Based on the above
discussion, the heating rate of 30,000 K/s will be applied
to studying isothermal nucleation and crystallization
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FIGURE 8 FSC heating curves after isothermal annealing
between 303 and 403 K for 10,000 s. the heating rate for all curves
is 30,000 K/s. The blue dash line is a guide for the eye. FSC, fast
scanning calorimetry
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FIGURE 9

kinetics for different temperatures. From Figure 7B, it fol-
lows that at 303 K, nucleation can only be followed
between 0.01 and 1 s because of superimposed crystalliza-
tion at longer times.

The kinetics of isothermal nucleation and crystalliza-
tion in the temperature range from 303 to 403 K (with an
increment of 5 K) is investigated through the thermal
protocol shown in Figure 5. The sample was cooled from
540 K to different isothermal crystallization temperatures
at 100,000 K/s and crystallized at these temperatures for
different times. When the isothermal annealing segment
was finished (green segment), the sample was cooled to
120 K at 100,000 K/s. After equilibrating at 120 K for
0.02 s, the sample was reheated to 540 K at 30,000 K/s,
serving as an analysis scan (red segment in Figure 5).

The heating curves after crystallization at different
crystallization temperatures for 10,000 s are shown in
Figure 8. The melting peak shifts to higher temperatures
as the crystallization temperature increases. According to
the results of Figure 7, the asymmetry in the melting
peaks is due to recrystallization.

AH,,, and AH,. obtained at different T, as a function
of crystallization time are shown in Figure 9A,B. The
half-times of nucleation (#12nu) and crystallization

303
308
313
318
343
Others

Badad;

R TTT T MR AT 1NN TT T A RATIT M RTTTT
10° 102 10" 10° 107
Timeins

ul 11l sl

102 10% 104

{o O data collected
at 303 K
—— Avrami Fiteq. 1

t1/2,nuc| =0.1s

10 102 10" 10° 10" 102 10% 104
Timeins

(A):AH, obtained at different T, as a function of crystallization time. (B) AH,. obtained at different T as a function of

crystallization time. (C) An example of fitting the data to describe the dependence of AH,, on crystallization time. (D) An example of
fitting the data to describe the dependence of AH,. on crystallization time. The heating rate is 30,000 K/s
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(t1/2,crys) are estimated through a fit of the two data sets,
with the fitting functions represented by Equations (1)
and (2), respectively.'”?*>>>7 The half time of nucle-
ation, f1/5nuci, and overall crystallization, f;/, s, reflect
the inverse of the rate of nucleation and crystallization,
respectively, at a particular T..

n
t
AHee=—| AHpya | 1 —exp| — In2 + AHpet
t%,nucl

+ AHtotaL
(1)
¢ n
AHota1 = AH rys <1 —€exp <— ll’l2> )
t1/2,crys

1 ‘t— [l,crys
+ A, (ln (t — t1/2,crys)) * AT tz +11. (2)

— Herys

103
" L
£ 10'f e
% L
8 461 L
=10 —8— iz bY FSC
% B —0— ticrys by FSC
< 10'3 - —— t1/2,crys by DSC
3 | Paolucciet al. Ref. 14
= 105 L Qohn et al., Ref. 15
Lietal, Ref. 17
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
300 320 340 360 380 400 420 440
T.inK
FIGURE 10 {5 nua and f5,rys as a function of T.. Additional

half-times of crystallization data are obtained from ref. 13,14,16,
shown by gray symbols. Data represent averages of two
measurements, with the error bars being smaller than the symbol size

Polymer N_cHa CCR_.ys (K/s) CCR,ua (K/s)
PA 6 5 500
150
100
PA 66 5.5 750
PA 11 10 500 30,000
1000
PA 12 11 500
300 10,000

Abbreviations: CCR, critical cooling rate; PA, polyamide.

In Equations (1) and (2), AHp,q is the maximum cold-
crystallization enthalpy due to the formation of homoge-
nous nuclei, AH is the final enthalpy of the primary
crystallization, t is the annealing time, and n and A, are
constants. AHy,, is the enthalpy change due to cold crys-
tallization at the chosen heating rate on heterogeneities.
The data at T. = 303 K are used as an example of deter-
mining t/5crys and /23000, Which are shown in
Figure 9C,D, respectively.

In Figure 10, a bimodal temperature-dependence of
fijaerys @8 @ function of crystallization temperature is
observed, which corresponds to the temperature domi-
nance of homogeneous and heterogeneous nucleation,
respectively.’’ > At low temperatures/high melt-super-
cooling, homogeneous nuclei form and dominate crystal-
lization. However, at low supercooling, the homogeneous
nucleation rate is extremely low. Then the number of
homogeneous nuclei is much smaller than the number of
heterogeneous nuclei, and heterogeneous nucleation
becomes dominant. The two minimum values of f;/5 crys
are evident at 333 K, being around 0.05s, and 383 K,
being around 0.8 s. The values of ¢, ¢rys are similar to lit-
erature data,">'*'® plotted as gray curves in Figure 10.
The small difference in fy/5¢ys to Paolucci et al.?
might be due to (i) crystal growth during slow heating
and/or previous slow cooling, (i) different polymer
grades, and (iii) impurities that act as heterogeneous
nucleation sites.

In addition, t;/5nucq is shown in Figure 10 as a func-
tion of T, at temperatures between 303 and 348 K. As T,
decreases, 1/, nuc decreases at first and then increases,
revealing a minimum at 333 K, being around 0.0005 s.
The position of the minimum is controlled by the inter-
play of the increase of the thermodynamic driving
force for crystal nucleation with supercooling and the
decrease of short-range diffusion ability of molecular
segments.>>%"%2

TABLE 1 Critical cooling rates to
Reference )
suppress crystals nucleation and
63 crystallization in polyamides of
24 different amide-group concentration
5
22
11
18
16

Present work
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5 | DISCUSSION

5.1 | Non-isothermal nucleation and
crystallization

In this study, CCR.ys and CCRy,q of PA 12 are deter-
mined as 300 and 10,000 K/s, respectively. In order to

evaluate and discuss the specific crystallization behavior
of PA 12, a comparison with different polyamides is
advised. Data of CCR.ys and CCR,,q of PA 6, PA
66, PA11, and PA 12, available in the literature, are listed
in Table 1. The amide-group density is quantified by the
average number of —CH,— groups between two adjunct
amide groups (N_cu-) and correlated with the crystalli-
zation behavior. CCR.ys and CCR,,q are plotted as a
function of N ¢y, in Figure 11. Even though data are

105 . . .
E % ‘ lacking, it can be seen that CCR.ys of all polyamides
° L OPA 12 (CCRyys)
X 10tk ¥ %PA 12 (CCRue)
< 3 OPA 12 (CCR.e) [17]
5 C OPA 11 (CCR.ys) [19] TABLE 3 Available glass transition temperatures and
o 3 i s #*PA 11 (CCRn) [19] equilibrium melting temperatures in the literature
S 10°F b ©PA 11 (CCR.0) [12]
= 3 o) (DD o PA 66 (CCR.ys) [23] Polymer T, (K) Reference Tin o (K) Reference
& L PA 6 (CCR.,s) [68]
& qo PAB (COR..) [25] PA 46 345K 64 563 K 64
O § PA 6 (CCR.ys) [26] PA 6 313 K 65 533 K 65
r PA 66 323 K 66 574 K 66
107 L L 1 L 1 L 1 L 1 L 1 L 1 L 1
4 6 8 10 12 14 16 18 PA 610 323 K 67 506 K 67
N PA 612 319K 68 520K 68
PA1012 301 K 16 479 K 16
FIGURE 11  First (CCRys) and second (CCRyyy) critical PA 11 316 K 69 493 K 69
cooling rate of polyamides as a function of the average number of
. . PA 12 314 K 2 500 K 2
—CH,— groups between two adjunct amide groups (N_cy_). The
source of data is described in the legend. CCR, critical cooling rate Abbreviation: PA, polyamide.
TABLE 2 Available isothermal crystallization parameters of polyamides from literatures
Tnucl,
Tcrys,low-T tl/ 2,crys,low-T Tcrys,high-T tl/ 2,crys,high-T minimum L 1/2,
POIyanﬁde N7CH27 minimum (K) minimum (S) minimum (K) minimum (S) (K) nucl (S) Reference
PA 46 4 413 0.01 463 0.06 16
PA 6 5 368 4 413 1 15
368 3 413 0.8 24
413 1 28
413 1 29
PA 66 5.5 385 0.4 445 0.3 335 0.02 19
393 0.2 445 0.5 17
393 0.4 16
PA 610 7 353 0.8 403 0.8 16
PA 612 8 353 1.5 403 0.6 16
PA 1012 10 333 0.06 383 0.5 16
PA 11 10 333 0.05 403 3 333 ~0.01 18
340 0.05 400 2 11
PA 12 11 333 0.05 383 0.8 333 0.0005 Present
333 0.04 383 0.7 work
343 0.02 393 0.8 16
383 0.75 13
14

Note: Terys low-T minimum @0d Terys high-T minimum are the temperatures corresponding to the minimum t; /5 .rys as a function of temperature at high and low
temperatures, respectively. Thycl minimum iS the temperature corresponding to the minimum t;/, nu as a function of temperature.

Abbreviation: PA, polyamide.
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considered are of the same order of magnitude between
about 10? and 10° K/s. No conclusion can be made here
from such a limited data set.

5.2 | Isothermal nucleation and
crystallization kinetics

Literature data of the minima of t;/5 crys and f;/5 nua and
the corresponding temperatures are listed in Table 2.
Because the temperatures of minimum #f;ys and
t1/2nue are controlled by the supercooling and short-
range diffusion,*®* two reduced temperatures, that is,
(Tm,O'Tmin)/(Tm,O'Tg) and (Tmin'Tg)/(Tm,O'Tg)s are used to
uniformly scale the data and to compare these polyam-
ides; Tpmin is the temperature at the minimum of &/, crys
or t1/5nucl- For calculation of these two reduced tempera-
tures, Tr, o and T, are required and are taken from refer-
ences, as listed in Table 3.

Figure 12A shows the low-temperature minimum of
f1/2,crys Of different polyamides as a function of N_cy,— It
decreases as N_cy,_ increases. According to ref. 70, the
properties of polyamides become more similar to polyole-
fins with the decrease of the amide-group density, and
then, the crystallization becomes faster; only PA 46 is an
exception of the observed trend, for unknown reasons.
Due to the possible presence of additives, plasticizers,
and so forth, validation of the crystallization behavior of
PA 46 still is needed. In addition, at high temperatures,
there is no obvious trend for the dependence of ;5 crys ON
N 2, which is expected due to predominant heteroge-
neous nucleation. As such, crystallization at these tem-
peratures is largely determined by the specific grades
used for the experiment. This way, the crystallization
behavior at high temperatures is not further discussed
here. Furthermore, (Tm,0-Timin)/(Tm,o0-Tg) and (Tmin-Tg)/
(Tm,0-Tg) obtained at the low-temperature minimum is
plotted as a function of N ¢y, in Figure 12B. AS N _cppp

(A) 10"g (B) 1.0 - 1.0
OE U = mo.--§ 4 |PA12 . EHE} _
Lo S 08— - Pa11 ool optzl| |08
" 3 ~e N o r 0 *u PA 1012 @ [17] 1 L
-1 S . ] _ >
Eﬁ 10'g 8w ; 0.6 PABI0 m[17] 0.6 ,:E
2 A~ = I PAG6 @ [20] o[18] =
S10% ® ~04r | BEE AL vim| 104
- r i o PA46 m[17] [=
> - =
103F 021 B a H02 &
~ L B8 0o-. 1
10,4 | - 1 " 1 " 1 " 1 00 1 L | 1 1 1 1 | 1 L 1 L | 1 L 1 OO
4 6 8 10 12 2 4 6 8 10 12 14 16 18 20
N._cho- N_chz
FIGURE 12 (A) Low-temperature minimum of the half-time of crystallization (¢, /5 crys) as a function of the average number of —CH,—

groups between two adjunct amide groups (N_cp,—). (B): Temperature T, of the low-temperature minimum of ¢, .ys Normalized

regarding Tp, o and T as a function of N_cp,—

= (B)

L 1.0

S s A o O

> 08}

= (Tmo= TW(Tmo- Tg)
£ O PA12

£ 06| O PA11[19]
= i A PAG6[18]
2 (T- Tl(Tmo- Tg)
04T m PA12

Y I © PA11[19]
£ o2} A PAGB[18]
=} o

e 0.0 LA e
5 4 6 8 10 12 14
I;E N._cho-

(A)
10"g
100k | PA 12
© PA11[19]
g A PABB[18]
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FIGURE 13

(A) Minimum values of the half-time of nucleation, ;/ nuc, as function of the average number of —CH,— groups between

two adjunct amide groups (N_cp2-). (B) Temperature T, of the minimum of £;/5 nue normalized regarding Tr, o and T as a function of

N_cwuo, indicated with open- and solid symbols, respectively
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increases, (Trm,0-Tenin)/(Tm,0-T) correspondingly
increases, but (Tinin-Tg)/(Tmo0-Ty) decreases. This result
indicates that the required activation energy of crystalli-
zation increases and the energy barrier of short-range
diffusion decreases with increasing N_cy . It has been
reported in the literature that an increasing amide-group
density in polyamides decreases the entropy of the melt,
thus  favoring  perhaps  homogeneous  crystal
nucleation.”””* In addition, more —CH,— groups
between two adjunct amide groups make molecules more
flexible, which is beneficial for diffusion. So, the energy
barrier of short-range diffusion reduces. The molecular
structure of PA 12 (N_cpyp. = 11), therefore, causes a
rather low-activation energy of crystallization

Figure 13A shows t;/5nuca Of PA 66, PA 11, and PA
12 as function of N ¢y, , yielding a sequence of PA
12 < PA 11 < PA 66. Figure 13B shows the dependencies
of (Tm,o-T)/(Tmo-Tg) and (T-Tg)/(Tmo-Tg) on N_cpo-.
Unlike in Figure 12B, the values of (T o-T)/(Tmo-Tg)
and (T-Tg)/(Tmo-Tg), obviously, are not affected by
N_co—. However, the limitation in the number of data
available must be considered, such that final conclusions
cannot be drawn yet without further data

6 | CONCLUSION

Industrial processing often involves rapid cooling, which
results in crystallization of semicrystalline polymers
including PA 12 at high supercooling. However, the long
methylene unit sequence in the repeat unit and low den-
sity of amide groups classify PA 12 as a rather fast crystal-
lizing polymer, and therefore analysis of crystallization at
such deep-supercooling is not easily accessible by con-
ventional DSC. By employing FSC, with the capability for
fast cooling and heating, PA 12 can be quenched to the
glassy state, then crystal nucleation and crystallization at
low and high supercooling can be investigated. Due to
the limited enthalpy of formation and disappearance of
nuclei, Tammann's two-stage crystal nuclei development
method is the strategy of choice for investigating homo-
geneous crystal nucleation.

Two critical cooling rates are determined for PA 12.
The first critical cooling rate for suppressing crystal-
lization and the second critical cooling rate for
suppressing nucleation are 300 and 10,000 K/s, res-
pectively. In addition, the CHR for preventing crys-
tallization of a non-nucleated sample on heating is
determined as 10,000 K/s.

A bimodal distribution of the half-time of crystalliza-
tion as a function of crystallization temperature is
observed for PA 12, which shows two minimum values at
333 K, being around 0.05s, and 383 K, being around
0.8 s. Furthermore, the shortest half-time of nucleation

as a function of crystallization temperature is also mea-
sured, being around 0.0005 s at 333 K.

By comparing the crystallization kinetics of PA
12 with literature data of other polyamides of higher
amide-group density, it appears that the rate of homoge-
neous crystal nucleation increases with the number of
methylene groups between neighbored amide groups in
the chain.
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