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ABSTRACT: Successive self-nucleation and annealing (SSA) can thermally
fractionate semi-crystalline polymers, thus detecting the characteristic structural
features that lead to specific melting point distributions (corresponding to the lamellar
thickness distribution in the sample). SSA has been employed to investigate the
structural evolution of polyamide 1012 (PA1012) when it is submitted to thermal
treatments in the solid-state (below the melting point, 73,) as well as in the liquid-state
(above Tw), as a function of the molecular weight of the sample. Below 7,,, mainly
chemical crosslinking occurred, thus provoking the decrease in the melting enthalpy of
the highest temperature SSA melting fraction. The structural evolution was limited
primarily by crystallization, and the high crystallinity of the low molecular weight
samples led to low crosslinking rates. Above 7, the structural evolution was correlated
with the melt viscosity and the end group concentration. The concentration and
diffusion ability of end groups was inversely proportional to the initial melt viscosities,
therefore linear chain growing rate increased with the decrease in initial melt viscosities.
Crosslinking reaction rate increased with the increase in initial melt viscosities. This
work has determined the structural evolution differences of PA1012 depending on
different initial states. This work can provide guidance for studies of thermal structural
evolution of all AABB-type polyamides and subsequent design of high-performance

materials with various structures according to their application requirements.
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INTRODUCTION

Polyamide 1012 (PA1012) is synthesized via condensation polymerization between
dodecanedioic acid and decanediamine. Dodecanedioic acid can currently be obtained
by biological fermentation methods, which are valuable for their environmentally
friendly conversion processes with biobased materials under mild conditions.
Decanediamine can be converted from decanedioic acid, which can also be obtained by
biological fermentation methods. Therefore, PA1012 has been developing rapidly using
monomer preparation technology based on biofermented sources.

A series of results have been reported on the crystalline structure of PA1012. Atkins
et al.! analyzed the crystal structure and the crystal surface of PA1012 obtained by
solution crystallization. They found that PA1012 crystals have adjacent re-entry chain
folds that must be constituted by alkane chain segments. Yan et al.” prepared different
PA1012 crystal forms by melt-crystallization, and by solution casting from meta-cresol
and trifluoroacetic acid. It was found that melt-crystallized and samples cast from
trifluoroacetic acid solution adopt a-form and y-form, respectively. Different crystal
forms (including a-form, y-form and a mixture of these two) could grow from meta-

cresol cast samples according to different cast temperatures. Yan et al.>> observed a



double-melting phenomenon of PA1012 during DSC heating scans. They attributed the
highest melting peak to the melting of recrystallized crystals during the heating scan,
while the lowest melting endotherm was related to the melting of the lamellae formed
during previous crystallization. Li et al. and Zhou et al. respectively studied the effects
of hydrogen-bonding density and arrangement of amide groups on crystallization
kinetics®, dielectric behavior and the methylene infrared vibration’.

As PA1012 material has been industrialized only recently, compared with PA11%
and PA12'*!3 which have been commercialized for a long time, the research on
PA1012 has been concentrated on structural evolution during stretching'®, shearing!” or
heating!®!°. The external field and the chain structure can both affect the microstructure
and the resultant physical properties in polyamides and its copolymers?’-2!. However, a
key technical problem needs to be solved: What is the mechanism of structural change
of PA1012 when submitted to thermal treatments at high temperatures for a specific
period of time? For example, PA66 may be crosslinked?? at high temperatures, as the
effect of high temperature makes adjacent end-amino groups de-amine each other to
produce secondary amino groups. The hydrogen atoms on the secondary amino group
are more active and can react with the end amino or amide groups of other PA66
molecules to form a three-dimensional crosslinked network structure. Also, due to the
characteristics of its polymerization process, the end groups of polyamides are still

reactive in polymers which have already been polymerized and such activity can bring

about structural changes upon heating in the subsequent processing, which is the reason



why it can undergo solid state polymerization (SSP)?* via reactions of the chain end
groups in the amorphous region, resulting in a secondary increase in molecular weight.
For PA1012, these complex groups can have an impact on the structural changes during
heat treatment at temperatures higher than the glass transition temperature (7),
especially at those above T} onser, Such as possible degradation and transamidation,
resulting in unpredictable structural changes and possible properties deterioration. Here
we chose 170 °C (close to T onser) and 250 °C (highly above T onser) to compare the
structural evolution differences as a function of the molecular weight of PA1012, which
were important in the actual processing.

This work is a continuation of our previous investigation®* on the structural
evolution of PA1012 subjected to high temperatures thermal treatments, using thermal
fractionation as a tool to elucidate the structural changes that can occur during such
treatments. Previous results®® showed that when PA1012 is heated to high temperatures
for a specific amount of time, it can undergo changes in physical and chemical structure
depending on the temperature. We employed the successive self-nucleation and
annealing (SSA) thermal fractionation method to follow the chemical structure
evolution. Coupling SSA with heat treatments allowed tracing the in situ evolution of
thermal fractions melting points (proportional to lamellar thicknesses)**?® of PA1012
during high-temperature thermal treatments. A competition between chain growth and
crosslinking of PA1012 occurred during the high-temperature thermal treatments.

Master curves of “time-temperature superposition” at a reference temperature were



constructed based on SSA results. The melting point distribution evolution (or lamellar
thickness distribution evolution) was divided into three stages as a function of time. At
shorter times (first stage) chemical crosslinking predominated. At intermediate times
(second stage), the amount of end groups increased faster than before, and linear chain
growth rapidly occurred along with the ongoing chemical crosslinking. Finally, at the
last stage, linear chain growth predominated because of the increase in chain end-group
reactions.

In this work, the differences in the structural evolution during high-temperature
heat treatments in the solid state (below the melting point, 7,;) and in the liquid state
(above T,) were investigated by employing PA1012 samples with different initial melt
flow index (i.e., different initial molecular weights) depending on their different
polymerization times. Below 75, the structural evolution was mainly limited by
crystallization. Above T, the structural evolution was associated with the diffusion and
concentration of end groups. Based on our previous results?’, the present work has
studied and characterized the structural evolution of PA1012s as a function of their

initial molecular weight by SSA at different thermal treatment temperature ranges.

EXPERIMENTAL SECTION

Materials

The PA1012 pellets used in this research were provided by Shandong Guangyin

New Material Co., Ltd. The melt flow index (MFI) of different PA1012 pellets were 1,



12, 18, 21, 43 g/10 min that were obtained according to the same formulation and
process, depending on the difference in polymerization time. The fundamental physical
characterization of the five kinds of PA1012 pellets is shown in Table 1. The different
samples have been denoted according to their MFI value using the nomenclature S-MFI,
for example S-12 is the PA1012 sample with MFI=12 g/10 min. The pellets were dried
in a vacuum oven at 90 °C for 6 h before experiments.

Table 1. Fundamental physical characterization of PA1012 samples.

Sample S-1 S-12 S18  S21  S-43
MFI” (¢/10 min) 1 12 18 21 43
M " (x10" g/mol) 1.4 12 0.9 0.8 0.6
M_ " (x10" g/mol) 35 25 22 22 1.7

D" 2.53 2.16 2.52 2.55 2.86
7, ? (°0) 189.1  189.8  190.5 1904  190.4
AH, " (T/g) 195 240 271 314 405

% Determined by Melt Flow Indexer at 235 °C according to ASTM D1238 (2.16

kg). ® Determined by GPC testing in HFiP mobile phase (40 °C). ? Determined by DSC.

Gel Permeation Chromatography (GPC) Experiments

The mobile phase was hexafluoroisopropanol (HFiP), the test temperature was 40
°C, and the concentration was 1 mg/mL. The molecular weight and their distribution is

shown in Table 1 for all samples.



Differential Scanning Calorimetry (DSC)

TA Q2000 DSC instrument was employed for the following studies. The instrument
was calibrated before measurements according to the experimental conditions to be
used. All experimental samples were tested with 3 mg under high purity nitrogen
atmosphere.

Nonisothermal Crystallization. The nonisothermal DSC scans were used to
determine the peak crystallization temperature and the peak melt temperature of
PA1012 with different MFIs. The procedure can be described as follows. The samples
were firstly melted for 3 min at 230 °C to erase thermal history and crystalline memory,
then cooled down to 30 °C at 10 °C/min and held at 30 °C for 3 min. Finally, the samples
were heated at 10 °C/min up to 230 °C.

Thermal Fractionation by SSA%°-3!. SSA should be designed by employing the
ideal self-nucleation (SN) temperature®® (T qea) as the first Ty;. Before the SSA
procedure, SN32-33 was performed to find T izear, which was described in Figures S1-S3.
When comparing a series of PA1012 samples with different MFIs, the highest 7 izeas for
the different samples can be used as a constant 7 ; for all the samples. According to the
results, the Ty igzear Of the largest MFI was 192 °C and of which the smallest MFI was
191 °C. These results were reasonable because normally the sample with the highest
T izear corresponded to the sample with the highest 7,,. We applied the same T gea to
all samples, i.e., 192 °C. The SSA procedure is described in Figure 1a':

(a) The sample was melted for 3 min at 220 °C to erase the thermal history and



crystalline memory.
(b) Then, it was cooled at 20 °C/min down to 100 °C to create a standard semi-
crystalline state, and it was held for 3 min at 100 °C for thermal equilibration.
(c) The sample was heated from 100 °C at 20 °C/min up to a chosen 7 and held there
for 5 min. Therefore, 5 min was the selected fractionation time.
(d) Then, it was again cooled at 20 °C/min down to 100 °C so that the fraction of the
sample that was melted at 7 crystallized during cooling.
(e) Steps (c) and (d) were repeated at progressively lower T; values. The interval
between 7§ temperatures, or the fractionation window, was set as 5 °C. The total number
of T temperatures (including 7§ ; = T iaear) applied to each sample was 5.
(f) Finally, the sample was heated at 20 °C/min up to 220 °C to obtain the thermally
fractionated sample DSC heating scan.

The final heating DSC scan revealed the SSA fractionation profile of the sample.
Since no annealing occurred at Ty, the number of produced fractions was equal to

four.
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Figure 1. Experimental diagram: (a) Schematic representation of the SSA thermal
protocol. (b) Combination of the SSA procedure and isothermal heat treatment for
studying the lamellar thickness evolution and kinetics of PA1012. The procedures

were the same as that employed in reference?’.

Kinetic Studies of PA1012 chains structural evolution by SSA. The combination
of the SSA procedure and isothermal treatment at high temperatures for studying the
lamellar thickness evolution (through the changes in the thermal fractionation profile)
and kinetics for PA1012 was carried out in the DSC instrument. The N> atmosphere in
DSC provided inert protection and removal of small molecular condensates. The
procedure is described in Figure 1b. In the schematic diagram, the green line represents
a complete SSA process, and the red line represents 2 h of isothermal treatment at a
specific temperature. Each SSA revealed the fractionation of the sample after the
cumulative isothermal treatment time at high temperatures. The total time of isothermal

heat treatment was 14 h. The isothermal temperatures were set as 170 and 250 °C



separately. We studied in situ the changes in the lamellar thickness and its distribution
evolution (through the evolution of the thermal fractionation profile) of the series of
PA1012s.

Rheological Measurements

Oscillatory shear experiments were performed with a Discovery Hybrid Rheometer
(TA DHR-II) using parallel plates with diameters of 25 mm. Oscillation time sweep
experiments were performed at 210 °C with a frequency of 0.09 rad/s (Figure S4) and
an amplitude of 10 % (Figure S5) in the linear viscoelastic regime with a continuous

purge of nitrogen gas.

RESULTS AND DISCUSSION

Evolution of Lamellar Thickness and Its Distribution at Different Treating

Temperatures for PA1012 Samples with Different MFIs

The longer the polymerization time, the lower the MFI value of the obtained
sample. To clearly understand the relationship between MFI and molecular weight of
PA 1012 samples, the relationship between number average molecular weight and MFI
value is plotted in Figure 2. As expected, the number average molecular weight was
negatively correlated with the MFI values, i.e., the higher the MFI value, the lower the

molecular weight.
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Figure 2. Number average molecular weight as a function of MFI value for PA1012.

We studied in sifu the changes in the melting point distribution or SSA
fractionation profile variations for the PA1012 samples with different MFIs when they
were subjected to thermal conditioning at 170 °C and 250 °C. Figures 3 and 4 separately
show the final DSC heating scans determined after the indicated cumulative isothermal
treatment times at 170 and 250 °C. The melting enthalpy of the first (4Hu1/4Hn») or the
last three (AHm2+ m3+ ma/AHn) thermal fractions normalized by dividing by the total

melting enthalpy is plotted as a function of isothermal treatment time in Figure 5.
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Figure 3. Final DSC heating scans (performed after SSA) after the indicated
cumulative isothermal heat treatment times at 170 °C for the (a) S-1, (b) S-12, (c) S-
18, (d) S-21, and (e) S-43 samples. The thermal fractions are numbered from 1 to 4 on

top of each melting peak.
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Figure 4. Final DSC heating scans (performed after SSA) after the indicated
cumulative isothermal heat treatment times at 250 °C for the (a) S-1, (b) S-12, (c) S-
18, (d) S-21, and (e) S-43 samples. The thermal fractions are numbered from 1 to 4 on

top of each melting peak.
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Figure 5. Melting enthalpy of the (a) (¢) first (4Hu1/AH») or the (b) (d) last three
(AHm2+ m3+ ma/AHy) thermal fractions divided by the total melting enthalpy as a
function of isothermal time at 170 and 250 °C for the samples. The numbers are

corresponding to the order of the thermal fractions in Figure 3 and 4.

The MFI is a numerical value indicating the flow capacity of plastic materials. The
increase of MFI value is directly related to a decrease in melt viscosity (and a decrease
in My, as indicated in Figure 2). The higher the chain diffusion or mobility in the melt,
the higher the MFI value is. As molecular weight increases, entanglement density and
melt viscosity increase. Even after polyamides finish their primary polymerization

process, some reactive groups remain in the system, such as end-amino groups, end-



carboxylic groups, and potential cross-linking sites (secondary amines). Potential
crosslinking sites could easily react with end groups to generate chemical crosslinking.
Carboxylic end groups could react with amine end groups resulting in linear chain
growth. After SSA, we define the highest melt temperature peak as the first thermal
fraction and the lowest temperature peak as the fourth fraction (see the numbers in
Figures 3 and 4). Here we set five T values to obtain four fractions, which was with
high efficiency and reduced the influence of SSA in heat treatment to a larger extent.
These four fractions had different average the melting points, and their four melting
peaks can be considered to have four different average lamellar thicknesses, as proven
earlier in different materials by small-angle X-ray scattering (SAXS)*> % and we also
used the Gibbs-Thomson equation to generate a distribution of lamellar thicknesses by
employing the PA1012 DSC trace obtained after the SSA treatment®’.

As the initial molecular weight of PA1012 increased at lower thermal treatment
temperature (i.e., 170 °C, where the sample is in the semi-crystalline state), both the
melting point and the melting enthalpy of the first fraction decreased fast, as shown in
Figure 3 and Figure 5a. This was caused by the dominant chemical crosslinking
reactions (see Scheme la below), which caused after SSA a decrease in the melting
enthalpy of the first fraction without any subsequent increase during the cumulative
thermal conditioning steps. The crosslinking reactions under these thermal protocol
were proven in our previous work?’. The work showed that chemical crosslinking was

easily accomplished with end groups that rapidly reacted with active sites and the



crosslinking points occurred at the N atoms of PA1012, which was confirmed by the
CPMAS N NMR spectra and was similar to PA66?2. Crosslinking interrupted the
linear crystallizable sequences of PA1012, and hence fraction number 1, where the
thickest lamellar crystals melt, tended to reduce its melting enthalpy and eventually
almost disappeared for sample S-1 (Figure 3a). The shorter linear chains in between
crosslinking points can only form thinner lamellae that do not melt in fraction number
1 but in lower melting point thermal fractions (i.e., 2, 3 or 4). Figures 5a and 5c
represent trends that are mirror images of those in Figures 5b and 5d. The reason for
this behavior is that the last three thermal fractions grow at the expense of the decrease
in the first fraction.

At 170 °C (at 7<T), the reaction rate increased as the initial molecular weight of
the sample increased. The higher the initial molecular weight was (i.e., lower MFI), the
lower the degree of crystallinity achieved, and the number of active end-groups, which
were in the amorphous region and could move without the limit of the crystal lattice,
was higher. A decrease in the crystallinity degree with a decrease in MFI can be
observed in Figure 6. Figure 6 shows that the melting enthalpy increased as the initial
molecular weight of the sample was lower (i.e., higher MFI). For PA1012 samples with
higher MFI, because their low molecular weight chains are easier to enter the crystal
lattice, many end-groups could be confined at the fold surface and reduce their activity

(see Scheme 1a below).
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Figure 6. (a) DSC heating scans and (b) Melting enthalpy for PA1012 with different

MFIs.

Using higher temperatures to thermally conditioning the samples, the changes
were different. At 250 °C (7>T,,), the samples are in the melt, so the previous degree of
crystallinity of the samples will not have any influence. The structural changes observed
in the samples strongly depended on their initial melt viscosity and end group
concentration. Figure 7 shows that the initial complex melt viscosity was lower as the
molecular weight decreased (i.e., higher MFI values), as expected. In Figure S6, we
could see that the end group concentration was positively correlated with the MFI

values, i.e., the higher the MFI value, the higher the end group concentration.
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For lower MFIs samples (Figures 4a, b), the diffusion of end groups was slow due
to the high melt viscosity and the end group concentration was small, which resulted in
slow linear chain growth rate at shorter times. Therefore, chemical crosslinking
predominated with fewer end groups that rapidly reacted with active sites at the
beginning of the thermal treatment (Scheme 1b), which resulted in a decrease in the
melting enthalpy of the first fraction (Figures 4a, b). With increasing time, the number
of end groups rapidly increased and linear chain growth started to dominate via
reactions of chain end groups (see Scheme 1b). Thus, the melting enthalpy of the first
fraction slightly increased (Figure 5¢). Although in Figure 4a, there seemed to be no
increase in the melting enthalpy of the first fraction. To better show this small increased
in the first fraction melting enthalpy, we included an additional isothermal treatment
time of 0.5 h at 250 °C for sample S-1 (Figure 8). It was found that a slight minimum

appeared in the plot of the melting enthalpy of the first thermal fraction versus time



(Figure 9). That meant that also for sample S-1, chemical crosslinking predominated
initially and linear chain growth was dominant later, a behavior that was similar to that
of sample S-12. The lower the MFI is, the earlier the time corresponding to the
appearance of the minimum value.

For higher MFIs (Figure 4c-e), the diffusion of end groups was quick and the end
group concentration was high, resulting in a quick linear chain growth rate. At shorter
times, linear chain growth and crosslinking occurred in parallel (Scheme 1c¢). In terms
of probability, end groups could react with potential crosslinking sites or other end
groups. This was reflected in the decrease of the melting enthalpy of the first fraction
(Figure 4 and 5c) and at the same time the increase in the melting points and melting
enthalpies of the last three fractions. At longer times, crosslinking dominated again
(Scheme 1c), making the melting enthalpy of the first fraction decrease and the last

three fractions increase (Figures 5c¢ and 5d).
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Figure S6 shows that as the MFI value was higher, the end group concentration
was higher. This also proves that by prolonging the polymerization time, the molecular
weight and viscosity of the sample were increased by reducing the end group
concentration in the reaction system. The reduction of the end group concentration

caused slow amidation reaction between carboxylic end groups and amine end groups.

Mechanism for the Lamellar Thickness Evolution of PA1012 with Various Initial

Molecular Weight at Different Thermal Treatment Temperature Ranges

Two structural changes, linear chain growth and chemical crosslinking, occurred
during the isothermal treatments in the solid state and in the liquid state applied to
PA1012 with different initial molecular weight. The influencing factor is different for
PA1012 under different states as shown in Scheme 1.

When PA1012 samples were thermally treated at lower temperature (i.e., 170 °C
when the samples are in the semi-crytalline state), the structural evolution was limited
by the previous crystalline structure. In this kind of situation (Scheme 1a), chemical
crosslinking occurred primarily via reactions between potential crosslinking sites and
end groups, which still remained in the system although the PA1012 samples had
finished their primary polymerization process. As the initial molecular weight of
PA1012 decreased (i.e., higher MFI), a higher degree of crystallinity limited the activity
of end groups, which resulted in lower reaction rates.

When PA1012 samples were thermally treated at higher temperature (i.e., 250 °C),



the structural evolution strongly depended on their initial melt viscosity and end group
concentration and not on the previous degree of crystallinity, as the samples were
melted at the treatment temperature. For higher initial melt viscosity and lower end
group concentration of PA1012 (Scheme 1b, lower MFI), at the beginning of the
thermal treatment, chemical crosslinking predominated with fewer end groups that
rapidly reacted with active sites, because of slower end-group diffusion and lower end-
group concentration. During the later stages (longer treatment times), the number of
end groups rapidly increased, induced by chain scission under high temperature for long
times, and linear chain growth started to dominate via reactions between chain end
groups.

For lower initial melt viscosity and higher end group concentration of PA1012
(Scheme Ic, higher MFI), at shorter times, linear chain growth and crosslinking

occurred in parallel; at longer times, crosslinking dominated again.
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Scheme 1. Schematic of the Mechanism Competing by Linear Chain Growth and
Chemical Crosslinking in PA1012 with different MFIs at 170 and 250 °C. At low

temperature, chemical crosslinking occurs primarily for all PA1012 samples. But at

high temperature, the mechanism varies from PA1012 with different MFIs, with

chemical crosslinking or linear chain growth or both occurring in parallel.

CONCLUSIONS

In this study, the evolution of the melting points and its distribution of different
PA1012s with different polymerization times was investigated by SSA. The results
depended on the thermal treatment temperatures and on MFI values (i.e., molecular
weight).

Thermally treating the samples below 7, chemical crosslinking reactions



dominated, causing a decrease in the melting enthalpy of the first SSA thermal fraction.
In the solid state, the structural evolution was mainly limited by crystallization. The
high crystallinity achieved by the low molecular weight of PA1012 led to low
crosslinking rates. Therefore, the lower the molecular weight of the PA1012 samples,
the lower the crosslinking reaction rates.

Above Ty, the samples are in the melt, therefore the structural changes strongly
depended on their melt viscosity and end group concentration. For lower MFIs, due to
the high melt viscosity and low end group concentration, chemical crosslinking
predominated with active sites that reacted with end groups at the beginning of the
thermal treatment; with increasing time, linear chain growth occurred primarily via
reactions of chain end groups. For higher MFIs, due to the low viscosity and high end
group concentration, at shorter times, linear chain growth and crosslinking occurred in
parallel; at longer times, crosslinking dominated again.

Based on the results obtained in the present work?’, we have further completed the
investigation on how structural evolution of PA1012 by post-polymerization reactions
triggered by thermal treatments occurs, as determined by different initial states. In our
previous work?’, we have found that the structural changes occurring during thermal
treatments enhanced toughness, strength, and heat resistance properties of PA1012.
Therefore, this research could provide guidance for studies of thermal structural
evolution of all AABB-type PAs and subsequent design of high-performance materials

with different structures according to different application requirements. We could



obtain samples with very different structures according to selecting initial molecular

weight, thermal treating temperatures and times.
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