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To�adapt� liquid�reactive�processes� to�thermoplastic�composite�manufacturing,�synthesis�kinetics�of�PA6�
from�ε-caprolactam�monomer�have�been� investigated.�This� reaction� involves�simultaneously�polymeri-
zation�of�monomers�and�crystallization�of�growing�chains.�It�has�been�studied�by�DSC�over�a�wide�range�
of�isothermal�and�non-isothermal�conditions,�and�TGA,�DSC�and�WAXS�experiments�were�performed�on�
polymerized�samples.�Shape�of�DSC�curves�allowed� to� identify� the�degree�of� interaction�between�poly-
merization�and�crystallization.�At�high�temperature�or�high�heating�rate,�polymerization�occurs�first�and�
crystallization� is�delayed�because�of� the� low� supercooling.�When�phenomena� are� fully�decoupled,� the�
final� properties� are� close� to� conventional� PA6.� For� lower� conditions,� crystallization� depends� on� the�
availability� of� chains� and� polymerization� controls� the� synthesis� time.� The� high�mobility� of� the� envi-
ronment� favors� the�final�degree�of�conversion�and� the�properties�of� the�crystalline�phase.�At�very� low�
temperature,�a�two-step�crystallization�is�observed,�due�to�a�critical�molecular�weight�that�is�required�for�
nucleation�and�the�degree�of�conversion�could�be�affected�by�entrapment�of�reactive�species�in�crystals.�

1. Introduction

Long fiber reinforced thermoplastic composites offer an inter-
esting compromise between mechanical performances, chemical
resistance and recyclability that make them serious challengers of
thermoset composites [1]. However, the high melting temperature
and viscosity of thermoplastic matrices still restrict their growth
mainly because of the expensive and time-consuming
manufacturing processes like autoclave or hot press. High molar
mass macromolecules exhibit at the molten state a non-Newtonian
viscosity that is 100 to 1000 times higher than uncured thermosets
[2]. Impregnation of reinforcing yarns is therefore necessarily a
slow process although the use of complex semi-finished products
(commingled, powdered) [1,3,4] or fast manufacturing processes
[4,5] reduce the consolidation time of thermoplastic composites.

To overcome these limitations, reactive systems leading to a
thermoplastic polymer represent a promising alternative for ther-
moplastic composites fabrication. The initial low viscosity of these
systems is indeed compatible with liquid molding processes (Resin
Transfer Molding, Liquid Resin Infusion). Since the impregnation
process and cure temperature of reactive thermoplastics and
epoxy-based resins are similar [6], conventional infusion systems
can be used without extensive modifications.

Like thermoset resins, the thermoplasticmatrix is obtained by in
situ polymerization of its low-viscosity monomer after impregna-
tion of the fibrous structure. Processability of reactive thermo-
plastic systems depends on the matrix viscosity, which is driven by
the polymerization kinetics [7,8]. The control of the reaction is thus
critical for process optimization as it affects the porosity of com-
posites [9e11] and may influence the fiber-matrix adhesion [8,12].

Among the different reactive thermoplastics, semi-crystalline
polyamide 6 (PA6) is of particular interest for automotive applica-
tions as it is already massively used for semi-structural parts.
Synthesis of PA6 is achieved by anionic ring-opening polymeriza-
tion of its monomer ε-caprolactam by means of an activator and a
catalyst. Their nature and concentrations in the reactive mixture
strongly affect the polymerization kinetics [13,14]. The reactivity of
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the mixture can therefore be tuned for mass production of com-
posite [15].

The PA6 synthesis is however particular in that both chain
polymerization and polymer crystallization occur. This is due to the
possible synthesis temperature range that coincides with the
crystallization temperature of PA6. The consequence of these
simultaneous mechanisms is a strong coupling between both
phenomena: crystallization kinetics depends on the increasing
amount of available polymer chains during polymerization. Crys-
tallization may induce an early increase of the reactive mixture
viscosity that could slow down the flow during infusion. On the
other hand, the increase of the processing temperature slows down
crystallization but accelerates the polymerization andmay limit the
infusion time. Understanding the coupled polymerization-
crystallization kinetics is therefore essential to optimize compos-
ite manufacturing processes and has motivated many studies in the
last decades.

Characterization of PA6 synthesis has been mainly performed at
a bulk scale using an adiabatic reactor [14,16e22]. This is an inverse
approach that consists in monitoring the temperature of the reac-
tive mixture at the core of an insulated reactor during polymeri-
zation and crystallization. The main advantage of this approach is
that several hundred grams of polymer are synthesized which
ensures the homogeneity of the reactive mixture. However, as both
phenomena are exothermic, the separation of their contribution to
the temperature increase can only be achieved by using complex
kineticmodels [22]. Another drawback of thismethod is that it does
not allow for isothermal synthesis, the thermo-dependence of
phenomena is thus difficult to characterize.

On the other hand, Differential Scanning Calorimetry (DSC) is an
interesting method to follow the in situ synthesis at a smaller scale.
First studies have mainly been focused on the influence of the
nature and concentration of catalysts on reaction kinetics
[13,23e26]. Syntheses were performed under a few representative
conditions in order to highlight the coupling or separation of
polymerization and crystallization. PA6 reactive mixtures have only
recently been investigated over a wide range of isothermal and
non-isothermal conditions using DSC by Khodabakhshi et al. [27].
However, the focus was on mixtures designed for inkjet printing
involving a very high concentration of catalysts for a rapid reaction.
Thus kinetic data on reactive mixtures dedicated to composite
manufacturing are still lacking.

This study investigates the coupled polymerization-
crystallization of PA6 from ε-caprolactam under isothermal and
non-isothermal conditions using DSC. The reactive mixture was
selected to obtain a polymerization kinetic that suits with liquid
molding processes. The final monomer conversionwas determined
by TGA based on evaporation of residual monomer after polymer-
ization. DSC and WAXS were used to characterize the degree of
crystallinity and microstructure of synthesized semi-crystalline
PA6.

2. Experimental

2.1. Materials

All reactants have been kindly supplied by Brüggemann
Chemical, Germany. The products used for the anionic ring opening
polymerization of PA6 are the ε-caprolactam monomer “AP-
NYLON®”, caprolactam magnesium bromide as catalyst (MgBrCL e
“Nyrim C1®” 1.4 mol kg!1 in caprolactam) and bifunctional hex-
amethylene-1,6-dicarbamoylcaprolactam as activator (HDCL e
“Brüggolen C20P®” 2.0 mol kg!1 in caprolactam). Since the reaction
is sensitive to moisture [28], products were dried overnight at
308 K under vacuum prior to mixture preparation and all

subsequent handling was performed in an inert atmosphere to
prevent any moisture uptake.

The reactive mixture was prepared by melting reactants under
stirring. The ratio MgBrCL/HDCL used was 0.79/1.10 mol.% of CL.
Once homogeneous, batch was quenched in liquid nitrogen to
prevent early reaction. The product was then stored in a sealed pot
at 255 K before sampling.

2.2. Analysis methods

2.2.1. DSC e kinetics characterization
Physical and chemical phenomena were monitored using a

power-compensated Perkin-Elmer 8500 Differential Scanning
Calorimeter (DSC) under nitrogen. DSC samples were prepared
with 9e12 mg of reactive mixture. This relatively high sample mass
for DSC analyses allows a reasonable compromise between heat
transfer inertia and sampling heterogeneity. The mixture was
sealed in hermetic aluminum pans under inert atmosphere to
prevent monomer evaporation and moisture uptake. This proced-
ure differs from Khodabakhshi et al. [27] who achieved DSC tests
with open pans without lids to reproduce the conditions of inkjet
printing. The inherent evaporation of monomer, which starts
around 373 K, is superimposed on the polymerization and crys-
tallization and causes a mass loss of 20 wt% in average.

The reaction kinetics were characterized under isothermal and
non-isothermal conditions. Isothermal PA6 syntheses were ach-
ieved by heating a sample at 300 Kmin!1 from273 K to an isotherm
temperature Tiso ranging from 403 to 473 K. The sample was kept at
Tiso until the conversion of ε-caprolactam into PA6 is achieved and
then cooled at !10 K min!1 to 273 K. Non-isothermal cycles con-
sisted in heating the mixture at different rates (0.5, 1, 2, 5 and
10 K min!1) from 273 to 523 K. To ensure repeatability, 4 samples
were tested for each synthesis condition except at 0.5 K min!1 for
which 2 tests were performed.

2.2.2. DSC - crystallinity characterization
For each isothermal synthesis, one out of the four samples un-

derwent a subsequent heating DSC scan at 10 Kmin!1 from273 K to
523 K in order to assess the enthalpy of fusion and melting tem-
perature of the crystalline phase. For the non-isothermal synthe-
sized samples, the properties of the crystalline phase were
determined directly on the synthesis curves obtained at different
heating rates.

2.2.3. WAXS - crystalline structure
Wide-Angle X-ray Scattering (WAXS) was used to analyze the

crystalline structure formed during the synthesis of PA6. WAXS
measurements were conducted on the two other isothermally
synthetized samples after removing them from the DSC pans. The
experiments were performed in reflected radiation mode bymeans
of a Philipps Panatical X'Pert PRO Diffractometer using a Cu Ka ra-
diation (l ¼ 1.54 Å). Data were collected over a scattering angle of
2q ¼ 5#e35# with increments of 0.05#.

2.2.4. TGA - monomer conversion
Final monomer conversion was determined by Thermogravi-

metric Analysis (TGA) [29,30] by means of a coupled Setaram TGA-
DSC 111 under nitrogen. Two samples of each synthesis condition
were tested with a heating rate of 5 K min!1 from room tempera-
ture to 773 K. It should be noticed that isothermally synthetized
samples used in TGA are the same than forWAXS analysis, i.e. these
samples did not undergo a subsequent heating ramp at 10 K min!1.
Prior to analysis, samples were stored in a desiccator to prevent
moisture uptake. However, the samples may have absorbed water
during WAXS experiment or during their transfer into TGA



crucibles that could not be achieved in anhydrous environment.

3. Results and discussion

3.1. Non-isothermal syntheses

Representative DSC curves of non-isothermal syntheses of PA6
are presented in Fig. 1. Fig. 1a shows the first part of the heating
stage between 323 and 353 K. The double endothermic peaks
correspond to the fusion of the products in the reactive mixture: a
first small peak around 327e330 K due to catalysts is followed by a
main peak around 341e346 K due to the ε-caprolactam. A thermal
lag is observed when increasing the heating rate.

Fig. 1b focuses on the temperature range of PA6 syntheses. It
results in one or two exothermic peaks and, depending on the
heating rate, an additional endothermic peak. For clarity maximum
peak temperatures of phenomena are plotted versus the heating
rate in Fig. 2.

As displayed in Fig. 2 the exothermic peaks shift towards higher
temperatures (from 429 to 467 K) when increasing the heating rate.
Moreover, the logarithmic scale suggests an exponential influence
of the heating rate on the reaction temperature.

The exothermic peaks in Fig. 2 correspond to PA6 polymeriza-
tion and crystallization. The double peak obtained for _T ¼ 5 Kmin"1

shows the occurrence of both phenomena during the heating ramp.
Polymerization is the first process to occur, as short chains cannot
crystallize in the reaction temperature range. The first maximum
on DSC curve then corresponds to polymerization and the second
one to polymer crystallization. The separation of the two trans-
formations at high temperature is due to a slow crystallization ki-
netic because of the low supercooling.

Low heating rates, i.e. 0.5, 1 and 2 K min"1, result in a single
exothermic peak at low temperature and an endothermic peak
around 493 K. The latter corresponds to the fusion of PA6 crystals
formed during polymerization (Melting in Fig. 2). Crystallization
thus occurs simultaneously during chain polymerization. The
apparition of a single exothermic peak is probably due to the lim-
itation induced by polymerization on the crystallization process, as
the high supercooling involves an instantaneous crystallization of
PA6 growing chains.

The curve at _T ¼ 10 K min"1 is characterized by a unique
exothermic peak that ends below the melting temperature range.
As no melting is observed on DSC curves, this peak corresponds to
the sole polymerization of PA6. The shift of the polymerization
temperature towards high temperature induces a very low

supercooling for crystallization. The resulting crystallization ki-
netics is thus so low that when reaching the melting range no
crystals could be formed and the polymerized mixture remained
liquid.

3.2. Isothermal syntheses

One representative DSC curve per isothermal temperature Tiso
(between 403 and 473 K every 10 K) is shown on Fig. 3. It should be
noticed that the melting of the reactive mixture occurs during the
fast heating ramp (300 K min"1) and is fully achieved before the
beginning of isotherm.

Shape of DSC curves changes over the investigated temperature
range. Syntheses at 473 K lead to one sharp exothermic peak, while
at 453 K and 463 K two distinct peaks are obtained. Between 423
and 443 K, syntheses are characterized by one dissymmetric peak
with a shoulder; and at 403 K and 413 K the DSC scans exhibit a
double exothermic peak with a first maximum at the early stage of
the reaction.

In order to understand the synthesis process, the samples were
cooled from Tiso to 273 K at "10 K min"1 at the end of isotherm and
then heated at 10 K min"1 until 543 K. Representative DSC scans of
the cooling phase are shown in Fig. 4 for three different Tiso and
typical melting curves of synthetized samples are shown in Fig. 5. In

Fig. 1. DSC curves of non-isothermal syntheses of PA6 at different heating rates, (a) reactive mixture melting temperature range, (b) PA6 polymerization, crystallization and melting
temperature range.

Fig. 2. Polymerization, crystallization and melting temperatures as a function of
heating rate.



Fig. 5, the melting curve of sample synthetized at 423 K is repre-
sentative of all PA6 samples synthetized between 403 and 463 K
and differs from the curve obtained for Tiso ¼ 473 K by the position
and the shape of the melting peak.

Even if all polymers melt during this last heating scan, the
exothermic peaks on curves in Fig. 4 indicate that the crystalline
structure was not systematically formed during the isothermal
stage. In particular for a Tiso of 473 K, the sharp crystallization peak
and the distinct baseline above the peak show that PA6

crystallization only occurred during the cooling step. The single
exothermic peak observed during syntheses at 473 K then corre-
sponds to the polymerization solely and the synthesized PA6
polymer remained in liquid state. It is similar in that sense to the
non-isothermal synthesis at 10 K min"1 (Fig. 1a).

After synthesis at 463 K, a smaller crystallization peak starts at
the beginning of the cooling phase (Fig. 4). This crystallization is
partial as two distinct peaks appear on the DSC curves of the
isothermal stage among which one is necessarily due to

Fig. 3. DSC curves of isothermal syntheses of PA6, (a) for 453-463-473 K, (b) for 423-433-443 K and (c) for 403e413 K.

Fig. 4. DSC scans of the cooling step subsequent to isothermal syntheses of PA6. Fig. 5. Melting curves on heating scans of samples synthesized at 423 K and 473 K.



crystallization. The peak during the cooling stage therefore corre-
sponds to a secondary crystallization process that completes the
crystalline structure formed during the isothermal synthesis.

For lower temperatures, i.e. between 403 and 453 K, no
exothermic peak appears during cooling, meaning that the crys-
tallization is achieved during the isothermal stage.

The shoulders and multiple peaks on reaction curves in Fig. 3
can reasonably be attributed to polymerization or crystallization.
For clarity the time of apparition of each peak and the duration of
the synthesis reaction are plotted in Fig. 6.

At 453 K and 463 K (Fig. 3a), the two exothermic peaks are
clearly separated, similarly to the non-isothermal synthesis at
5 K min"1. The first peak is related to polymerization and the sec-
ond one to crystallization, as polymerization represents a necessary
condition for crystallization. Between 423 and 443 K, the compe-
tition between phenomena kinetics leads to a main peak with a
shoulder, each one resulting from polymerization or crystallization.
In this range of temperature, synthesis is achieved in 15 min which
represents a minimum synthesis time apart from the condition
Tiso ¼ 473 K.

In the range from 423 K to 473 K, the position of each peak
confirms that the polymerization time decreases when increasing
the synthesis temperature, like conventional thermoset resins [31]
and that the temperature has an opposite effect on the crystalli-
zation kinetics between 453 K and 463 K. As reported in literature
on conventional PA6, the crystallization kinetic is actually
controlled by the degree of supercooling in this range of temper-
ature and the acceleration of the crystallization kinetic is expected
until 403e423 K when decreasing the isotherm temperature
[32,33]. Beyond this range, crystallization kinetic is strongly
affected by molecular mobility and decreases when approaching
the glass transition temperature.

At 403 K and 413 K, because of these opposite temperature
dependences, the slow polymerization competes with the instan-
taneous crystallization of polymer chains. However, only poly-
merized chains can crystallize and therefore the continuous
increase of the total reaction time below 443 K is necessarily
related to the temperature dependence of polymerization. The
second exothermic peak on curves recorded at 403 K and 413 K
(Fig. 3c) is thus related to polymerization and the first peak is due to
the crystallization process. However crystallization cannot be only
characterized by this small peak in the first minutes of the reaction,
i.e. before polymerization is completed. It necessarily continues

until the end of polymerization. Therefore crystallization is very
probably a two-step process at low temperature. Nevertheless, the
continuous increase in the maximum peak time of polymerization
(Fig. 6) does not show a distinct influence of the crystallization on
the polymerization kinetic.

3.3. Total heat of synthesis reaction

The total heat Qtot determined on DSC curves of isothermally
and non-isothermally synthesized samples are summarized in
Table 1. The values of heat include polymerization and crystalliza-
tion contributions even when two distinct peaks were observed.

The lowest values of Qtot are obtained during syntheses at
_T ¼ 10 K min"1 and at Tiso ¼ 473 K. These conditions correspond to
cases for which only one single polymerization peak was observed.
The values of heat measured for these synthesis conditions are in
good agreement with the total enthalpy of polymerization reported
in literature that is comprised between 129.6 and 147.0 J g"1

depending on the reference used [13,34,35].
For the lowest temperatures and heating rates, crystallization

gives rise to a significant increase of Qtot. The highest values are
recorded for synthesis at 0.5 K min"1 and at 423 K. However, it
must be noticed that some variability was obtained at low tem-
perature and low heating rate. It can be then assumed that the
reaction globally leads to a high heat of reaction for any isotherm
temperature and heating rate lower than 423 K and 1 K min"1

respectively.
In order to separate the contributions of polymerization and

crystallization on the total heat of synthesis, TGA and DSC tech-
niques were used to assess the final degree of polymerization and
degree of crystallinity of the samples.

3.4. Degree of conversion

The final degree of conversion X∞
p was determined from the

residual amount of ε-caprolactam in DSC samples. Fig. 7 shows the
TGA curves (the mass loss, the derivative of mass loss and the heat
flow signal) recorded during a heating ramp at 5 K min"1 of a
sample synthesized at 2 K min"1, which are representatives of all
samples. The results indicate that the sample is almost fully
degraded at 773 K with more than 99 wt% of mass loss.

Two distinctive ranges of mass loss are observable on TGA
curves. The first range between 373 and 498 K corresponds to
ε-caprolactam evaporation [8,10,27,29,30] and eventually to water
evaporation, although its amount should be negligible as the
samples were stored in a desiccator prior to analysis. Monomer
evaporation occurs simultaneously with the fusion of PA6, as
revealed by the endothermic peak between 473 and 493 K on the
heat flow curve. The second range of mass loss refers to the
degradation of PA6, which starts around 573 K at 5 K min"1, as
reported for commercial PA6 [36]. It induces a drop of the heat flow
signal beyond 523 K, as it was observed on the DSC scan of the
sample synthesized at 0.5 K min"1 (Fig. 1b).

In order to define the residual monomer ratio, the derivative of
the mass loss was used to identify the inflexion point between
monomer evaporation and polymer degradation in the range of
518e533 K. The transition is however not abrupt as monomer
evaporation may occur beyond the selected point as well as poly-
mer degradation may start before this limit (in particular oligo-
mers) [30]. The final mass degrees of conversion X∞

p , as calculated
using the ratio of residual mass mε-CL of ε-caprolactam to the total
mass of sample m0 according to equation (1), then necessarily
include some uncertainty. Nevertheless, values for isothermally
and non-isothermally synthesized samples reported in Table 1
exhibit a reasonable standard deviation that allow comparing X∞

p

Fig. 6. Polymerization and crystallization times as a function of isothermal synthesis
temperature.



data.

X∞
p ¼ 1"mε"CL

m0
(1)

An X∞
p of about 93.3 ± 0.3 wt% is reached after non-isothermal

syntheses whatever the heating rate and X∞
p varies from 91.8 to

96.7 wt% for isothermal syntheses. These ranges are in good
agreement with the literature data [6,8,30,37,38] and correspond to
an almost complete conversion as the monomer-polymer equilib-
rium does not allow a 100 wt% conversion of ε-caprolactam [17,39].

The evolution of X∞
p of isothermally synthetized samples seems

to indicate that the degree of conversion first increases when
increasing the synthesis temperature from 403 to 453 K and then
decreases for higher temperatures. This last temperature corre-
sponds to conditions for which polymerization and crystallization
are decoupled. This effect on X∞

p may thus be related to the level of
coupling between polymerization and crystallization. Nevertheless,
isothermal and non-isothermal syntheses lead to a high degree of
conversion, which indicates that the differences in total synthesis
enthalpies are essentially due to differences in the degree of crys-
tallinity of the samples.

When only polymerization occurs during synthesis (10 K min"1

and 473 K) or when polymerization and crystallization are
completely decoupled (463 K), the final degree of conversion gives
access to the total enthalpy of polymerization DH100%

p (Equation
(2)).

DH100%
p ¼

DHp

X∞
p

(2)

The DH100%
p value calculated with equation (2) is equal to

123.5 ± 4.1 J g"1, which is slightly lower than the literature range of
129.6e147.0 J g"1 [13,34,35].

3.5. Enthalpies of crystallization and crystalline structure

The quantification of crystalline phase formed during the syn-
thesis reaction can be assessed from the enthalpy of fusionDHm and
from the enthalpy of crystallizationDHsub

c , calculated by subtracting
the part related to the polymerization from the total heat of syn-
thesis Qtot using equation (3).

DHsub
c ¼ Qtot " X∞

p DH100%
p (3)

DHm and DHsub
c of isothermally and non-isothermally synthe-

sized samples are presented in Table 1. DHm obtained on samples
cured at 463 K and 473 K were removed as crystallization was not
fully achieved during the synthesis stage. As it can be observed in
Table 1, DHsub

c values are in good agreement with DHm data,
showing DSC and TGA analysis are consistent. Only the enthalpy of
fusion DHm obtained at _T ¼ 0.5 K min"1 is significantly lower than
the related DHsub

c because of the degradation that affects the DSC
baseline (Fig. 1b).

The enthalpy recorded during non-isothermal syntheses rapidly
decreases with increasing the heating rate. At the extreme, the
application of high heating rates (>10 K min"1) prevents crystalli-
zation because of the late chain polymerization that is shifted to-
wards high temperatures. A similar trend is observed with
isothermally polymerized samples when the synthesis tempera-
ture is increased. Above 433 K, the low supercooling limits pro-
gressively the ability of PA6 to crystallize. The synthesis conditions
then strongly affect the crystallinity of polymerized PA6.

Moreover, as already reported by Liberti et al. [40], the en-
thalpies of fusion DHm or crystallization DHsub

c resulting from
heating rates lower than 2 K min"1 and isothermal temperatures
below 433 K are particularly high compared to conventional neat
PA6 [33,41]. Such high enthalpies of melting were only observed
when crystallization is achieved under high pressure (>108 Pa) [42].
Kolesov et al. [33], who analyzed the influence of cooling rate on
crystallization of PA6, actually concluded that extrapolation to zero
cooling rate yields an enthalpy of crystallization of about 85 J g"1,
which is significantly lower than the recorded values. These

Table 1
Total heat of reaction, melting and crystallization enthalpies and degree of conversion of synthesized PA6 samples.

Total heat of reaction Melting temperature Melting enthalpy Degree of conversion
(Eq. (1))

Crystallization enthalpy
(Eq. (4))

Melting enthalpy of
PA6 (Eq. (3))

Qtot [J g"1] Tm [K] DHm [J g"1] X∞
p [wt.%] DHsub

c [J g"1] DHPA6
m [J g"1]

_T [K min"1] 0.5 221.3 ± 13.9 494.5 ± 1.2 >75.4 ± 2.9 93.3 ± 0.4 106.1 ± 14.4 >80.8 ± 2.9
1 213.5 ± 2.2 494.8 ± 0.4 93.4 ± 4.5 93.4 ± 0.5 98.2 ± 4.6 100.0 ± 4.5
2 200.1 ± 10.5 492.8 ± 0.2 85.8 ± 4.9 93.5 ± 0.4 84.5 ± 11.3 91.7 ± 4.9
5 161.0 488.5 46.1 93.5 ± 0.2 45.3 ± 4.0 49.2
10 116.9 ± 1.4 e 0 92.9 ± 0.3 2.0 ± 4.3 0

Tiso [K] 403 196.3 ± 11.1 491.1 95.7 91.8 ± 0.1 82.8 ± 11.8 104.2
413 205.6 ± 14.5 492.1 100.0 93.8 ± 0.6 90.3 ± 15.1 106.6
423 219.8 ± 3.3 493.4 100.6 94.3 ± 1.2 102.3 ± 5.2 106.7
433 211.9 ± 1.8 491.7 93.0 94.8 ± 0.5 95.2 ± 4.4 98.1
443 198.4 ± 8.3 488.4 81.0 94.9 ± 1.1 80.3 ± 9.2 85.4
453 194.7 ± 6.3 488.4 72.8 96.7 ± 0.1 75.1 ± 7.5 75.3
463 142.3 ± 10.1 487.9 e 95.8 ± 0.6 24.0 ± 10.9 e

473 121.7 ± 4.5 475.4 e 94.6 ± 0.7 4.3 ± 6.0 e

Fig. 7. TGA curve of a sample synthesized at 2 K min"1.



synthesis conditions (i.e. _T < 2 Kmin"1 and Tiso < 433 K) correspond
to slow polymerization kinetic for which crystallization is strongly
coupled. This is even more significant when the final degree of
conversion is taken into account. Indeed DHm and DHsub

c represent
the heat absorbed during the phase transition for each gram of
initial mixture. The final degree of polymerization X∞

p can be used
to correct the enthalpy of crystallization since a part of the sample
is remained in monomer form. The enthalpy of fusion DHPA6

m in
Joule per gram of PA6 is obtained with equation (4) (Table 1).

DHPA6
m ¼ DHm

X∞
p

(4)

The crystalline structure of isothermally synthesized samples
has been characterized by WAXS (Fig. 8). Non-isothermally syn-
thetized samples were not characterized by WAXS since the crys-
talline phase formed was systematically melted during synthesis
experiments. On Fig. 8, two main peaks emerge beyond the
amorphous halo on the diffraction patterns whatever the reaction
conditions, as well as a small inflection at around 21.5#. Compara-
tively, the higher peaks are obtained for Tiso between 403 and 423 K,
which is in good agreement with DSC results regarding the degree
of crystallinity.

The peaks at 2q ¼ 20# and 2q ¼ 24# correspond respectively to
the diffraction planes (200) and (002)e(202) of the thermody-
namically stable a-type crystalline structure [43]. This phase is
generally connected with the formation of high-order superstruc-
tures, like spherulites, and ensures highmechanical properties [44].
On the other hand, the inflection at around 21.5# on diffraction
patterns in Fig. 8 can be related to the presence of themesomorphic
g-type crystalline structure in low proportion [12,45]. This g
structure is thermodynamically less stable than the a structure and
is only formed in conventional PA6: (i) under high cooling rates
from the melt (Ṫ > 20 K s"1) [46,47], (ii) under isothermal crys-
tallization from themelt at Tiso < 433 K [48], (iii) through annealing/
cold-crystallization of an amorphous sample below 433 K [41,45].
Nevertheless, because of its unstable nature, the g-type crystals aim
to transform into more stable a-type crystals when possible, i.e.
when thermal conditions are favorable.

The low proportion of g phase in samples synthesized at Tiso <

433 K demonstrates that the polymerizing environment is favor-
able for the crystallization of PA6 chains. Therefore a low synthesis
temperature not only allows to reach a high degree of crystalliza-
tion but also inhibits the formation of the unstable g phase.

The presence of a single crystalline phase in all synthetized PA6
allows calculating the lamellar thickness distribution of PA6 crys-
tallites using the approach proposed by Alberola et al. [49]. As
demonstrated by Zhou et al. [50], this approach, based on the
melting curves, allows obtaining lamellar distributions that are
comparable to the ones determined by small-angle X-ray scattering
or transmission electron microscopy. The distribution given by
equation (5) is based on Gibbs-Thomson equation and is obtained
considering that each crystal melts for a specific temperature
depending on its thickness, which proportion is given by the heat
flow recorded by DSC.

1
Mc

dMc

dlc
¼

rc f
!
T0m " T

"2

2s T0m _T Xc
(5)

In equation (5), lc refers to the lamellar thickness, Mc and rc
(1.23 g cm"3) are the mass and the density of the crystalline phase
respectively, f is the heat flow recorded during melting (Wg"1), T0

m
is the equilibriummelting temperature of an infinite crystal (533 K)
and s is the surface free energy per unit area of the basal face
(80.10"3 J m"2 [51]).

Fig. 9 shows the lamellar thickness distribution of isothermally
and non-isothermally synthesized PA6 calculated with equation
(5). The lamellar distribution of samples synthetized under non-
isothermal conditions at low rates is characterized by a thick
crystalline structure with a narrow distribution, while the
5 K min"1 condition led to a thinner lamellar morphology. This
different lamellae size obtained during synthesis at 5 K min"1 can
result from the different crystallization kinetic at this rate, as
crystallization occurs after polymerization is almost achieved
(decoupling) or to the different range of crystallization tempera-
ture. The calculation of the lamellar distribution is however sen-
sitive to heating rate as at low heating rates PA6 is subjected to
annealing and at higher heating rates, the morphology is better
preserved but the effect of thermal lag is more pronounced. Since
the melting peaks have been obtained at different heating rate, the
determined distribution curves may thus not truly represent the
original morphology in particular regarding the distribution
broadness.

On the contrary, the lamellar distribution of samples synthe-
tized under isothermal conditions are determined from melting
peaks obtained during the subsequent heating cycle at 10 K min"1.
Therefore the distribution curves are reliable and can be directly
compared. Moreover this heating rate represents a suitable con-
dition which provides distribution data similar to SAXS according
to Zhou et al. [50]. The broader distribution of isothermal samples
(Fig. 9b) actually demonstrates that annealing was limited during
the heating stage. As shown in Fig. 9b, a thick lamellar morphology
of about 7 nm is formed during isothermal synthesis below 463 K.
Only the lamellar distribution resulting from the isothermal con-
dition Tiso ¼ 473 K differs from the other temperatures as this
condition led to the formation of a thinner crystalline morphology.
At this synthesis temperature, the crystallization occurred during
the following cooling step at "10 K min"1, the resulting crystalline
microstructure is thus representative of the lamellae size of a
conventional polymer of similar molecular weight. These distri-
bution data then demonstrate that crystallization of PA6 chains is
favored when it occurs during polymerization and systematicallyFig. 8. WAXS scans of isothermally synthesized samples.



results in a thicker lamellar morphology.

3.6. Discussion

The variation of the final degree of conversion and the proper-
ties of the crystalline phase with synthesis conditions confirms the
influence of the coupling level between polymerization and crys-
tallization. However, this interaction cannot be restricted to a
simple kinetic competition between crystallization and polymeri-
zation. The two-step crystallization process that is observed for the
lowest synthesis temperatures indeed demonstrates that both
phenomena interfere with each other and that the interaction be-
tween polymerization and crystallization is temperature
dependent.

At low isothermal temperature, the polymerization is slow and
the concentration of monomer in the reactivemixture remains high
for a long period of time. In this reactive environment, the crys-
tallization kinetic is not limited by the degree of supercooling but
by the molecular weight of polymer chains that slowly increases.
The overall crystallization kinetic is thus mainly controlled by the
instantaneous crystallization of chains portions as they are poly-
merized, and both crystallization and polymerization exhibit
similar kinetics.

The apparition of a small but sudden crystallization peak on DSC
curves at 403 and 413 K reveals that a second interaction occurs at
the early stage of the synthesis reaction, when the reactive mixture
consists in oligomers dispersed in a monomer phase. In fact the
nucleation process that initiates crystallization, i.e. the formation of
critical stable nuclei, requires a minimal chain length in order to
fold [39,52e54] or a minimal concentration of oligomers [39,55].
Therefore nucleation cannot occur from the very start of the poly-
merization and according to Fig. 3c would take about 10 min to be
formed. The small peak then would result from the instantaneous
crystallization of available chains once nucleation becomes
possible.

Moreover this sudden crystallization process at low tempera-
ture most certainly requires the aggregation of oligomers in the
reactive system before crystallization. The concentration of oligo-
mers is actually one mechanism that can induce nucleation [39,55].
The apparition of the intense crystallization peak at low tempera-
ture then would be consistent with the observation of some au-
thors, who noticed a change of the initially homogeneous mixture
into a heterogeneous cloudy system [56e59]. The driving forces of
this possible liquid-liquid phase separation at the beginning of the
synthesis reaction could be attributed to the formation of hydrogen
bonding.

The particular crystallization during synthesis at low tempera-
tures leads to a high enthalpy of crystallization and to a thick
lamellar morphology that is a consequence of a better chain
mobility in the reactive mixture environment, compared to the
chain mobility in a conventional PA6 at the molten state. Indeed,
these results cannot be attributed to a particular molecular weight
or architecture of synthetized PA6 molecules, since crystallization
occurs during polymerization. The high concentration of monomer
in the reactive mixture is most probably one of the reasons for this
mobility. It reduces the viscosity of the system and thus improves
chain diffusion as well as chain disentanglement. The fact that
crystallization involves polymer molecules with a lower molecular
weight than the final one is also a possible cause of the improve-
ment of the crystalline morphology at low temperature. Several
authors indeed showed for instance that the spherulite growth rate
decreases with increasing the molecular weight as this parameter
also affects chain mobility [60e65].

By reducing the level of coupling when increasing the synthesis
temperature, the chain mobility decreases because the degree of
supercooling is lower and the degree of conversion and the mo-
lecular weight of synthetized molecules are both advanced when
crystallization starts. At the extreme, when the synthesis condi-
tions induce a fully decoupled reaction, then the crystallization is
equivalent to the crystallization of conventional polymers from the
melt, which explain the lower crystallinity and lamellar
morphology obtained for Tiso ¼ 453 K.

The evolution of the crystalline structure with the synthesis
conditions and in particular with the level of coupling between
both phenomena shows that the polymerization strongly affects
the crystallization. The reciprocal is however also probable ac-
cording to the evolution of the final degree of conversion X∞

p of
isothermally synthetized samples. Indeed, several authors
[21,39,57,66] mentioned a possible slowdown of the polymeriza-
tion at low temperature, i.e. in conditions of high supercooling and
fast crystallization kinetic. This could be a consequence of the
entrapment of reactive species inside the crystalline structure
during its formation, reducing the availability of active centers and
the degree of conversion. Isothermal kinetic results however did
not show evidence of some particular change of polymerization
kinetic trend with the synthesis temperature, except the conven-
tional temperature dependence of a chemical reaction. Neverthe-
less, such entrapment mechanism could explain the decrease of X∞

p
with synthesis temperature, as temperature controls the level of
coupling and the crystallization kinetic.

According to this assumption, the degree of conversion should
stabilize to a constant value from the moment polymerization and

Fig. 9. Lamellar thickness distribution of PA6 crystalline phase, (a) for non-isothermal syntheses, (b) for isothermal syntheses.



crystallization are decoupled but the results in Table 1 show a
decrease above 453 K. This temperature represents a transition at
which unwanted side reactions may appear. Anionic polymeriza-
tion of ε-caprolactam into PA6 is indeed particular in that it has no
radical termination. Side reactions may then occur at high tem-
perature like branching or depolymerization [67]. The constant X∞

p
values of non-isothermal samples, which were all heated up to
523 K, would indicates that a similar reaction equilibrium could be
reached at the end of the reaction after melting whatever the
heating rate. The value of X∞

p would thus depends on themaximum
temperature applied to the material.

4. Conclusion

The synthesis of PA6 from a reactive mixture of ε-caprolactam
designed for thermoplastic composite manufacturing was charac-
terized under isothermal and non-isothermal conditions using DSC
technique. Contrary to an adiabatic reactor that averages the ki-
netics of phenomena, DSC technique allowed to highlight the
specific contributions of polymerization and crystallization over a
wide range of temperatures and heating rates. The DSC results then
give new insight on the temperature dependent coupling between
polymerization and crystallization.

When polymerization is achieved at high temperature, i.e.
during an isotherm stage above 473 K or during a heating step at
10 K min"1 and over, the low supercooling prevents crystallization
to occur. Synthesis of PA6 then only depends on polymerization
kinetic that is all the more rapid that the temperature is high. Side
reactions may however be activated at high temperature and may
affect the final degree of conversion. Moreover, when the polymer
is synthetized at high temperature, crystallization occurs during
cooling and final properties are therefore similar to a conventional
PA6 (crystallinity and lamellar morphology).

Because of the opposite temperature dependency of both phe-
nomena, the reduction of the synthesis temperature or heating rate
slows down the polymerization kinetic while favoring crystalliza-
tion. At early stage of the reaction, the synthesis kinetics corre-
sponds to the polymerization kinetics and then continues with the
crystallization. This decoupling is due to the significant difference
of kinetics in the range of temperature from 453 to 463 K. A similar
decoupled behavior is observed for a heating rate of about
5 K min"1.

Crystallization strongly interacts with polymerization for higher
supercooling, below 433 K or below 2 Kmin"1. When PA6 synthesis
is achieved in these conditions, crystallization can start at the early
stages of the polymerization. Crystallization kinetic then strongly
depends on the kinetic of chain extension and polymerization
controls the overall synthesis time. The DSC curves obtained at low
temperature exhibit in addition a crystallization peak in the first
minutes of the reaction. This would be due to a critical molecular
weight that is required for nucleation to occur. Moreover the
reactive system environment favors chain mobility, which allows
forming a large amount of thick lamellae. The strongly coupled
phenomena at low temperature may also affect the degree of
conversion of the synthetized polymer and the entrapment of
reactive species in the crystal structure could be the cause of the
observed differences.

Among the isothermal conditions, Tiso ¼ 423e433 K represent
an interesting compromise of lamellar size, degree of crystallinity
and degree of conversion, while providing a reasonable synthesis
time compatible with composite manufacturing.

In order to confirm the previous conclusions, the evolution of
the molecular weight, chains architecture and molecular weight
distribution should be characterized over time, as these data would
provide a better understanding of PA6 synthesis and resulting

properties. A global simulation of liquid reactive processes
depending on thermal cycle is also required for the optimization of
the manufacturing conditions of thermoplastic composites with
reactive PA6 systems. This experimental database then could be
used for kinetic modelling of phenomena in order to edit Time-
Temperature-Transformation (TTT) diagrams.
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