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Abstract The difference in the melting points of poly-
amide 66 (PA66) fiber and polyamide 6 (PA6) film permits
the preparation of all-polyamide (all-PA) composites by
film-packing. Good interface performance and integrated
consolidation structure in this all-PA composite are con-
tributed to the similar chemical composition between PA66
fiber and PA6 matrix. In this paper, the non-isothermal
crystallization kinetics and melting behaviors of PA6
matrix in all-PA composite are studied by differential
scanning calorimetry (DSC), in which the modified Avrami
equation, Ozawa model, and Mo equation combining
Avrami and Ozawa equation are employed. It is found that
the Mo equation exhibits great advantages in treating the
non-isothermal crystallization kinetics for both neat PA6
and PA6 matrix in all-PA composite. The crystal mor-
phologies of single PA66 fiber-PA6 composite by polar-
izing microscope (POM) clearly show a transcrystallinity
layer of PA6 around PA66 fiber that proves a remarkable
nucleation effect of PA66 fiber surface on the crystalliza-
tion of PA6 matrix.
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Introduction

Recently, all-polymer composites, also named single
polymer composites, that consist of polymer fibers rein-
forcing polymer matrix having same or similar composi-
tion [1] has gained much attention because it offers a
possibility of better interface performance and recyclability
than traditional glass or carbon fibers reinforced polymer
composites [2]. Various polymers including polyolefin
[3, 4], polyester [5, 6], and cellulose [7], etc., have been
applied to prepare the all-polymer composites. Relying on
the same or similar chemical composition and crystal
structure between fiber and matrix in all-polymer com-
posites, polymer fibers have a significantly effect on the
crystallization of polymer matrix around the fibers and the
phenomenon of transcrystallinity is also found in the all-
polymer composites [8, 9]. However, no work about
the crystallization kinetics of polymer matrix in the all-
polymer composites has been done.

Polyamide (PA), as a well-known engineering plastic,
has been used as the matrix of various fibers (such as glass
[10, 11], carbon [12, 13], and aramid fibers [14, 15], etc.)
reinforced composites to achieve higher performance. It is
known that, when the composites undertake the applied
load, the stress is transferred to the high-strength fibers
through the fiber/matrix interface. Therefore, the mechan-
ical properties of these fibers reinforced PA composites
depend to some extent on the morphology and crystallinity
of PA matrix in the fiber/matrix interface region [16].
Due to the semicrystalline nature of PA matrix and the
heterogeneous-nucleation effect of fibers surface on PA
matrix, the matrix around the fibers crystallizes normal to
the fibers surface and the layer of transcrystallinity is
formed in the interface of fibers reinforced PA composites
[10, 17, 18].
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In the case of all-polyamide (all-PA) composites, not
enough work [19] has been done in comparison to the
widespread application of PA materials. Therefore, in our
lab, a film-stacking method based on the melting temper-
ature difference of PA66 fiber and PA6 film has been
developed to prepare all-PA composites [20]. Seeing that
PAG66 fiber has a melting temperature about 30 °C higher
than that of PA6 film, the PA6 film can be fully melt to fill
the gap between PA66 fibers and, however, the PA66 fibers
remain the original high-orientation at a proper temperature
that is higher than the melting temperature of PA6 film and
lower than that of PA66 fiber. Because of the chemical
similarity of the two components (sharing the same
molecular structure unit: -CONH—(CH,)s—), good fiber/
matrix interface bonding can be acquired and an obvious
nucleation effect of fiber surface on the crystallization of
matrix is observed in the resulting all-PA composites.

Based on the previous work, effect of PA66 fibers on the
non-isothermal crystallization kinetics and the melting
behaviors following crystallization of PA6 matrix in all-PA
composites are studied by DSC in this paper. In addition,
the morphology of PA6 matrix transcrystallinity around
PAG66 fibers by various cooling rates is investigated by
POM.

Experimental
Materials and samples preparation

The properties of PA66 fibers and PA6 film and the
detailed preparation methods for all-PA composites and
single PA66 fiber-PA6 composites had been described in
our previous work [20]. Briefly, a method of film-stacking
was utilized to fabricate all-PA composites during which
PA66 plain cloth and PA6 film were plied together in
sequence and then PAG6 film was melted at 235 °C to bond
the PA66 fibers together. The PA66 fibers load in the
all-PA composites was about 70 wt%.

Testing

The non-isothermal crystallization and melting process of
the neat PA6 and the PA6 matrix in the resulting all-PA
composites (hereinafter as PA6 matrix) were performed on
a Perkin—Elmer Pyris Diamond DSC instrument as follows:
the samples were heated from 25 to 235 °C at a rate of
50 °C/min and then kept for 5 min at this temperature to
eliminate the heat history before cooling to 50 °C at a
specified cooling rate of 1, 2, 5, 20, and 50 °C/min; after
keeping at 50 °C for 5 min, samples were heated to 235 °C
at a heating rate of 10 °C/min, followed by the next cooling
and heating cycle. It is noteworthy that the temperature

upper limit of 235 °C assured no melting PA66 fibers
during the above process of heating the resulting all-PA
composites. Three samples of PA66 fibers, PA6 film and
the resulting all-PA composites was heated from 50 to
280 °C at a rate of 10 °C/min to obtain the melting curves,
respectively. The non-isothermal crystallization of single
fiber—polymer composite was implemented by the same
procedure as on DSC. However, both the heating and
cooling steps of single fiber—polymer composite were
completed on a heating stage with N,. The crystal micro-
structure of this composite was observed by POM (BX51,
Olympus). Tensile fracture morphology of all-PA com-
posites was observed by SEM (JEOL, Tokyo, Japan).

Results and discussion
Consolidation structure

In this paper, the all-PA composites sample for non-
isothermal crystallization analysis was prepared at the
molding temperature of 235 °C that was higher than the
melting temperature of PA6 film and lower than that of
PAG66 fibers (see Fig. 1). Therefore, PA6 film was melt to
fill in the voids between the unmolten PA66 fibers and
bonded these fibers together by cooling during the pre-
paring process. From Fig. 1, it is also observed that the
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Fig. 1 Melting curves of all-PA composites, PA66 fibers and PA6
film
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Fig. 2 Tensile fracture morphology of all-PA composites by SEM

resulting all-PA composites have two melting peaks which
represent the melting of PA6 matrix and PA66 fibers,
respectively. The complete consolidation structure of PA66
fibers reinforcing PA6 matrix in the resulting composites is
further proved by the tensile fracture morphology as shown
in Fig. 2: PA6 matrix adequately fills the voids inside the
fiber bundle and between the fiber bundles; by cooling,
PAG6G fibers are effectively bonded together by PA6 matrix
to form an integrated structure.

Non-isothermal crystallization kinetics

Due to the introducing of PA66 fibers in all-PA composites
and the semicrystalline nature of PA6 matrix, it is pre-
sumable that PA6 matrix would present a different crys-
talline behavior from the neat PA6. In addition, it is
considered that a non-isothermal cooling step is the closet
to real industrial processing conditions. Therefore, in this
study, the non-isothermal crystalline characteristic of PA6
matrix is investigated with comparison to neat PA6 by
DSC.

The crystallization curves of neat PA6 and PA6 matrix at
various cooling rates are shown in Fig. 3. It is not difficult to
find that, in both cases, peak temperatures shift to lower
temperature with cooling rate increasing. The detailed
crystallization parameters (7 initial crystallization temper-
ature, T, crystallization peak temperature, D crystallization
temperature range, and #,, crystallization half time) are
listed in Table 1. For both neat PA6 and PA6 matrix,
increasing cooling rate results in the decrease of T, T, and
t1,2. It is more noteworthy that PA6 matrix possesses higher
values of Ty, T,, D, and ¢, than neat PA6 at the same cooling
rate, which indicates to some extent that PA66 fibers in all-
PA composites contribute to increasing the crystallization
temperature and at the same time decreasing the crystalli-
zation rate of PA6 matrix. The higher crystallization tem-
peratures are to be expected as a result of nucleation by a
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Fig. 3 Crystallization curves of a neat PA6 and b PA6 matrix at
different cooling rates

Table 1 Values of Ty, T, D, and t,, at various cooling rates for neat
PA6 and PA6 matrix

Samples Cooling rate T (°C) 7. (°C) D (°C) ty, (min)
(°C/min)
Neat PA6 1 203.2 200.5 6.0 43
200.4 197.3 4.0 3.0
5 196.1 192.2 8.3 1.3
20 188.0 182.9 10.3 04
50 179.8 172.4 16.5 0.2
PA6 matrix 1 205.9 201.9 6.9 11.7
203.1 198.4 7.6 10.8
5 200.3 193.9 9.8 1.7
20 193.7 184.8 12.7 0.6
50 189.0 178.0 16.6 0.2

similar polymer, and the increased broadness in the crys-
tallization exotherms may result from overlap of peaks from
fiber-nucleated material and material nucleated in the melt.
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Fig. 4 Crystalline fraction of a neat PA6 and b PA6 matrix as a
function of temperature

Based on the non-isothermal crystallization exothermal
curves of neat PA6 and PA6 matrix, the integration of the
exothermal peaks during the non-isothermal scan can give
the relative crystallinity as a function of temperature as
given in the equation below:

_ Hr [y, (dH/dT)dT

X(1T) = AH, [ (dH/dT)dT

x 100% (1)
where Ht and AH, are the heat generated at the tempera-
ture of 7 and during the whole crystallization period,
respectively, T, is the initial crystallization temperature
and dH/AT is the heat flow rate. Figure 4 represents the
crystalline fraction as a function of temperature for neat
PA6 and PA6 matrix.

In addition, for the non-isothermal crystallization, the
time ¢ can be calculated from the temperature 7 as follows:

To-T
¢

t

(2)

where T is the temperature at the time of ¢, and ¢ is the
cooling rate. According to Eqgs. 1 and 2, the time history of
the relative crystallinity of neat PA6 and PA6 matrix at
various cooling rates are shown in Fig. 5. All curves in
Figs. 4 and 5 have the similar S or reversed S shape, which
inflects the retardative effect of cooling rate on the crys-
tallization [21].

In this paper, three models have been used to study the
non-isothermal crystallization of PA6 that are the modified
Avrami equation, Ozawa model, and Mo equation,
respectively. Firstly, the modified Avrami equation such
that

log[—In(1 — X(¢)/100)] = log Z, + nlog ¢ (3)

based on the assumption of constant crystallization tem-
perature is used. In Eq. 3, Z, is the rate constant during the
non-isothermal crystallization process and n is the Avrami
exponent. In Fig. 6, plots of log[—In(1 — X(#)/100)] versus
log ¢ for neat PA6 and PA6 matrix are shown, respectively.
The obviously poor linearity for all plots reflects the
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Fig. 5 Crystalline fraction of a neat PA6 and b PA6 matrix as a
function of time
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Fig. 6 Plots of log[—In(1 — X(#)/100)] versus log ¢ for a neat PA6
and b PA6 matrix

inadequacies of the modified Avrami equation to describe
the non-isothermal crystallization for neat PA6 and PA6
matrix.

Secondly, Ozawa took the effect of cooling rate on
the non-isothermal crystallization into consideration and
developed the Avrami equation to describe the non-
isothermal crystallization as follows [22]:

log[—In(1 — X(T)/100)] = logk(T) — mlog¢ 4)

where k(7) is the cooling function related to the crystalli-
zation rate and m is the Ozawa exponent. Figure 7 illus-
trates the plots of log[—In(1 — X(7)/100)] as a function of
log @. Obviously, all plots are not the straight lines.
Therefore, it is concluded that the Ozawa model also fails
to provide an adequate description of non-isothermal
crystallization for both neat PA6 and PA6 matrix. The
reason of this failure is that the crystallization rate during
the non-isothermal crystallization is not constant.

From the above analysis, it is known that the modified
Avrami equation and the Ozawa model are not suitable to
investigate the non-isothermal crystallization of PA6, no
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Fig. 7 Plots of log[—In(1 — X(#)/100)] versus log ¢ for a neat PA6
and b PA6 matrix

matter neat PA6 or PA6 matrix. Therefore, Liu et al. [23]
combined the Avrami and the Ozawa equations and put
forward a new equation to describe the non-isothermal
crystallization of polymers. This new equation can be
simply expressed as follows:

logp =log F(T) — alogt (5)

where F(T) = [k(T)/Z]"™, a = n/m. For the neat PA6 and
PAG6 matrix in this study, the plots of log ¢ versus log ¢ are
shown in Fig. 8. The good linearity of these plots verifies
the success of this equation in describing the non-isother-
mal crystallization of PA6. The calculated values of
F(T) and a are listed in Table 2. It is worth mentioned that
the value of F(T) for neat PA6 is smaller than PA6 matrix
when the crystalline fraction is same. The rate parameter
F(T) in Eq. 5 refers to the necessary value of cooling rate
to achieve a determinate crystallinity at unit time for
crystallization. Therefore, this difference in F(7) of neat
PA6 and PA6 matrix indicates that the crystallization rate
of neat PAG6 is faster than PA6 matrix.
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different crystallinity

Table 2 Non-isothermal crystallization kinetics parameters by the
Mo equation

X(0) (%) Neat PA6 PAG matrix

a F(T) a F(T)
10 1.0781 42170 1.7054 4.4978
20 1.1185 5.1050 1.6287 6.7453
40 1.1521 6.4551 1.5125 9.2257
60 1.1271 7.7090 1.5286 11.7490
80 1.3914 9.9770 1.5733 15.1356

Melting following non-isothermal crystallization

The heating curves of neat PA6 and PA6 matrix after non-
isothermal crystallization with different cooling rates are
shown in Fig. 9. It is found that both neat PA6 and PA6
matrix present double melting behaviors at the proper
cooling rate. According to their positions, these two melt-
ing peaks are called high and low peak, respectively, for
distinguishing. The detailed values of melting peak and

Fig. 9 Melting curves of a neat PA6 and b PA6 matrix following
non-isothermal crystallization with various cooling rates by DSC

melting enthalpy of neat PA6 and PA6 matrix are listed in
Table 3.

It is well-known that PA6 has two common crystal
forms melting about at 215 °C (y-form) and 225 °C
(a-form). The hydrogen bonding in the a polymorph is
between antiparallel adjacent chains, and in the y poly-
morph hydrogen bonding is between parallel chains [24].
Based on this melting temperature difference of « and y
crystal form, it is concluded that the high and low melting
peaks here correspond to the melting of o and y crystal
form, respectively. The o phase that is thermodynamically
the most stable is predominant in all samples, irrespec-
tively the cooling rates. With increasing cooling rate, the y
crystal form appears and becomes more obvious. Com-
paring the melting peak and melting enthalpy of neat PA6
or PA6 matrix at various cooling rates, it is difficult to infer
the effect of cooling rate on the degree of crystallinity,
which is likely a result of a continuous thickening/perfec-
tion process in the T, (glass transition temperature)-T,, for

@ Springer
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the imperfect crystal formed at faster cooling [25]. How-
ever, position of the melting peak of y crystal form shifts to
lower temperature with raising the cooling rate for both

Table 3 Crystal parameters of neat PA6 and PA6 matrix after
non-isothermal crystallization at various cooling rates

Samples Cooling rate (°C/min) T, (°C) AH; (J/g)
Low High
Neat PA6 1 - 219.1  50.8
217.5 2193 484
5 2145 2203 493
20 2129 2206 48.1
50 212.1 2205 509
PA6 matrix 1 - 2187 479
2 - 2174  43.0
5 2147 2179 430
20 2114 2185 433
50 209.2 2195 458

Fig. 10 Polarized microscopy
of single PA66 fiber-PA6
composite after cooling at
various rates: a 1 °C/min,

b 2 °C/min, ¢ 5 °C/min,

d 20 °C/min, and e 50 °C/min

@ Springer

neat PA6 and PA6 matrix that reflects to a certain extent
the decrease of crystal thickness or perfection at faster
cooling rate.

What is more noteworthy is that PA6 matrix always has
lower T,, and AH; than neat PA6 after the same cooling
procedure. Based on this difference, it seems paradoxical
that the presence of PA66 fibers, by causing an increase in
the crystallization temperature, produces a small lowering
of the melting temperature. However, such effects have
been observed in other systems [26].

Crystallographic morphology

From Table 1, it is found that PA6 matrix has slightly
higher T, than neat PA6 after the same cooling procedure.
In order to explain the reason of this change of crystalli-
zation temperature, single PA66 fiber-PA6 composite was
prepared on a glass slide and effect of cooling rate on the
crystallographic morphology of this composite was inves-
tigated by POM equipped with a heating stage.
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Figure 10 shows the crystalline morphologies of PA6
matrix in the resulting single PA66 fiber—-PA6 composite
after the given cooling step. When the cooling rate is lower
than 50 °C/min, the obvious cross-extinction phenomenon
is observed as shown in Fig. 10a—d. This cross-extinction
phenomenon reflects the typical spherulitic crystal structure
of PA6 after non-isothermal crystallization. In Fig. 10e, no
cross-extinction is visible, which is because the faster
cooling rate of 50 °C/min results in the smaller spherulites.
Therefore, these smaller spherulites cannot be seen at the
present magnification.

It is more important to mention that an especial mor-
phology known as the transcrystallization different from
the cross-extinction of PA6 matrix appears around the
PAG66 fiber for all samples. By a larger magnification, the
morphology of the transcrystallinity is clearly seen in
Fig. 11: many threadlike PA6 molecular chains are tightly
arrayed around the PA66 fiber; all the chains are perpen-
dicular to the PA66 surface. Due to the similar chemical
nature and crystal structure between PA6 and PA66, suf-
ficient nucleation center on the PA66 fiber surface can be
offered for the crystallization of PA6 around the PA66
fiber. When cooling to below the initial crystallization
temperature, PA6 molecular chains begin to array orderly
to form the regular crystal structure. Nearby the PA66
fiber, the PA6 crystal preferentially grows around the
nucleation centers on the fiber surface. As a result of the
uniform and tight distribution of these nucleation centers,
the orderly arrayed PA6 molecular chains can only grow
along the radial direction of PA66 fiber. This existence of
transcrystallinity layer also explains the higher crystalli-
zation temperature for PA6 matrix than neat PA6. Same as
the influence of cooling rate on the size of PA6 sphero-
crystal, the thickness of PA6 transcrystallinity layer redu-
ces with increasing the cooling rate.

Conclusions
By using three models to analyze the crystallization kinetic

of PAG6, it was concluded that the Mo equation combining
Avrami and Ozawa equations could successfully describe

the non-isothermal crystallization process of neat PA6 and
PA6 matrix. The PA66 fibers surface offered sufficient
nucleation centers for PA6 crystallization. Therefore, the
crystallization temperature for PA6 matrix was higher than
neat PA6 and a transcrystallinity layer was clearly
observed around the PA66 fiber. In addition, the presence
of tightly packing PA66 fibers in all-PA composites spa-
tially hindered the orderly array of PA6 molecular chains
that resulted in a slower crystallization of PA6 matrix than
neat PA6. In brief, the nucleation mechanism, crystal
growth, and final crystal form of PA6 matrix were changed
by the presence of PA66 fibers in all-PA composites
relative to neat PAG6.
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