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in situ in a mold with and without fibers. The results indi-
cated that the crystallinity, tensile modulus, and strength of 
PA6 were improved by thermal annealing. The crystallin-
ity of GF-PA6 was not improved, but the tensile modulus 
and strength were slightly improved. The crystallinity of 
CF-PA6 decreased, but the tensile modulus and strength 
improved. The crystallinity showed a negative correlation 
to the tensile modulus and strength. Because the tensile 
modulus and strength of glass and carbon fibers are much 
higher than those of the crystalline phase of PA6, increas-
ing the crystallinity had a limited effect.

1  Introduction

Carbon fiber reinforced thermoplastic (CFRTP) is a prom-
ising material for automobiles, airplanes, construction, 
home appliances and any parts that require high strength 
with low weight. In  situ polymerized polyamide (PA6) is 
a representative polymer material for CFRTP that has low 
viscosity, a rapid polymerization time, and no byproducts. 
Resin transfer molding (RTM) is a practical process for 
realizing in situ polymerization of ϵ-caprolactam (ϵ-CL) 
and crystallization of PA6 to produce composites with glass 
fiber and carbon fiber fabrics in a mold (Zheng et al. 2002; 
Shojaei et  al. 2003; van Rijswijk and Bersee 2007; Pillay 
et al. 2005; Ben et al. 2015).

Because PA6 is a semi-crystalline polymer, its crystal-
lization is important for not only the RTM process but also 
its mechanical properties. However, there has been little 
discussion on its crystallization and mechanical properties.

In our previous study, when ϵ-CL was polymerized 
in  situ, the polymerization and crystallization occurred 
simultaneously, and a subsequent rise in viscosity 
was observed (Taki et  al. 2016). Differential scanning 
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calorimetry during ϵ-CL polymerization revealed super-
imposed peaks of crystallization and polymerization. 
The peaks were separated mathematically and examined 
to determine the rate parameters of polymerization and 
crystallization. The polymerization and crystallization 
rates were modeled with the Kamal model (Kamal and 
Ryan 1980) and generalized Avrami model (Ito et  al. 
1995), respectively. Increasing both the polymerization 
and crystallization increased the viscosity as well. The 
increase in viscosity was modeled with the modified Cas-
tro–Macosko model (Castro and Macosko 1980). This 
study revealed that the crystallization occurred during 
polymerization and that the crystallinity was limited by 
the degree of polymerization. To improve the crystallin-
ity, the polymerization temperature needs to be increase. 
However, increasing the temperature causes ϵ-CL to 
vaporize. Thus, the temperature must be far below the 
melting temperature. Then, the crystallinity becomes 
lower than the melt crystallization.

Haspel et  al. reported a significantly lower interfacial 
shear strength with significantly lower formation of crystal-
line spherulites at the interfacial layer for GF-PA6 (Haspel 
et  al. 2015). Durin et  al. proposed a detailed model of 
crystallization in long-fiber PA6 composites (Durin et  al. 
2017). They incorporated a model for transcrystallinity on 
fiber surfaces. Yan et al. investigated the effect of thermal 
annealing on the mechanical properties of CF-PA6 at the 
macroscale and local scale (Yan et  al. 2014). They pre-
pared CF-PA6 by hand-press injection molding. The crys-
tallinity, flexural modulus, and strength were improved 
when the annealing temperature was increased. However, 
their CF-PA6 became brittle as the γ phase crystallinity 
increased. Li et  al. investigated the interfacial thickness, 
modulus, adhesion, and shear strength of CF-PA6 prepared 
from molten PA6 and carbon fibers (Li et al. 2016). When 
the annealing temperature was increased, the crystallinity 
and interface modulus were increased. Their study indi-
cated that the thermal annealing was a promising approach 
for improving the mechanical properties of PA6, GF-PA6, 
and CF-PA6 prepared by RTM with in  situ polymeri-
zation of ϵ-CL. These previous studies focused on the 

crystallization of PA6 that had not been prepared by in situ 
polymerization of ϵ-CL.

In this study, the effect of thermal annealing on the 
crystallinity and mechanical properties of PA6, glass fiber 
reinforced PA6 (GF-PA6), and carbon fiber reinforced PA6 
(CF-PA6) was investigated. PA6 was polymerized in  situ 
in a mold with and without fibers. The tensile modulus, 
strength, and degree of crystallinity were measured, and 
their relationships were examined.

2 � Materials and methods

2.1 � Materials

ϵ-CL (cat. 030-01125, Tm = 68 °C, Wako Pure Chemical, 
Japan) was used as the monomer of PA6. Sodium hydride 
(NaH, cat. 452912, 60% dispersion in mineral oil, Sigma-
Aldrich, USA) was used as the catalyst for polymerization. 
N-acetyl-ϵ-caprolactam (Ac-CL, cat. A0081, Tokyo Chemi-
cal Industry, Japan) was used as the activator for polymeri-
zation. The reagents were used without further purification. 
Sodium hydrate was used after the mineral oil was vapor-
ized at room temperature. The reinforcing materials were 
a plain weaved glass fiber (GF) mat (54 ×  45  mm2) and 
non-woven carbon fiber (CF) mat (50 × 45 mm2, TORAY). 
The volume percentages of the GF and CF were each 40%. 
Hereafter, the sample without a mat is designated as PA6, 
the sample with GF is designated as GF-PA6, and the sam-
ple with CF is designated as CF-PA6.

2.2 � In situ polymerization

In situ polymerization was performed according to the 
sequence shown in Fig.  1. First, 0.089  g of NaH was 
obtained by drying the dispersed solution of NaH and 
placed into a glass vial. Then, 14 g of ϵ-CL was added to 
the vial, and the vial was sealed. Each vial was heated in 
a forced convection oven for 30–35  min at 90  °C or for 
20–25 min at 100 or 110 °C. ϵ-CL and NaH were melted 
at these temperatures and mixed together. Ac-CL was then 

Fig. 1   In situ polymerization 
of ϵ-CL
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added to the vial immediately. In this study, the effect of 
the melt temperature on the crystallinity and mechanical 
properties was investigated by varying the temperature to 
90, 100, and 110 °C.

The solution was poured in a round-shaped metal mold 
placed in a vacuumed heat press (IMC-11 FA, Imoto 
Machinery, Japan). The mold was pressed by the heat press 
at 10  MPa for 10  min. The polymerization of ϵ-CL pro-
ceeded in the mold. The mold was preheated at 140 °C. The 
diameter and height of the space where the polymerization 
proceeded in the metal mold were 70 and 3  mm, respec-
tively. When ϵ-CL was polymerized with the reinforcing 
materials (i.e., GF and CF), the materials were preheated in 
the mold at 140 °C.

2.3 � Thermal annealing

The in  situ polymerization reached limited crystallinity 
because the polymerization had to proceed far below the 
melting temperature of PA6 to avoid the vaporization of 
ϵ-CL. Thermal annealing is a practical way to increase the 
crystallinity. Two different types of thermal annealing were 
attempted.

First, thermal annealing was performed with a differen-
tial scanning calorimeter (DSC, DSC 8500, Perkin-Elmer, 
USA). A few milligrams of each polymerized sample was 
heated from 20 to 200  °C at 10  °C  min−1. The tempera-
ture was kept for 1 h at 200 °C. To analyze the crystallin-
ity, the temperature was decreased from 200 to 20  °C at 
10 °C min−1 and heated up to 270 °C at the same heating 
rate. This thermal annealing in the DSC was performed 
under a nitrogen flow of 20 mL min−1.

The second type of thermal annealing was performed on 
a mechanical testing specimen in a forced convection oven. 
A 7 × 45 × 3 mm3 specimen was cut out from a molded 
circular disk. The specimen was heated at 200 °C for 1 h in 
a nitrogen flow.

2.4 � Characterization

2.4.1 � Conversion and molecular weight

The polymerized samples were ground and dispersed in 
water to dissolve the residual ϵ-CL for 48  h. The gran-
ules were collected with a filter and dried at 80 °C for 8 h. 
The weight loss was calculated by comparing each sample 
before and after being soaked in the water. The conversion 
was calculated as follows:

where Wa and Wb are the weights before and after the sam-
ple was soaked in water, respectively.

(1)Conversion (%) = Wa/Wb × 100

The number average and weight average molecular 
weights were measured by using gel permeation chroma-
tography. The elution solvent was hexafluoroisopropanol 
(HFIP). The polystyrene standard was used.

2.4.2 � Thermal analysis

Thermal analysis was performed with the DSC. The heat-
ing rate was 10  °C  min−1. The temperature range was 
20–270 °C. The DSC was calibrated with indium. The crys-
tallinity was calculated from the enthalpy of fusion of crys-
talline phase per gram with the reference value ∆Hf = 230 
(J/g) (Blaine 2002). The peak of the fusion curve was 
measured for the fusion (melting) temperature.

2.4.3 � Mechanical testing

A flexural test was performed with a universal testing 
machine (Strograph VGS1-E, TOYOSEIKI, Japan). A 
three-point testing fixture with a supporting span of 40 mm 
was used. The crosshead speed was 2 mm min−1. The test 
was performed at room temperature. The typical specimen 
size was 7 ×  45 ×  3  mm3. Each specimen was dried at 
80 °C in a vacuum chamber for at least 1 day before test-
ing. At least three specimen were examined and obtained 
average and standard deviation for the error bar.

3 � Results

3.1 � Conversion and molecular weight

Table 1 presents the effect of the melt temperature on the 
conversion and molecular weight. Increasing the melt tem-
perature or decreasing ∆T (=polymerization temperature 
− melt temperature) increased the conversion, number-
average-molecular weight, and weight-average-molecular 
weight. A small ∆T reduced the time for the polymeriza-
tion temperature (140 °C) to be reached. A small ∆T meant 
that polymerization occurred at a higher temperature for a 
long time, which increased the conversion and molecular 
weights.

Table 1   Effect of the melt temperature on the conversion and molec-
ular weight

Melt temperature (°C) ∆T (°C) Conversion (%) M̄n M̄w

90 50 86 26,000 57,000

100 40 90 27,000 59,000

110 30 93 34,000 72,000
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3.2 � Crystallinity, flexural modulus, and strength

Table 2 summarizes the effect of thermal annealing on the 
fusion (melting) temperature, crystallinity, flexural modu-
lus, and strength.

3.2.1 � PA6

Table 2 presents the effect of thermal annealing at 200 °C 
on the fusion temperature and crystallinity. The thermal 
annealing increased the fusion temperature by about 10 °C 
and the crystallinity by about 20%. The fusion tempera-
ture reached or was close to the value in the literature for 
PA6 (i.e., 220  °C) (Brandrup et  al. 2003). The melt tem-
perature showed no distinct trend in its effect on the fusion 
temperature and crystallinity. Because the crystallinity was 
increased by thermal annealing, the specimen for mechani-
cal testing was thermally annealed at the same temperature.

Figure  2 shows the effect of thermal annealing on the 
flexural modulus and strength. Thermal annealing improved 
the flexural modulus and strength. The impact was more 
pronounced on the flexural modulus than on the strength. 
As the crystallinity increased by thermal annealing, the 

crystallinity was found to affect the modulus rather than the 
strength.

3.2.2 � GF‑PA6

Table  2 presents the effect of thermal annealing on the 
fusion temperature and crystallinity of GF-PA6. In contrast 
to the results for PA6, thermal annealing was less effective 
at improving the fusion temperature and crystallinity. The 
fusion temperature increased by 3 °C at most. The crystal-
linity decreased or was equal to the non-annealed samples.

Figure  3 shows the effect of thermal annealing on the 
flexural modulus and strength. The sample with a melt tem-
perature of 90 °C showed a similar flexural modulus. Both 
samples with melt temperatures of 100 and 110 °C showed 
an improvement in the modulus with thermal annealing. 
The strengths of both the 90 and 100 °C samples decreased, 
and that of the 110  °C sample increased. Again, thermal 
annealing had less effect on these mechanical properties. It 
was interesting to observe that thermal annealing is not a 
straightforward method for improving both the crystallinity 
and mechanical properties.

Table 2   Effect of thermal annealing on the fusion temperature, crystallinity, flexural modulus, and strength

Sample Melt temperature 
(°C)

Fusion temperature, Tf 
(°C)

Crystallinity, χ (%) Flexural modulus (GPa) Flexural strength (MPa)

Not annealed Annealed Not annealed Annealed Not annealed Annealed Not annealed Annealed

PA6 90 210 219 11 39 1.93 ± 0.33 2.47 ± 0.47 70.2 ± 9.4 83.7 ± 5.5

PA6 100 213 220 22 41 1.62 ± 0.50 2.67 ± 0.74 73.9 ± 7.9 81.0 ± 13.2

PA6 110 211 219 24 38 1.19 ± 0.26 3.25 ± 0.28 50.9 ± 2.1 85.1 ± 4.6

GF-PA6 90 213 214 32 30 5.48 ± 0.81 5.45 ± 0.86 120.6 ± 20.3 111.6 ± 8.7

GF-PA6 100 213 216 39 33 7.27 ± 0.65 8.26 ± 2.28 116.8 ± 7.7 111.2 ± 23.8

GF-PA6 110 214 216 34 34 4.09 ± 0.59 5.58 ± 0.21 112.8 ± 10.8 134.0 ± 11.0

CF-PA6 90 212 215 39 39 10.58 ± 1.94 12.5 ± 1.38 225.1 ± 31.9 243.4 ± 51.1

CF-PA6 100 212 215 42 37 12.31 ± 0.77 13.9 ± 4.15 216.5 ± 26.8 245.5 ± 70.4

CF-PA6 110 211 216 44 43 8.34 ± 4.07 8.93 ± 2.34 127.4 ± 13.5 139.1 ± 116.8

Fig. 2   Effect of thermal anneal-
ing on the flexural modulus 
(left) and strength (right) of PA6
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3.2.3 � CF‑PA6

Table  2 presents the effect of thermal annealing on the 
fusion temperature and crystallinity of CF-PA6. Thermal 
annealing increased the fusion temperature by 4  °C at 
most. The crystallinity was close or less than that of the 
non-annealed CF-PA6 samples.

Figure  4 shows the flexural modulus and strength of 
CF-PA6. The flexural strength was improved by thermal 
annealing, while the crystallinity was not improved. The 
flexural modulus also increased by thermal annealing.

4 � Discussion

Figure  5 plots the flexural modulus and strength of PA6, 
GF-PA6, and CF-PA6 against their crystallinity. Linear 
correlation lines were obtained. The flexural modulus and 
strength of PA6 correlated well with the crystallinity. This 
indicates that increasing the crystallinity improves the flex-
ural modulus and strength. GF-PA6 showed less correlation 
between the flexural modulus and strength and the crystal-
linity. Meanwhile, the modulus and strength of CF-PA6 
showed a negative correlation; they decreased as the crys-
tallinity increased.

The flexural modulus and strength of PA6 showed 
a good correlation with the crystallinity. However, the 

correlation became worse for both GF-PA6 and CF-PA6. 
This is not surprising if the moduli of GF and CF are con-
sidered. The typical flexural moduli of GF and CF are order 
of 10 and 100 GPa, respectively, which are 3 and 300 times 
higher than the flexural modulus of PA6 at 2.72 GPa (Bran-
drup et al. 2003). If the composite material consists of an 
amorphous phase, crystalline phase and reinforcing fibers, 
the volume percent of fiber has the greatest effect on the 
strength because it has the highest Young’s modulus among 
the three components. Therefore, increasing the crystallin-
ity is less effective on the modulus and strength.

As noted previously, the crystallinity is an important 
property for a matrix polymer. However, its contribution to 
the mechanical properties of a composite is limited because 
the reinforcing materials (e.g., GF and CF) have a much 
higher Young’s modulus than the crystalline phase.

The Young’s modulus and strength of CF-PA6 showed 
a negative correlation against the crystallinity of PA6. This 
indicates that increasing the crystallinity decreases the flex-
ural modulus. The crystallization of PA6 forms voids or 
residual stress on the CF surface. The formation of voids 
reduces the contact area of PA6 and CF. Eventually, they 
become stress concentration points for breaking. In  situ 
polymerization of ϵ-CL causes polymerization and crystal-
lization to proceed simultaneously. Although controlling 
the crystallization independently is difficult, it is essential 
to lower the crystallinity for CF-PA6.

Fig. 3   Effect of thermal anneal-
ing on the flexural modulus 
(left) and strength (right) of 
GF-PA6

90 100 110
0

5

10

15

20

Fl
ex

ur
al

 m
od

ul
us

 (G
Pa

)
Melt temperature (°C) Melt temperature (°C)

 Not-annealed
 Annealed

90 100 110
0

100

200

300

400

500

Fl
ex

ur
al

 st
re

ng
th

 (M
Pa

)  Not-annealed
 Annealed

Fig. 4   Effect of thermal anneal-
ing on the flexural modulus 
(left) and strength (right) of 
CF-PA6
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5 � Conclusion

The RTM process with in situ polymerization of ϵ-CL was 
performed to prepare PA6, GF-PA6, and CF-PA6. The melt 
temperature for the RTM process increased the conversion 
and molecular weight. Thermal annealing increased the 
crystallinity of PA6 and the flexural modulus and strength. 
However, thermal annealing was less effective at improving 
the crystallinity, flexural modulus, and strength of GF-PA6 
and CF-PA6. A negative correlation was observed between 
the crystallinity and flexural modulus and strength for 
CF-PA6.
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