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ABSTRACT

Polyamide 6 (PAG6) is an important semi-crystalline engineering plastic widely used in electrical
appliances, automotive materials, and other applications. However, PA6 is highly susceptible to
moisture absorption, which can significantly alter its physicochemical properties. In this study, PA6
was synthesized via anionic ring-opening polymerization, and immersion tests were conducted in
accordance with ISO 175:2010. The influence of environmental factors on the non-isothermal
crystallization behavior of PA6 was investigated. The Mo equation was successfully employed to
characterize the entire non-isothermal crystallization process. The obtained kinetic parameters
provide valuable insights for predicting the performance of PA6 under practical conditions and serve
as a reference for the modification and optimization of PA6.
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1. INTRODUCTION

Polyamide 6 (PA6) is a significant semi-crystalline engineering plastic that can even replace steel in
some applications [1-5]. However, PAG6 is highly moisture sensitive, and compared to steel, its
properties are significantly affected by changes in environmental conditions [6, 7]. Over the past few
decades, polyamide materials have also been used in harsh environments characterized by high
strength, high temperatures, and high relative humidity. Polyamide materials used in construction
machinery are often exposed to complex and variable environmental conditions, such as exposure to
water and fuel [8, 10]. Therefore, detailed studies of the effects of these two fluids on PA6’s structural
properties are necessary.

As we all know, the amide group in the PA6 molecular chain is prone to forming hydrogen bonds
with water molecules, resulting in a high water absorption rate [11, 12]. The molecular chains bound
to water are more likely to slide under external loads, decreasing the stiffness and strength of PA6
while significantly increasing its toughness [6, 13-15]. This phenomenon is known as water
plasticization, and the effect of water plasticization on polyamide materials has been discussed in
previous articles. Manker et al. [16] studied polyamide-based polymers’ mechanical and dynamic
mechanical properties under three conditions: dry, at equilibrium at 50% relative humidity, and fully
water-saturated. The results showed that moisture significantly decreased the samples’ mechanical
strength and glass transition temperature. Some articles have also reported the effects of water
plasticization on polyamides, including the weakening of intermolecular forces, a decrease in
dimensional stability, and a decrease in modulus [17-20].

Content from this work may be used under the terms of CC BY-NC 4.0 licence (https://creativecommons.org/licenses/by-nc/4.0/).
e Published by Warwick Evans Publishing.


https://wepub.org/index.php/IJMSTS/index

During the oil immersion process, oil molecules penetrate the sample, and unreacted monomers and
oligomers migrate into the oil, depending on the oil’s polarity and temperature [21-24]. Bawase M et
al. [25] immersed PAG6 in a mixture of methanol and gasoline and observed changes in the weight
and tensile strength of the PA66 sample. Furthermore, they confirmed the precipitation of monomers
into the oil by FT-IR analysis. Bernardo et al. [26] also reported mass loss and property changes of
PAG6 immersed in a lubricant matrix. Several studies have reported similar mass and property changes
in polyamide materials immersed in organic solutions, which are influenced by temperature and fluid
type [27, 28]. In addition, some articles mention a decrease in the mechanical properties and an
increase in the tribological properties of polyamide after oil immersion [29, 30].

However, most articles have almost exclusively focused on the influence of environmental factors on
the mechanical properties, tribological properties, and hardness of PAG. In contrast, there have been
relatively few studies on the impact of environmental factors on the crystallization behavior of PAG6.
As we all know, crystallization behavior affects crystalline polymers’ properties. In this study, PA6
immersion experiments were carried out using IRM 903 standard oil and pure water according to ISO
175: 2010. The compatibility of PA6 with water and fuel was evaluated, and the previous part of the
study was compared using non-isothermal crystallization kinetic analysis. This study aimed to explore
the actual service performance of PA6 by revealing the changes caused by liquid exposure.

2. EXPERIMENT
2.1. Materials

The e-caprolactam (CL) and sodium hydroxide (NaOH) utilized in this study were procured from the
China Petroleum & Chemical Corporation (Sinopec). Shanghai McLean Biochemical Technology
Co., Ltd., China, synthesized the toluene diisocyanate (TDI).

2.2. Methods

In this study, an immersion test was used to investigate the compatibility of PA6 with moisture and
standard oil. The samples were processed from caprolactam polymerized sheets. The immersion test
was carried out in a beaker and maintained at the specified temperature for 168 hours (one week).
The heating process was carried out in an oil bath. These tests are based on the methods outlined in
ISO 175:2010 and carried out at 23<C and 70<C, respectively. For convenience, the samples
immersed in standard oil at 70°C and 23°C are named PA6-700 and PA6-230, respectively. The
samples stored in the air are PA6-air-cured. The samples immersed in water at 70°C and 23°C are
PA6-70W and PA6-23W, respectively.

2.3. Synthesis of PA6

Polyamide 6 (PAG6) is synthesized in a three-necked glass reactor with a round bottom. Initially, -
caprolactam (CL) is melted under a vacuum of -0.1 MPa for 40 minutes to remove moisture. Sodium
hydroxide (NaOH) is then introduced into the system and maintained at 140 <C for 30 minutes. Finally,
the activator TDI is introduced, and the final mixture is immediately transferred to a preheated reactor
in an oven at 160 <C, where it polymerizes for 120 minutes.

2.4. Non-Isothermal Crystallization Kinetics Analysis

The non-isothermal crystallization kinetics of the studied samples were studied using a DSC3
analyzer (Mettler Toledo, Switzerland). Each sample was initially heated from 23°C to 250°C at
10°C/min. It was then held at 250°C for 5 minutes to eliminate thermal history. Afterwards, the
sample was cooled to 50°C at different cooling rates (¢) of 15, 20, 25, and 30 °C/min.
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3. RESULTS AND DISCUSSION

3.1. Non-Isothermal Crystallization Behavior of PA6
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Figure 1. Non-isothermal melt-crystallization exotherm at different cooling rates: (a) PAG, (b) PAG-
700, (c) PA6-70W, (d) PA6-air-cured, (e) PA6-23W, (f) PA6-230

Table 1. Crystallization kinetic behavior parameters

Sample ®(°C/min) T,(°C) T,,(°C) AH.(J/9) t1/2(min)
PAG6 15 187.03 170.80 68.99 5.08
20 186.70 168.49 71.81 3.85
25 185.46 166.19 70.95 3.11
30 184.55 164.20 72.99 2.61
PA6 immersed in 15 191.50 174.25 102.59 4.95
standard oil (70°C) 20 190.00 172.00 94.19 3.74
25 187.92 170.42 90.65 3.01
30 187.00 168.50 93.38 2.46
PAG6 immersed in 15 192.08 175.75 104.77 3.43
water (70°C) 20 188.5 175.67 96.32 2.58
25 187.72 174.58 90.19 2.08
30 186.67 172.50 94.90 1.73
PAG air-cured 15 186.54 168.83 69.74 3.88
20 184.72 164.36 69.33 2.96
25 183.81 161.72 65.78 2.46
30 182.57 159.74 67.09 2.05
PA6 immersed in 15 186.06 170.63 72.95 3.60
water (23°C) 20 184.73 168.16 67.80 2.76
25 184.24 166.02 66.85 2.32
30 183.09 164.22 67.81 1.91
PAG immersed in 15 185.73 170.51 93.31 3.68
standard oil (23°C) 20 184.07 167.72 88.22 2.85
25 183.07 165.75 86.29 2.34
30 182.60 163.72 85.74 1.98
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Figure 1 shows the crystalline heat release diagram of the studied samples at four different cooling
rates (¢): 15, 20, 25, and 30 °C/min. Table 1 presents the functional kinetic parameters derived from
these curves. They include the onset temperature of the crystallization (T,), the temperature of the
exothermic peak (T,), the crystallization enthalpy (AH,), and the crystallization half-time (¢, ).

It can be seen from these curves that the crystallization peaks of PA6 were single-peaked [9, 15]. As
the cooling rate increases, the T,, peak value increases and shifts to lower temperatures. The T,, T,
and AH, of the samples immersed at 70°C were higher than those of the original PAG at all cooling
rates, indicating enhanced crystallization. This means that annealing and recrystallization promote
the crystallization behavior of PA6. However, the changes in crystallization behavior were relatively
minor for samples immersed in water at 23°C and those stored in the air. In contrast, samples
immersed in 23°C standard oil showed a significant increase in crystallization enthalpy, which can
be attributed to the specific effects of IRM 903 standard oil on PA6 [26].

Integrating the non-isothermal crystallization exothermic peaks for all PA6 samples using Equation
1, we obtained relative crystallinity profiles as a function of temperature.

fT dH/dt ..

X, = % X 100% (1)
fTo dT/dt

Where T, and T, indicate the initial crystallization temperature and the end crystallization
temperature, T represents the crystallization temperature at the time t, and H, represents the total
crystallization enthalpy at the crystallization time t.

In non-isothermal crystallization, the temperature (T) can be transformed into the crystallization time
(t) using Equation 2:

t=(Ty—T)/P (2)

—_
B

=

S

(b) 100

(C) 100

%
3

80 4 80 4

604 60 4 60 4

40 4 40 4 404

Relative crystallinity/%
Relative crystallinity/%
Relative crystallinity/%

20 204

—_
=Y
-~

—
o

~
—

0 100

804

2
-3

2
2

60 4

404

3

404

Relative crystallinity/%
Relative crystallinity/%
Relative crystallinity/%

204

0

Time/min Time/min Time/min

Figure 2. The relative crystallinity, X, at the various crystallization temperatures in the process of
non-isothermal crystallization: (a) PAG, (b) PA6-700, (c) PA6-70W, (d) PA6-air-cured, (¢) PA6-
23W, (f) PA6-230

Where T is the temperature at crystallization time and ¢ denotes the cooling rate. The value of T on
the X-axial can be transformed into t, as shown in Figure 2.
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All curves are S-shaped with two non-linear stages. The early phase (first non-linear stage)
corresponds to rapid primary crystallization due to nucleation. In contrast, the late phase (second non-
linear stage) is characterized by slow secondary crystallization due to the impact of crystallizing
spheres. Additionally, as the cooling rates increase, all the curves shift to the left along the X-axis,
indicating a faster crystallization rate with higher cooling rates. Notably, the t,,, values of the
immersed samples and those stored in the air were lower than those of the original PA6. This decrease
may be attributed to the interaction of the fluid with the polymer molecular chains, which lowers the
glass transition temperature and thus promotes easier crystallization [10, 13, 17, 26].

3.2. Non-isothermal Crystallization Kinetics of PA6

Since the degree of crystallinity is influenced by both the ¢ and the t, for the specified degree of
crystallinities (20%, 40%, 60%, 80%), the Mo equation can be used to generate a fitting plot with the
lg® as the y-axis and the lgt as the x-axis. This approach provides insight into the kinetics and
transformation mechanisms of the crystallization process:

lgd = lgF(T) — algt (3)

n
a=— (4)
Here, F(T) represents the cooling rate required for the system to achieve a certain relative degree of
crystallization per unit of time. The parameter « is the ratio between Avrami (n) and Ozawa (m)
exponents. The values of @ and F(T) can be determined from the fitting curves’ slope and the
intercept with the y-axis, respectively. The results are presented in Table 2. Figure 3 presents the plots
of lgp versus lgt at various degree crystallinities for the studied PA6 samples. The figures show
good linearity, verifying that the Mo method correctly describes the systems’ non-isothermal
crystallization kinetics.
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Figure 3. Plots of log ¢ Vversus logt at different crystallinity: (a) PA6, (b) PA6-700, (c) PA6-
70W, (d) PA6-air-cured, (e) PA6-23W, (f) PA6-230.

The higher the sample’s F(T) and a values, the more difficult it is to crystallize. At the same degree
of crystallinity, the a value of all PA6 samples is close to 1. It is worth noting that for a given
crystallinity (20%, 40%, 60%, 80%), the F(T) values of the samples after the immersion experiment
were lower than those of the original PA6 samples. The samples immersed in standard oil and water
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at 70°C showed the lowest and highest F(T) reduction, respectively, while the other three groups of
samples had similar values. These findings are consistent with the previous observations.

Table 2. Non-isothermal crystallization kinetics parameters for the studied samples at various
relative crystallinity by the Mo equation.

X% PAG6 PA6-700 PA6G-70W PAG6-air- PA6-23W PA6-230
cured
o FT A FKT) o FT) o KT o KT o FT)
20 1.02 7413 0.99 66.07 1.02 46.77 1.06 5754 1.09 5495 1.10 56.23
40 1.03 7943 100 7244 101 50.12 1.08 60.10 1.10 60.26 1.11 61.66
60 1.05 8511 1.02 7943 100 5495 110 68.18 1.12 66.10 1.11 67.61
80 1.07 100.00 0.91 89.13 0.79 61.66 1.07 7413 0.99 74.13 0.94 79.43

4. CONCLUSION

In this study, PA6 was synthesized via anionic ring-opening polymerization. The effects of moisture
and IRM 903 reference oil on the non-isothermal crystallization behavior of PA6 were investigated
through immersion experiments. By revealing the changes induced by liquid exposure, the study
aimed to explore the compatibility of PA6 with moisture and IRM 903 reference oil. Non-isothermal
crystallization kinetics were analyzed using the Mo equation, and the results demonstrated that wet
and thermal treatments reduced the intermolecular forces of PA6. Water interacts with the molecular
chains of PA6 through hydrogen bonding, which weakens the intermolecular forces and enhances the
mobility of the molecular chains. Consequently, this phenomenon manifests as a reduction in the
crystallinity of the samples. In comparison to water, the influence of fuel on the crystallization
behavior of PA6 was less pronounced.
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