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Abstract: In this study, the diffusion process of water molecules in polyamide 6 (PA6) films was investigated using 

time-dependent infrared spectroscopy. PA6 films with different water contents were prepared, and the influence of water 

on microstructure of PA6 was investigated using thermogravimetric analyzer (TGA), X-ray diffraction (XRD) and dif-

ferential scanning calorimetry (DSC). PA6 films with different water contents were stretched to different strains, and 

DSC, XRD, polarized infrared spectroscopy and 2D-SAXS were used to investigate the structural evolution of these sam-

ples during stretching. Results revealed that the diffusion of water molecules in PA6 film disrupts the hydrogen bonding 

between PA6 molecular chains and weakens the interactions between PA6 molecules. The difference in water content leads 

to differences in the initial state of the PA6 films. Higher water content PA6 films exhibit lower glass transition tem-

perature, improved molecular chain mobility, lower elastic modulus and lower yield strength on the stress-strain curve. 

The presence of water enhances the molecular chain mobility of PA6 and slows down the rate of crystalline orientation 

along the stretching direction. At the same stretching ratio, the crystallinity and orientation degree of high water content 

samples are always lower than those of dry samples. At the same time, the stretching deformation process of PA6 is 

accompanied by γ→α phase transition: the interaction between molecules in samples with high water content is weak, 

and the molecular chain segments have better mobility. Its degree of phase transition that occurs during the stretching pro-

cess is also higher. During the uniaxial stretching process, PA6 samples with different water contents exhibit the same 

trend: before the strain reaches 50%, the long period of the sample gradually increases, mainly due to the crystalline ori-

entation along the stretching direction under tensile stress and the gradual extension of molecular chains in the amorphous 

region. At higher strain, the long period of all three samples decreased mainly due to the shear, slip, and fragmentation 

of the crystals under tensile stress, resulting in the formation of smaller crystal sizes. During the uniaxial stretching pro-

cess, PA6 samples with high water content exhibit longer crystalline long period along and perpendicular to the stretching 

direction. This is due to their strong molecular chain segment mobility, resulting in a more relaxed structure that is more 

suitable for biaxial stretching.

Keywords: polyamide 6, uniaxial stretching, plasticizer, structure evolution.

Introduction

It is well known that the comprehensive performance of nylon 

6 (PA6) cast film will be significantly improved after biaxial 

stretching.1,2 However, the hydrogen bonding between PA6 molec-

ular chains makes the biaxial stretching process extremely dif-

ficult.3,4 In the production process of biaxially stretched PA6 

films, multiple methods are often needed to weaken the strong 

interactions between the molecular chains of PA6, in order to 

ensure the stable and high-speed subsequent stretching pro-

cess.5-7 Different processing conditions have great impact on 
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the condensed structure of materials.8,9 Therefore, investigation 

of the structural evolution of PA6 cast film during stretching is 

of great significance for the successful preparation of high-per-

formance biaxially stretched PA6 films.10,11

Rozanski et al.12 modified the amorphous phase of PA6 with 

water, and studied the effect of water as a low molecular weight 

penetrating agent on the cavitation of PA6. Results revealed 

that introducing water as liquid penetrant can lead to the free 

volume to be filled, and the PA6 exhibits lower cavitation strength 

during tensile deformation compared to pure polymers. Shan et 

al.13 investigated the effects of temperature and strain rate on 

the tensile deformation of PA6, and found that the stress-strain 

curve of PA6 exhibited a double yield phenomenon. The occur-

rence of double yielding phenomenon is not only related to the 

thermal activation rates of temperature and strain rate, but also 

to the initial structure of the sample; Meanwhile, the yield mode 

of PA6 is determined by the synergistic effect of amorphous 

and crystalline deformation.

However, previous studies have mostly focused on the influ-

ence of crystalline structure and stretching conditions on the 

mechanical properties of PA6, without establishing a relationship 

between molecular structure and properties, nor paying atten-

tion to the influence of plasticizers such as water on the molec-

ular structure of PA6, or the changing patterns and mechanisms 

of the above effects during the stretching process.14

In response to the above issues, this study prepared PA6 

samples with different water contents, and used in situ infrared 

real-time monitoring of the diffusion process of water in the 

PA6 film. The influence of water on the functional groups, 

interactions and crystalline and amorphous structures of PA6 

film were studied; subsequently, the films with different water 

contents were stretched to different strains, and the evolution in 

crystallinity, crystalline and amorphous structure, orientation 

behavior during stretching process was studied in detail. The 

influence mechanism of water content on the structural evo-

lution of PA6 during tensile deformation was deeply explored.

Experimental

Materials. The commercial PA6 cast film used in the exper-         

iment was purchased from Zhejiang Jintian Corp., China, with 

the thickness around 170 μm.

Sample Preparation. The PA6 cast film was dried in a vac-          

uum oven at 75 ℃ for 72 h. After drying, the sample (named            

as dry sample, DS in short) was immediately placed into a 

sealed container containing absorbent silica gel to maintain a 

low water content in the sample as much as possible; After 

that, DS was treated under laboratory condition (temperature 

23 ℃, relative humidity about 70%) for 72 h, and the obtained     

sample was named as moisture sample (MS in short); For the 

third sample (WS: wet sample), it was prepared by DS, which 

was directly immersed in distilled water at 23 ℃ for 72 h to     

obtain the material with the highest water content.15

Characterization. Thermogravimetric Analysis (TGA):   

For PA film samples with different moisture contents, the mois-

ture content was tested using a thermogravimetric analyzer (TG 

209 F1, NETZSCH Instruments GmbH, Germany). The exper-

iment was conducted under a nitrogen atmosphere, with a test-

ing temperature ranging from 30 to 300 ℃ and a heating rate     

of 20 ℃/min.

Fourier Transform Infrared Spectroscopy (FTIR): The chem-     

ical structure of the PA6 samples was tested using FTIR (Fron-

tier FTIR Spectrometer, PerkinElmer Co., Ltd., USA), with a 

scanning range of 4000 cm-1 to 650 cm-1, a resolution of 4 cm-1,

and 16 scans.16,17

The diffusion process of water molecules in the PA6 mem-

brane during the water absorption process was monitored through 

time-dependent ATR-FTIR. The sample was cut into a size of 

2 cm × 2 cm and placed on a ZnSe optical window. 2 cm × 2 cm 

hydrophilic polytetrafluoroethylene (PTFE) filter paper was placed 

on the sample, and deionized water is dropped into the PTFE 

filter paper to simulate the water absorption process of PA6 sam-

ples. During this process, a time-dependent ATR-FTIR device 

was used to collect spectra every minute until the spectra no 

longer changed. Due to the instrument's incident light intake, 

the sample thickness was less than 1 μm, which is much lower 

than the membrane thickness, and the diffusion rate of water 

on the filter paper is much higher than its diffusion rate in the 

direction of sample thickness, so it is considered that the diffusion 

of water on the sample thickness is uniform.18,19

Differential Scanning Calorimetry (DSC): Thermal analy-     

sis was performed using DSC (DSC 3+, Mettler Toledo, Swit-

zerland). The temperature and heat flux of the instrument were 

calibrated using indium as the standard sample. 3-5 mg of the 

sample was weighed using an electronic balance, and the sam-

ple was heated from 25 to 250 ℃ at a rate of 10 ℃/min in a     

nitrogen atmosphere (50 mL/min). The crystallinity of PA6 can 

be calculated based on the following formula:20-22

(1)

where ∆Hm is the melting enthalpy of PA6, and ∆Hm
o = 190 J/g

Xc

Hm

Hm

o
-----------=
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is the melting enthalpy of PA6 when fully crystallized.23

X-ray Diffraction Testing (XRD): X-ray diffraction (Ultima,      

Rigaku, Japan) was used to characterize the crystal structure of 

the sample. The X-ray source was a copper target, with a tube 

voltage of 20-60 KV and a tube current of 20-60 mA. The 

goniometer had a radius of 185 mm, a scanning range of 5-50°, 

and a scanning rate of 5°/min.24-26

Two Dimensional Small Angle X-ray Diffraction (2D-      

SAXS): The structure of PA6 samples was characterized by        

2D-SAXS (Xenocs 2.0, France). Instrument uses copper tar-

gets ( = Using 0.154 nm) as the radiation source, the two-

dimensional detector PILATUS3 300K has a resolution of 680 

pixels x 600 pixels and a pixel size of 172 μm. During sample 

testing, the distance between the sample and the detector is 370 

mm, and the effective range of scattering vector q (q = 4π sin 

θ/λ) is 0.27-11.4 nm-1. The exposure time of the sample is 5 

min.27-29

Integrate the obtained scattering spectrum in a circular pat-

tern to obtain 1D-SAXS data, which is the variation of scattering 

intensity I(q) with scattering vector q. For unoriented and ori-

ented samples, considering the shape factor of the layered crys-

tal structure, the scattering intensity is multiplied by q2 and Lorentz 

corrected to plot q,30,31 and then the long period of the crys-

talline in the sample are calculated using the Bragg equation as 

follows:32,33

(2)

where qmax is the q value corresponding to the maximum scat-

tering intensity. When the sample is not stretched, the one-

dimensional electron density correlation function method is 

used and calculated as:

(3)

where Icor is the Lorentz correction strength, Q is the constant 

defined as:

(4)

Dynamic Mechanical Performance Testing (DMA): The     

PA6 samples were cut into required size for DMA measure-

ment (DMA850, TA, USA). The testing mode was stretching 

mode under an air atmosphere, the testing temperature range 

was -20 to 120 ℃, the testing frequency was 1 Hz, and the            

heating rate was 3 ℃/min.34,35

Mechanical Performance Testing: The three groups of    

samples were cut into rectangular splines with a size of 10 cm 

× 1 cm for tensile test using a universal material testing machine 

(CMT6104, MTS SYSTEM (CHINA) Corp., Ltd., USA) at a 

speed of 20 mm/min to different strains. For further measure-

ment, the dimensions of the stretched samples were fixed for 

30 minutes to suppress elastic recovery. The stretched samples 

were named as DS-, MS- or WS-, where  represents tensile 

strain, for example, WS-1 represents the WS sample stretching 

to a strain of 100%.36-38

Polarized Infrared Spectroscopy Testing: The molecular    

chain orientation of the stretched PA6 sample was tested using 

Frontier FTIR Spectrometer (PerkinElmer Co., Ltd., USA). 

Tested in ATR mode at room temperature (25 ℃) using ZnSe    

material polarizers located between the light source and the 

sample, with a testing range of 4000 - 650 cm-1, a resolution of 

4 cm-1, and 8 testing cycles. When testing, the sample plane is 

placed perpendicular to the light. Each sample is first tested 

parallel to the direction of polarization vibration in the stretching 

direction to obtain a parallel spectrum. Then, the sample is rotated 

90° to test the vertical spectrum of the stretching direction per-

pendicular to the direction of polarization vibration, and the infra-

red dichroism ratio (D) of the stretched sample is calculated 

based on this.39-41

Results and Discussion

Structure Characterization of the Unstretched Films.    

Water Content of the Films Measured by TGA: Figure 1    

shows the TGA curves of three PA6 samples with different 

water contents. It can be seen that the humidity of DS is the 

Lp

2

qmax

---------=

 r 

Icor q  qr dqcos
0




Q

---------------------------------------------=
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0
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Figure 1. TGA curves of DS, MS, and WS.
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lowest (1.2%); The moisture content of MS is more than two 

times that of DS (3.0%); WS has the highest water content, 

with a water content of about 9.4%.

FTIR Analysis: The FTIR spectra of the PA6 samples with         

different water contents are shown in Figure 2(a). The hydro-

gen bonding between PA6 molecular chains has a significant 

impact on the aggregation state and mechanical behavior of 

PA6, so most infrared spectroscopy research focuses on the 

amide groups of PA6. The strong absorption peak at 1645 cm-1

belongs to the amide-I band, mainly due to the stretching vibra-

tion of C=O; Another strong absorption peak of 1544 cm-1 cor-

responds to the amide-II band, mainly provided by the bending 

vibration of N-H and the stretching vibration of C-N.42 In addi-

tion, 3100-3500 cm-1 is the stretching vibration peak of N-H, 

which is also a strong absorption peak in the PA6 infrared 

spectrum. This region is more sensitive to hydrogen bonds, 

mainly including the free N-H vibration at 3444 cm-1, the N-H

vibration of hydrogen bonds in the crystalline and ordered 

amorphous regions at 3300 cm-1, and the NH vibration in the 

amorphous region at 3310 cm-1. The intensity of v(NH)b is much 

greater than ν(NH)f, indicating that the most NH in the PA6 

membrane forms hydrogen bonds.

Due to the high thickness of the PA film, the energy of ATR 

FTIR instrument is weak, and it is not sensitive enough to cap-

ture the spectral changes of the sample after water absorption. 

However, the position and width of the amide group absorp-

tion peak has great response to the weak changes in hydrogen 

bonding, and in situ infrared can observe the complete process 

of the absorption peak with the change of the group online. Through 

in situ infrared spectroscopy, real-time data on the interaction 

between water and PA6 molecules can be read, greatly shield-

ing external influencing factors and ensuring the accuracy of 

the data. In this section, time-dependent in situ ATR-FTIR was 

utilized to record the diffusion process of water molecules in 

DS, and the results are shown in Figure 2(b).

The changes in absorption peaks at 3299 cm-1 and 3478 cm-1

are attributed to the increase in distance between PA6 molec-

ular chains as water enters the sample, leading to the breakdown 

of strong hydrogen bonding interactions within the chains and 

the emergence of more free NH vibrations.43 Meanwhile, the 

intensity of these absorption peaks attributed to free hydrogen 

bonding NH vibrations increases, the absorption peaks widen, 

the absorption peak intensities increase, which also shift towards 

lower wavenumbers. However, it is observed that water can hardly 

affect the crystalline region of PA6 molecules, so it has little 

effect on the NH vibration in the crystalline region, and the 

absorption peak intensity at 3299 cm-1 remains almost unchanged.

As the diffusion time increases, water partially hydrates free 

C=O groups, forming C=O::H2O complex, resulting in a decrease 

in the overall number of free C=O groups. At the same time, 

hydration disrupts the hydrogen bonding between the original 

C=O group and the NH group (Figure 3). The hydrogen bond-

ing formed by the combination of water molecules and acyl-

amide groups is significantly weaker than the hydrogen bonding 

formed between amide groups, resulting in a weakened absorp-

tion peak intensity of amide-I and amide-II bands.

WAXD and DSC Study: The DSC melting curves and XRD     

spectra of PA6 samples are shown in Figure 4. It can be observed 

that the DSC melting curves of three PA6 samples are quite 

similar. This is due to the fact that water only affects amorphous 

polymer chains, and the mobility of polymer chains in amorphous 

phases is limited by the presence of crystalline domains. In 

Figure 2. (a) FTIR spectra of PA6 samples of different content; (b) time-resolved ATR-FTIR spectra during water diffusion into PA6 samples.
 Polym. Korea, Vol. 49, No. 2, 2025
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Figure 4(b), PA6 films show different peaks at diffraction angle 

2θ of approximately 20.3°, 21.5°, and 23.3°, indicating that all 

three PA6 cast films contain both - and -phase crystalline.44

WS with high water content shows significantly reduced inten-

sity of the diffraction peak (200), which can be attributed to the 

fact that, the water absorption process of PA6 film breaks the 

molecular hydrogen bonds between PA6 segments, reduces the 

intermolecular interactions, and increases the interplanar spacing.

2D-SAXS Investigation: The 2D-SAXS spectra of PA6      

samples with different water contents are shown in Figure 5. 

The crystalline characteristic scattering signals of the three 

samples exhibit isotropic rings with uniform intensity distribution, 

indicating that there is no orientation structure inside the samples 

when they are not stretched.45 In order to detect changes in 

crystalline structure and further analyze the effect of water content 

on the crystalline structure of PA6 film, the average long 

period (Lp) and amorphous thickness (La) obtained from one-

dimensional correlation functions were calculated. The thickness 

Figure 3. Mechanism of water sorption in PA6 samples.

Figure 4. (a) TGA thermograms; (b) Melting curves; (c) XRD patterns of PA6 films with different water content.

Figure 5. 2D-SAXS patterns for PA6 samples of different water content.
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of the crystal (Lc) can be obtained by subtracting the amorphous 

thickness (La) from the long period (Lp). Due to the crystallinity 

of PA6 in the measured sample being less than 50%, the smaller 

value between Lp and La and the subtracted result is the thickness 

of the crystalline layer, as shown in Table 1.

In Table 1, as the water content of the PA6 sample increases, 

both Lp and La show a significant increase, indicating that the 

entry of water molecules disrupts the intermolecular forces of 

PA6, and the molecular chain segments in the disordered region 

relax and expand strongly, resulting in an increase in interlayer 

distance; Compared to the thickness of the long period and 

amorphous region, the change in crystal thickness is weak. 

This is because water molecules almost cannot damage the 

crystalline structure, which is consistent with the XRD and 

DSC results.

DMA Measurement   : DMA is an effective method for studying           

molecular movement, which can characterize the movement of 

molecular chain segments in the PA films.46 Figure 6 shows the 

storage modulus (E' ) and loss factor (tanδ) of the samples. The 

storage modulus of DS is larger than that of MS, indicating 

that the interaction between PA6 molecular chains in DS is 

stronger, and its mobility of molecular chain segments is weaker. 

Meanwhile, the temperature corresponding to the loss factor peak 

is the glass transition temperature (Tg) of the sample. compared 

with the Tg of DS (44.6 ℃), the Tg of MS (37.6 ℃) is significantly              

reduced, indicating that the presence of water enhances the 

activity of PA6 macromolecular chains, weakens the interactions 

between molecular chains.

Morphology Evolution of Different PA6 Films During     

Stretching. Tensile Measurement: Figure 7 shows the stress-     

strain curves of PA6 films with different water contents, as well 

as the derivative curve of DS. The obtained elastic modulus, yield 

strength and tensile strength are listed in Table 2. 

With the increase of stretching ratio, the stretching process 

of three samples is accompanied by varying degrees of yield 

process. Moreover, Figure 7(b) reveals that in the initial stage 

of stretching, when the strain is small, the derivative curve of DS 

has a relatively large value, indicating that in the initial stretch-

ing stage of DS, the stress changes rapidly with the increase of 

strain, and the DS sample exhibits high rigidity. As the strain 

increases, the value of the derivative curve significantly decreases, 

indicating a decrease in the slope of the stress-strain curve, 

which means that the DS sample has undergone yielding 

behavior and entered the plastic deformation stage, moreover, 

the rate of stress increase slows down, and the ability to resist 

deformation weakens. As the strain further increases, the numer-

ical variation of the derivative curve is relatively small, reflecting 

that stress changes at a relatively constant rate with the increase 

of strain.

Comparing the samples with different water content, it can 

be seen that the yield process of DS is the most obvious. For 

Table 1. Long Period (Lp), Lamellar Thickness (Lc) and Amorphous 

Thickness (La) for PA6 Samples of Different Water Content

Samples Lp (nm) Lc (nm) La (nm)

DS 5.71 2.12 3.59

MS 5.81 2.13 3.68

WS 6.34 2.14 4.20

Figure 6. Temperature dependence of (a) storage modulus; (b) tan δ for different PA6 samples measured by dynamic mechanical analysis.

Table 2. The Parameters on the Engineering Stress-engineering

Strain Curves

Samples
Elastic modulus

(MPa)
Yield stress

(MPa)
Tensile strength

(MPa)

DS 513.7 31.9 106.0

MS 505.8 25.4 98.6

WS 211.0 19.6 86.2
 Polym. Korea, Vol. 49, No. 2, 2025
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WS with the highest water content, its yield behavior and necking 

are the mildest. The shape of the entire WS sample changes 

uniformly. On the other hand, DS has the highest yield strength, 

reaching 31.9 MPa, while as the water content increases, the 

yield strength of WS is only 19.6 MPa, indicating a strong cor-

relation between yield strength and the water content in PA6. 

The above results indicate that the presence of water reduces 

the intermolecular forces of PA6 films and are more prone to 

uniform deformation during stretching, making them more suit-

able for biaxial stretching.

DSC Measurement: Figures 8(a)-(c) show DSC melting     

curves of different PA film stretched to different draw ratio. It 

can be seen that although all three samples contain both α- and 

γ-phase, their DSC melting curves mainly show α-phase melt-

Figure 8. Melting curves of (a) DS; (b) MS; (c) WS at different stain ε; (d) The crystallinity of samples with different water content at different 

strain.

Figure 7. (a) Engineering stress-engineering strain curves for PA 6 samples; (b) the derivate curves of stress-strain curves for DS.
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Figure 9. XRD patterns of PA6 samples with different water content at various strain.

ing peak (around 220 ℃). In addition, samples at low draw ratio           

(DS-0.5, MS-0.5, WS-0.5) have wider melting peaks, indicat-

ing a wider distribution of lamellar thickness. As the draw ratio 

increases, the melting peaks of all three samples become nar-

rower and slightly shift towards lower temperatures.

Figure 8(d) shows the changes in crystallinity of the samples 

as a function of stretching ratio. It can be observed that as the 

stretching ratio increases, the crystallinity of all three samples 

increases gradually. Moreover, during the stretching process 

from  = 50% to  = 100%, the increases in crystallinity of WS 

and MS are larger compared to DS. This is because the presence 

of water increased the molecular chain activity of PA6 samples. 

At the same stretching ratio, samples with higher water content 

had higher molecular migration rates, higher proportion of slip 

rearrangement and recrystallization, and the crystallinity of the 

samples can be arranged from high to low as: DS>WS>MS. 

As the stretching ratio further increases, the increases of crys-

tallinity of WS and MS tend to flatten, while DS exhibits higher 

crystallinity and higher tensile strength. In the subsequent stretch-

ing process, it can be foreseen that DS is more difficult to be 

uniformly stretched and deformed.

WAXD Investigation: Figure 9 shows the XRD spectra of        

three samples stretched to different magnifications. The unstretched 

PA6 films exhibited both α- and γ-phase, however, after stretching, 

they mainly show the pattern of monoclinic α-phase. As the stretch-

ing ratio increases, the intensities of some peaks increase, indi-

cating that water content has an impact on the tensile properties 

of the PA6 films, such as orientation and crystallinity. In addi-

tion, the stretching process is accompanied by γ→α phase tran-

sition, and different water contents result in different degree of 

γ→α phase transition. 

Comparing the samples with different water content, it can 

be seen that for DS, as the stretching ratio increases, the inten-

sity of γ(200) decreases gradually, meanwhile, the intensities of 

α(200) and α(002/202) increase, which gradually merge into a 

large peak; For MS and WS, the situation is slightly different: 

as the stretching ratio increases, the diffraction peak of γ(200) 

gradually decreases and disappears. When stretching ratio reaches 

200%, we can only observe the characteristic peaks of α(200) 

and α(002/202), indicating that as the stretching ratio increases, 

the PA6 crystalline molecular chains oriented along the stretch-

ing direction increase.

From a view of mechanistic analysis, for the phase transition 

caused by stretching, the following two conditions must be met: 

first, γ phase should be sufficiently stretched to twist the chains 

around the amide bonds. Second, sufficient molecular mobility 

should be achieved to alter their stacking. In PA6 macromo-

lecular chains, strong hydrogen bonding forces are formed between 

adjacent molecular chains in the crystalline and amorphous 

regions, which limits the migration of molecules and further 

limits the damage of γ-phase during stretching. Sample with 

higher water content (WS>MS>DS) weakens the hydrogen bond-

ing force between PA6 molecular chains to a larger extent, leading 

to larger increase in PA6 molecular mobility, and finally causes 

a more deeply γ→α phase transition.

Moreover, the transformation from γ- to α-phase will affect 

the dimensional stability of PA6 film. The formation of the α-

phase makes the structure of the PA6 film more stable, and the 

dimensional change after stretching is supposed to be relatively 

small, which is beneficial for improving the dimensional sta-
 Polym. Korea, Vol. 49, No. 2, 2025
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bility of the material during stretching. But if the transformation 

from γ- to α-phase is incomplete or uneven (the DS sample), stress 

concentration may occur inside the material, leading to a decrease 

in dimensional stability.

Evolution of Orientation Behavior During Stretching     

Process: The orientation behavior of PA6 samples was tested        

using polarized infrared spectroscopy. Polarized infrared spec-

troscopy can observe the absorbance changes of spectral bands 

under different polarized light, study the properties and attri-

bution of absorption bands, and provide information about the 

condensed state of molecules taken backwards, such as single 

crystal structure, molecular chain conformation, orientation, and 

other condensed state structures.47 For PA6 film, the main char-

acteristic bands for α-phase include 1201, 1030, 960, 928, 830, 

692, 440, and 294 cm-1; the main characteristic bands for γ-

phase exist at 1235, 1170, 975, 712, and 317 cm-1. For the uniaxial 

stretching process of PA6 film, the infrared dichroism ratio 

(D)48-50:

D = (5)

Among them, A|| is the absorbance measured when the vibra-

tion direction of polarized light is parallel to the reference 

direction, and A is the absorbance measured when the vibra-

tion direction of polarized light is perpendicular to the refer-

ence direction. The D value of the PA6 film depends on two 

characteristic angles, θ and β, where θ is the angle between the 

polymer chain axis and the stretching direction, and β is the 

angle between the chain axis and the transition moment. The 

orientation of molecular chains is51,52:

 (6)

Since β is constant, the orientation degree can be represented 

by (D-1)/(D+2). Figure 10 shows the polarized infrared spectra 

of PA6 during stretching. When ε=0, the parallel and vertical 

bands of the spectrum are the same, indicating that the polymer 

skeleton is isotropic, and the molecules have not undergone 

orientation. As the stretching ratio increases, the absorption 

intensities of amide-I band and amide-II band gradually change, 

and the difference in intensity between parallel and vertical 

absorption spectra becomes more and more obvious, indicating 

that the degree of orientation and anisotropy of the sample con-

tinue to increase. The characteristic peak at 1645 cm-1 (amide-

I band) represents the stretching vibration of C=O; The absorp-

tion peak at 1550 cm-1 (amide-II band) represents the stretch-

ing vibration of N-H. Under normal conditions, the absorption 

intensity of the amide-I band is higher than that of the amide-

II band. As the stretching ratio increases, the PA6 molecular 

chains are oriented along the tensile direction gradually. After 

stretching, the amide-I band is arranged perpendicular to the main 

chain, and the amide-II band is arranged parallel to the main 

chain. Therefore, as the stretching ratio increases, the intensity 

of the amide-II band gradually exceeds that of the amide-I band, 

while on the vertical band, it is the opposite.

Taking (D-1)/(D+2) to represent the degree of molecular 

chain orientation, and choose 929 cm-1 and 975 cm-1 to describe 

the orientation degrees of α- and γ-phase respectively. The ori-

entation degree of amorphous region was described by 1121 cm-1.

The results are shown in Figure 11.

As the stretching ratio increases, the orientation degree of -

phase increases rapidly at low stretching ratio (=0-100%), and

tends to flatten at high elongation ratios (>100%). Meanwhile, 

the orientation of -phase increases at the beginning and then 

decreases. The above results indicates that during the stretch-

ing process of PA6 films, the process of lamellar and molecular 

chains transitioning from isotropic to highly oriented (lamellar 

rotation, slip orientation) mainly occurs during the strain hard-

ening stage (=0-100%). After that, the contribution of the high 

magnification stretching process afterwards to the overall ori-

entation of the molecular chain was very weak. More impor-

tantly, when the stretching ratio reaches 50%, for MS and WS, 

the increase of orientation degree of - and -phase is lower 

than that of DS, which is consistent with the yield behavior of 

the three samples in Figure 7.

As the stretching ratio increases, three samples exhibit dif-

ferent stretching orientation behaviors: WS with high water con-

tent exhibits low orientation degree during stretching; while DS 

with low water content is faster to be oriented under stretching 

and its orientation degree is highest. That is to say, the lower 

the water content, the easier it is for the crystals to be oriented 

along the stretching direction during the stretching process.

Evolution of Lamellae State During Stretching: The 2D-    

SAXS spectra of three types of PA6 under different stretching 

ratios are shown in Figure 12. The horizontal white arrow in 

the figure represents the stretching direction, defined as the 

equatorial direction, and defined perpendicular to this direction 

as the meridian direction. When not stretched, all three samples 

exhibit uniformly distributed circular rings (crystal signals) of 

strength, indicating that there is no pre orientation in the initial 

state, indicating that the samples exhibit isotropy; As the stretch-

ing ratio increases, the scattering signals of the three types of 

A||
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Figure 10. Polarized-ATR spectra of PA6 with different water content at different strains.
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PA6 gradually gather towards the equatorial direction, indicating 

the formation of arranged crystal structures along the stretching

direction. Perpendicular to the stretching (meridian) direction, 

as the stretching ratio increases, the scattering spectra of the three 

samples show a similar trend of change. The originally uniformly

distributed circular ring crystal signal gradually weakens and 

disappears, but no new signal appears as the stretching strain 

further increases. This may be because the current tensile stress 

is not sufficient to form a microfiber structure network.

In order to elucidate the changes in crystalline orientation 

and long period of the PA6 samples during the stretching pro-

cess, quantitative calculations were conducted on the long peri-

ods along the equatorial and meridian directions. The results 

are shown in Figure 13. Figure 13(a) shows the variation of the 

crystalline long period of three samples along the stretching 

direction. It can be seen that, before the strain reaches 50%, the 

long-period Lp in the equatorial direction increases, which then 

gradually decreases or remains basically unchanged. The increase 

in long-period Lp is mainly caused by the amorphous region. 

Under stress, the crystalline orientation of the amorphous region 

is along the stretching direction. According to the two-phase 

model, the amorphous region is located between adjacent crys-

tals. Under external force, the molecular chains in the amorphous 

region gradually extend, and the distance between the lamellae 

also becomes farther. The increase in the thickness of the amor-

phous region is the main reason for the increase in the long-

period. The decrease after the strain exceeds 50% is due to the 

shear, slip and fragmentation of the crystals under tensile stress, 

resulting in the formation of smaller sized crystals. The plateau 

period may be caused by a combination of strain induced spac-

ing, slip, and crystal orientation. At this stage, distance changes 

in the crystals are the main factor affecting long-period, rather 

than changes in the amorphous region.

In Figure 13(b), on the meridian, due to tensile stress, the 

crystals gradually rotate and orient towards the stretching direc-

tion, resulting in a gradual decrease in the long-period Lp per-

Figure 11. Orientation function: (a) fα; (b) fγ; (c) famorphous region 

of PA6 

samples.

Figure 12. 2D-SAXS patterns of PA6 samples at different strains 

from 0.5 to 3.
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pendicular to the stretching direction; It is worth noting that for 

WS, the long period of the flakes along the stretching direction 

(equator) or perpendicular to the stretching direction (merid-

ian) is always greater than that of low water content samples 

throughout the stretching process. This is because they contain 

strong molecular chain segment movement ability, and the bal-

ance between molecular chain segment orientation and disso-

ciation orientation is easier to dissociate, resulting in a more 

relaxed condensed state structure.

Conclusions

This article prepared PA6 films with different water con-

tents, and investigated the diffusion process of water molecules 

in PA6 films at the molecular level using time-dependent infra-

red spectroscopy. The influence of water on the microstructure 

of PA6 was investigated using TGA, XRD and DSC. Samples 

with different water contents were stretched to different strains, 

and testing methods such as DSC, XRD, polarized infrared 

spectroscopy and 2D-SAXS were used to investigate the effect 

of water content on the structural evolution of PA6 during ten-

sile deformation. The main conclusions are drawn as follows:

(1) The diffusion of water molecules in PA6 film disrupts the 

hydrogen bonding between PA6 molecular chains and weak-

ens the interactions between PA6 molecules; The difference in 

water content leads to differences in the initial state of the PA6 

films. High water content PA6 films exhibit lower glass transition 

temperature, stronger molecular chain mobility, lower elastic 

modulus and lower yield strength on the stress-strain curve;

(2) The presence of water enhances the molecular chain 

mobility of PA6 and slows down the rate of crystalline orien-

tation along the stretching direction. At the same stretching ratio, 

the crystallinity and orientation degree of high water content 

samples are always lower than those of dry samples; At the same 

time, the stretching deformation process of PA6 is accompa-

nied by γ→α Phase transition: The interaction between mole-

cules in samples with high water content is weak, and the molecular 

chain segments have better mobility. Its degree of phase tran-

sition that occurs during the stretching process is also higher;

(3) During the uniaxial stretching process, PA6 samples with 

different water contents exhibit the same trend: before the strain 

reaches 50%, the long period of the sample gradually increases, 

mainly due to the crystalline orientation along the stretching 

direction under tensile stress and the gradual extension of molecular 

chains in the amorphous region; At higher strain, the long period 

of all three samples decreased mainly due to the shear, slip, and 

fragmentation of the crystals under tensile stress, resulting in 

the formation of smaller crystal sizes;

(4) During the uniaxial stretching process, PA6 samples with 

high water content exhibit longer crystalline long period along 

and perpendicular to the stretching direction. This is due to their 

strong molecular chain segment mobility, resulting in a more 

relaxed structure that is more suitable for biaxial stretching.

In general, this manuscript elucidates the changes in mor-

phology and mechanical properties of PA films with different 

water contents during stretching, providing key basis for material 

selection, engineering design, and optimization of PA 6 film 

processing technology in practical applications.
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Figure 13. (a) Long period of lamellae (Lp) along equatorial direction; (b) along meridian direction as a function of strain.
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