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Abstract: The physical, chemical and mechanical properties of polymer materials used in water environment for a
long time will change due to their water absorption characteristics, which will affect their tribological properties. This
work studied the changes of physicochemical, mechanical, and tribological properties for five kinds of polymer mate-
rials (polyethylene, polyformaldehyde,polyamide, polytetrafluoroethylene, and poly-ether-etherketone) before and
after water absorption. The mechanism of water absorption for polymer materials was revealed by molecular dynamics
simulation. The results show that the higher the water absorption of polymer, the larger the swelling volume, the more
the surface hardness and compressive strength decrease, and the toughness and friction coefficient of the material
increase obviously. The water absorption status of polymer materials is closely related to the polarity of molecular
chain. Water molecules are easy to form hydrogen bonds with polymer molecular chains of high polarity, which is the

main factor of water absorption.

Keywords: polymer, water absorption, tribological performance, molecular dynamics.

Introduction

Polymer materials usually have the advantages of corrosion
resistance, self-lubrication, high insulation, vibration resistance
and embedded sand. It is widely used that replaced metal
materials as friction components in water wading engineering
equipment.' Such as bush of water lubricated bearing, sliding
rail, gears and sealing parts, etc. Polymer materials for long-
term service in aqueous environments will undergo varying
degrees of reversible (changes of physical properties) or irre-
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versible (changes of chemical properties) degradation, which
will affect the mechanical and tribological properties of poly-
mer materials.*® Different polymer materials have different
water-absorbing characteristics, so the working conditions of
selecting them as components of friction pair are also different.
In regard to the friction pair parts, such as water lubricated
bearing, sliding rail, etc., it should be avoided that the materials
swelling after water absorption will cause the "stuck" phe-
nomenon of the friction pair matching deformation.” However,
such as seals, fasteners, etc., it is more reliable that swelling
effects make the sealing or fastening for the parts.'® Therefore,
the research on the water absorption behavior of polymer fric-
tion pair materials has great value of engineering application.
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At present, the research on water absorption of polymer
materials mainly focuses on the diffusion mechanism. Broudin
et al." characterized the diffusion of water in polyamide 6.6
(PA66) under a wide range of temperature (from 25 to 80 C)
and various humidities using dynamic vapor sorption machine.
It is found that the classic Arrhenius behavior can be used to
describe the diffusion coefficient of water in PA66 when the
amorphous phase is in a glassy state. When the amorphous
phase is in a rubbery state, the water diffusion coefficient on
temperature and water activity can be described using the free
volume theory. Courvoisier ef al."? investigated water absorp-
tion of PEEK and PEI, and found that both polymer materials
showed typical Henry and Fick diffusion behavior. Simulta-
neously, the relationship between semi-empirical structure and
water transport properties was provided for polymer materials
with group of high polar (hydroxyls and sulfones), medium
polar (carbonyls of imides, amides and ketones) and low polar
(carbonyls of esters). Pogany, Roy and Gilormini et al."'®
found that the diffusion of water in polymers does not fully
obey the Fick’s law, and conducted a systematic study of the
non-Fick diffusion behavior of water in polymer materials. The
author's research team Chen et al."’ studied the influence of
hydrostatic pressure on water absorption of polyoxymethylene
by water absorption test and molecular dynamics. The results
show that the water absorption of polyoxymethylene decreases
with the increase of hydrostatic pressure in the range of 0-3.0
MPa, it subsequently increases with the increase of hydrostatic
pressure in the range of 3.0-5.0 MPa. Water diffusion coef-
ficient in polyoxymethylene gives trend of firstly decreasing
and then increasing with the increase of hydrostatic pressure.
The simulation results are in good agreement with the exper-
imental results. However, these studies on the diffusion mech-
anism of water in polymer materials are still controversial, it is
unclear that the leading relationship between water absorption
of polymer and its molecular free volume and molecular polar
groups.

In addition, the influence of water absorption for polymer on
its physical and chemical properties, mechanical properties and
tribological properties has also been reported by domestic and
foreign scholars. Bouvet et al.'® observed that plasticization of
polymer materials because of water absorption, resulting in the
decrease of stiffness and glass transition temperature (7,) for
polymer materials. Das ef al."® found that the mechanical prop-
erties of linear low-density polyethylene for grafted with
maleic anhydride (LLDPE-g-MA) were significantly reduced
after water absorption. Alamri e al.*® found that the flexural

strength and modulus of epoxy-based nanocomposites decreased
with increasing water absorption, but the fracture toughness
and impact strength of the material increased after water
absorption. Dhakal ef al.*' found that the tensile and flexural
properties of fiber-reinforced unsaturated polyester composites
decreased with the increasing moisture absorption. At the same
time, high temperature significantly enhanced the degradation
of the composites and the water absorption showed non-Fick,
while the water absorption at room temperature conformed to

122 found that the attraction of car-

Fick law. Yamamoto ef a
bonyl groups in the molecular structure of poly-ether-ether-
ketone (PEEK) materials to water molecule is the main reason
for the decrease of hardness caused by surface plasticization
deformation during water lubrication, and the reduction of
hardness will aggravate surface wear of PEEK materials. Zhao
et al® found that water absorption increased the elongation
and significantly reduced the flexural strength of PTFE/PA6
1‘24

bends. Wang ef al.** found that polyamide (PA) materials have
high water absorption due to the easy formation of hydrogen
bonds between amide groups and water, resulting in lower
mechanical properties and abrasion resistance. Cao et al”
found that the invading water molecules led to a sharp
decrease in the hardness of PPESK surface, resulting in very
high wear rate of PPESK in water. The wear processes of CF/
PPESK in water were no longer dominated by high water
absorption but by the load-carrying effect of CFs. Kawaljit et
al® reviewed the effect of environmental humidity/water
absorption on the tribo-mechanical performance of polyam-
ides, epoxy resins, PMMA and their composites, and found
that the mechanical and tribological properties of polymers and
polymer composites varied with environmental humidity, the
pure polymer substrates exhibit a somewhat complex mixing
behavior in humid environments. It can be seen that water
absorption behavior of polymer materials is a relatively com-
plex process and has a great influence on the physicochemical,
mechanical and tribological properties of polymer, and there
are many related research reports. However, the polymer mate-
rials used in wading engineering are usually immersed in water
for a long time. Currently, there are few studies on the phys-
icochemical, mechanical and tribological properties of polymer
materials after long-term immersion in water. Simultaneously,
the research that interaction between behavior of water absorp-
tion and the physicochemical, mechanical and tribological
properties of polymer materials in water environment is rarely
reported.

In this work, the long-term immersion test of water absorp-
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tion will be carried out for five kinds of typical engineered
polymer materials, such as ultra-high molecular weight poly-
ethylene (UHMWPE), polyformaldehyde (POM), polyamide
(PA6), polytetrafluoroethylene (PTFE), and poly-ether-ether-
ketone (PEEK). The crystallinity, molecular structure, mechan-
ical properties and tribological properties of the polymer mate-
rials before and after water absorption were analyzed and
discussed. At the same time, molecular simulation was used to
study the change mechanism of water molecules in molecular
chain of polymer at microscale. This work is not only helpful
to enrich and perfect the theory of polymer tribology, but also
it has important scientific significance and engineering value
for the application of polymer materials in wading tribology.

Experimental

Details of the Experiment. Experimental Materials:
UHMWPE and PTFE are non-polar, POM is weakly polar,
and PA6 and PEEK are polar among the five kinds of typical
friction pair materials of polymer for marine engineering. The
material performance parameters are as shown in Table 1.

The chemical structure formula is shown in Figure 1.

Experimental Method-Test Method of Water Absorption:
Test of water absorption for polymer materials is conducted
according to standard of Plastics—Determination of water
absorption (ISO 62: 2008). The sample size is ®40 mmx13
mm, and three samples of each polymer material are prepared
for water absorption test. The specimens shall be carefully
dried prior to testing in an oven at 50+2 C for at least 24 hours

Table 1. Performance Parameters of Polymer Materials for
Testing

Material l()ge/zrsrit’})/ pg/ilriﬁ(qg ) (l;ﬁgciteme]s)s) Vendors
UHMWPE 0.93 133 69.6 GEHR
POM 1.39 166 85.6 GEHR

PAG6 1.15 215 82.0 QUADRANT

PTFE 2.15 327 65.8 DAIKIN

PEEK 1.32 340 89.2 GEHR
HCHz CHh | HCFzCFsh |[Y 9
e e N

1CHy Ok OO0, :

PEEK PAb

Figure 1. Chemical structure formula of polymer.
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and allow them to cool to room temperature in the desiccator
before weighing them to the nearest 0.1 mg. Repeat this pro-
cess until the mass of the specimens is constant to within 0.1
mg. Then place the test specimens in a container filled with
distilled water maintained at 23+2 C and a relative humidity
of (50+5)%. After immersion for every period of time (24 h,
48 h, 96 h...), take the test specimens from the water and
remove all surface water with filter paper. Reweigh the test
specimens to the nearest 0.1 mg. The formula for calculating
the mass fraction of water absorption is as follows:

—m,

C i

absorp =
my

x 100% Q)]

Capsorp 1s the mass fraction of water absorption for sample, m;
and m, are the first mass and the i-th mass of the sample
respectively.

Physicochemical Characterization of Material Water
Absorption: Heat flow curve of materials for before and after
immersion were tested using Differential Scanning Calorim-
eter (DSC, NETZSH DSC-204 HP, Germany) according to the
ASTM F2625-10 standard. Test parameters: the weight of test
sample is about 5.0-6.5 mg, the temperature is 60-200 C, the
heating rate is 10 C/min, and the nitrogen atmosphere envi-
ronment. The crystallinity of the polymer material before and
after water absorption can be obtained by calculating the area
of the heat flow curve. Calculated as follows:

c= é-—:;i x 100% 2)
c is the percentage content of crystallized area in the formula.
AH,, was the melting enthalpy of test materials. AH., the melt-
ing enthalpy of polymer material with 100% crystallinity, and
the UHMWPE, POM, PA6, PTFE and PEEK were 293, 185,
190, 82, and 130 J/g, respectively. In addition, The Fourier
Transform Infrared Spectrometer (FTIR, NICOLET iS10,
ThermoFisher, Waltham, MA, USA) was used to characterize
and analyze the chemical structure of the polymer materials
before and after water absorption, and obtain the chemical
structure change of the materials.

Mechanical Properties Testing of Polymer Materials: In
order to evaluate the changes of mechanical properties for
polymer materials before and after water absorption, five kinds
of polymer materials including UHMWPE, POM, PA6, PTFE
and PEEK were carried out by Universal Testing Machine.
The test was performed according to standard of Plastics—
Determination of compressive properties (ISO 604: 2002). The
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Table 2. Sample Information and Parameters of Ball-disc Reciprocating Friction Testing

Sample Material Size (mm) Roughness R, (um)
_ Sample Ball GCrl5 06.3 0.05
information
Disk polymer 20x10x7 32
Test condition Load (N) Test time (s) Single distance (mm) Sliding frequency (Hz)
parameters 6 1800 8 20/50

sample size was (10£0.2) mmx(10£0.2) mmx(4+0.2) mm and
the loading rate was 1.0 mm/min. The surface hardness of
polymer materials will be measure by Shore D hardness tester.
The 5 points were measured every 6 mm along the radial
direction of the sample and their average value was calculated
to obtain the material hardness.

Tribological Test of Samples: Tribological tests of UHM-
WPE, POM, PA6, PTFE and PEEK materials (before and after
water absorption) were carried out on the reciprocating friction
testing machine of MFT 5000 by Retc Company. The friction
pair is the form of ball-on-disk and dry friction environment.
The ball samples are the material of GCrl5 and the disk sam-
ples are polymer materials. The test environment temperature
is 25+2 C and the relative humidity is (50+5)%. The test
parameters are shown in Table 2.

The morphology of worn traces was measured by Micro-
measure 2 confocal scanning optical microscope (STIL, Sci-
ences et Techniques Industrielles de la Lumiére, Aix en
Provence, France). The scanning area is 12.0 mmx4.0 mm.

The scanning steps in X direction and Y direction are 20 um
and 10 pm, respectively. Moreover, the microstructure of the
worn area was observed by scanning electron microscope
(SEM, JSM-6510LV, JEOL, Japan) and the elemental of the
surface was analyzed by energy-dispersive spectroscopy (EDS).

Detail of Molecular Dynamics. In order to reveal the water
absorption mechanism of five kinds of polymer materials,
molecular dynamics method”* is used to study the change
mechanism of water molecules inside the micro-structure of
polymer materials. The simulation is based on the software of
Materials Studio. The model building of molecular dynamics
is mainly included the following six steps: Firstly, the models
of molecular chain were constructed based on the chemical
structure of polymer materials. The degree of polymerization
for UHMWPE, POM and PTFE molecular chains is 100,
respectively. The degree of polymerization of PA6 and PEEK
was set at 50 because there are more atoms of monomer. Sec-
ondly, the energy of the chain was minimized by using the
method of maximum velocity descent to obtain the confor-

O e Mubecular chain of UHMWPE

Mubecular chain of FAR

Figure 2. Molecular dynamics model of water absorption of polymer materials: (a) UHMWPE; (b) POM; (c) PA6; (d) PTFE; (e) PEEK.
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Table 3. Ratio of Water Molecular Mass Fraction in Polymer
Materials

Number of

H,0 0 5 10 20 30 60 90

wt% of water concentration
UHMWPE 0.0 1.1 2.1 4.1 60 114 16.1
POM 0.0 1.0 19 38 56 106 15.1
PA6 00 05 1.0 21 3.1 6.0 8.7
PTFE 00 03 0.6 12 1.8 35 5.1
PEEK 00 02 04 08 1.2 24 36

mation of the chain with low-energy stability. Thirdly, the
amorphous cells were composed of three polymer chains and
different concentrations of water molecules (number of H,O:
0, 5, 10, 20, 30, 60, 90), as shown in Figure 2. The initial den-
sity of cell was determined according to the density of polymer
material, and the mass fraction of water molecules in the poly-
mer material is shown in Table 3. Fourthly, the global min-
imum energy of amorphous cell (the most stable structure) was
got by using the method of annealing kinetics (the range of
annealing temperature is 300-500 K). Fifthly, a molecular
dynamic simulation of 500 ps was performed by using the
NPT ensemble (P=0.1 MPa, T=298 K) and control method of
Nosé-Hoover thermal bath,”>° which resulted in the actual
density for the water absorption model of polymer material.
Lastly, molecular dynamics simulations were performed on the

optimized cell structure under the NVT ensemble, and the sim-
ulation parameters are shown in Table 4.

Results and Discussion

Analysis of Water Absorption Characteristics of Polymer
Materials. Figure 3(a) shows the variation of mass fraction of
water absorption for five polymer materials, UHMWPE,
POM, PA6, PTFE and PEEK. It can be seen that the water
absorption mass fraction increases gradually with the increase
of immersion time and finally tends to saturation state. The
material of PA6 had the highest water absorption mass frac-
tion, which was still not saturated after immersing for 13872 h
(578 days), followed by POM, PEEK, respectively. The mate-
rials of UHMWPE and PTFE had the lowest mass fraction of
water absorption. Figure 3(b) displays the variation of rate of
water absorption for polymer materials. The rate of water
absorption for POM, PA6, and PEEK started to be larger, and
the rate of water absorption became smaller and smaller and
finally stabilized with the increase of time. However, the rate
of water absorption fluctuates in the early stage of immersion,
and then the rate of water absorption basically does not change.

According to the curve of mass fraction of water absorption,
the relationship between mass fraction of water absorption and
immersing time is a power function. The corresponding rela-
tionship between water absorption mass fraction of POM, PAG,
PEEK and time is shown below:

Table 4. Parameters of Molecular Dynamics Simulation for Water Absorption

Force field Ensemble Temperature

Pressure Timestep Simulation time

COMPASS NPT/NVT 298 K

0.1 MPa 0.5 fs 500 ps

Control method of

Radius of Cut-off Initial velocity

Control method of Van der Waals

Electrostatic effect

Temperature pressure effect
1.25 nm Random method Nosé-Hoover Berendsen Ewald Group base
10 e
o] —a— UHMWPE (@ @ —a— UHMWPE ol e
—e—POM ——POM &

8{——PAG / 2 —a—PA6 il %
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Figure 3. (a) Water absorption mass fraction; (b) water absorption rate of the five materials.
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The relationship of water absorption mass fraction for POM: and volume change of the five polymer materials after immers-
Canon(%6)=0.08793097%5, R2=0 998 3) ing for 13872 h It .can bf: seen'that the .V'olume char'lge of the
polymer materials is basically in a positive proportion to the
The relationship of water absorption mass fraction for PA6: average water absorption mass fraction. The water absorption
mass fraction and volume change of PA6 is the largest, while
absorp(20)=0.03744177 - R*=0.959 4 : o

Catnas( %) @ that of PTFE is the smallest. The shows that the swelling effect
The relationship of water absorption mass fraction for PEEK: of polymer is closely related to its water absorption, and the
Cano%6)=0.00667F442, R=0.992 5) change of volume and size h.as a great inﬂl.lenc?e on jche ﬁtt.ing
accuracy of the friction pair, thus affecting its tribological

Where cps0r 1S Water absorption mass fraction —%; ¢ is water properties.
absorption time (¢>24 h)-h; R® is the degree of fit. Analysis of Physicochemical Properties of Polymer

Figure 4 shows the average water absorption mass fraction Materials After Water Absorption. Figure 5 shows the DSC

a5 37 1300
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Sample Sample

Figure 4. (a) Average water absorption mass fraction; (b) volume change of five polymer materials after water.
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Figure 5. DSC heat flux curves and the crystallinity changes of five polymers materials before and after water absorption.
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heat flux curves and the crystallinity changes of five polymers
materials. It can be seen that PTFE and PEEK were more tem-
perature-resistant among the five typical polymer materials,
followed by PA6, POM and UHMWPE. According to melting
enthalpy and the calculation of crystallinity (formula 2), the
crystallization of UHMWPE and POM materials decreased
after water absorption, and the crystallization of PA6, PTFE
and PEEK increased after water absorption. The molecular
chain of UHMWPE and POM with high crystallinity will be
destroyed by the effect of water molecular hydroxyl, and the
crystallinity will be slightly decreased. For PA6, PTFE and
PEEK materials with low crystallinity, most of the water mol-
ecules have amorphous regions. Under the force of water mol-
ecules, the disordered molecular chains may be arranged in
order to a certain extent, resulting in a decrease in crystallinity.
The main reason is that water molecules are inside the poly-
mer, which affects the arrangement of polymer molecular
chains. But in general, the water has little effect on the crys-
tallinity of polymer materials.

Figure 6 shows the infrared spectra of the five polymer
materials. It can be seen that there are no obvious new peak
appears in the five polymer materials after water absorption.
Near-infrared spectra showed that this increase in intensity of
the O-H band is due to the increase of monomeric water mol-
ecules hydrogen bonded to polymer materials,*' the peak inten-
sity is change due to the action of the O-H bond of water

=

UHMWFE

PFOM Vv

Transmittance (%)

FTFE

Original sample
Water absorption sample

4000 3500 3000 2500 2000 1500 1000 500
Wave number (em™)

Figure 6. IR spectra of polymer materials before and after water
absorption.
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Figure 7. Number of hydrogen bonds varies with the concentration
of water molecule molecules.

molecules in the polymer material.

Analysis of Microscopic Water Absorption of Polymer
Materials. Calculation of Hydrogen Bond: Water is a polar
molecule, and the hydrogen atoms (H) on water molecules are
easy to form hydrogen bond interactions with more electro-
negative atoms (such as O, N, F atoms, etc.). Water absorption
characteristics of polymer materials have a great relationship
with hydrogen bond interactions. The number of hydrogen
bonds of polymer molecular cell calculated with the perl script
of Materials Studio software. Figure 7 shows the change curve
of the number of hydrogen bonds with the concentration of
Pwater molecules in polymer. It can be seen that the number of
hydrogen bonds inevitably increase with the number of water
molecules. The main reason is that not only hydrogen bonds
can be formed between water molecules, but also hydrogen
bonds can be formed between atoms (such as O, N, F) on the
molecular chain of polymer materials and water molecules. In
addition, the largest number of hydrogen bonds formed
between water molecules and the molecular chains of PA6
under the same concentration of water molecules, followed by
POM. The simulation results are consistent with the test of
water absorption. It shows that water molecules are more
likely to form hydrogen bonds with the molecular chains of
PA6 (nitrogen atom on amide group, -NHCO-) and POM
(nitrogen atom on ether, C-O-C) materials.*? Figure 8 shows
the internal distribution state of water molecules in five poly-
mer materials, The ball-and-stick model shows water mole-
cules, the linear structure model shows the molecular chains of
the polymer material, and the dashed lines represent hydrogen
bonds. It can be observed that hydrogen bonds are formed
between water molecules inside UHMWPE and PTFE, and
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UHMWPE

Figure 8. Distribution of water molecules in the polymer material.

forming water cluster structure. Although hydrogen bonds are
easy to form between the water molecules and fluorine atoms,
it is difficult for water molecules to disperse uniformly within
the PTFE chain because of the helical conformation (a pro-
tective layer was formed by fluorine atoms on the outside of
the carbon chain) of PTFE molecular chain.** The water mol-
ecules are uniform distributed inside the PA6, POM, and PEEK
materials due to the hydrogen bonding between water mol-
ecules and their molecular chains of polymer. It is main reason
for the higher water absorption of PA6, POM, and PEEK poly-
mer materials.

Calculation of Diffusion Coefficient: The movement state
of water molecules in the polymer material can be expressed
by the diffusion coefficient.** The formula is as follows:

1

D=—— lim

6N, 1w ©

d
X (A -0}
D is the diffusion coefficient, N, represents the number of
water molecules, r(0), r(¢) are the positions of atom i at the
initial and ¢ time, respectively.

Figure 9 presents the diffusion coefficients of different con-

160
—a— UHMWPE

QM(H —— POOM
i —— PAG
..r“ 120y —»— PTFE
2 1| ——PEEK
% 1004

E )

'S 804

£ ]
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£

é 40?

S 20

04

Ration of water molecule(wt%)

Figure 9. Diffusion coefficients of different concentrations of water
molecules in polymer.

PAG

271

centrations of water molecules in five polymer materials. It can
be seen that the diffusion coefficient almost increases with the
increase of water concentration, which because that more
water molecules are easy to form water clusters at a higher
water concentration. There are fewer hydrogen bonds formed
between water molecules and molecular chains of polymer,
and the aggregated molecules of water cluster are more likely
to move, which increases the diffusion coefficient. In addition,
Due to the effect of hydrogen bonds between water molecules
and chains of polymer, the water molecules are uniformly dis-
tributed inside the material, making it difficult for the water
molecules to move. Therefore, the diffusion coefficient of
water molecules in POM, PA6, and PEEK is relatively small.
In contrast, the water molecules form water clusters in the
UHMWPE and PTFE materials, which are easy to diffuse and
move, so their diffusion coefficients are high.

Calculation of Fractional Free Volume: The polymer sys-
tem after water absorption is mainly composed of the occupied
space volume (the volume occupied by water molecules and
polymer molecular chains) and the unoccupied free space vol-
ume. Fractional free volume (FFV)* is the ratio of the free
space volume of the polymer system after water absorption to
the total volume of the molecular cell, which can be used to
evaluate the movable space of water molecules in the polymer
material. The formula is as follows:

FFV=

V.
- free x1 00%

+ Vl}ee

oce

™)

Viee 18 free volume, V. is the occupied volume. As can be seen
from Figure 10, the variation trend of fractional free volume of
the five polymer materials is consistent with their diffusion
coefficients. The larger the fractional free volume, the larger
the diffusion coefficient. The POM has the smallest fractional
free volume, which indicates that water molecules are not easy
to diffuse and stay in the POM material, followed by PAG,
PEEK, UHMWPE and PTFE. Moreover, the fractional free

Polym. Korea, Vol. 47, No. 3, 2023
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Figure 10. Fractional free volume of different concentrations water
molecular in polymer.

volume of water absorbing polymer water initially decreased
with the increase of water concentration and then increased,
and finally remained basically stable. The main reason is that
the free volume inside the polymer material decreases when
the concentration of water molecules is small. However, with
the further increase of the water concentration in the later
stage, the volume of the polymer material expands so that the
fractional free volume increases.

Calculation of Cohesive Energy Density: Cohesive Energy
Density (CED) is a physical quantity to evaluate the inter-
molecular force, which mainly characterizes the interaction
between molecular groups. In general, the greater the polarity
of the groups contained in a molecule, the greater the inter-
chain force and the corresponding cohesive energy density.
Figure 11 shows the CED of the five polymer materials, and it
shows that CED of five polymer materials increased with the
increase of water molecule concentration. Meanwhile, the
water absorption of polymer materials is proportional to its
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Figure 11. Cohesive energy density of polymer materials at differ-
ent water molecular concentrations.
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Figure 12. CED changes of different amount of water molecules.

change of CED. It can be seen that the water absorption of
polymer materials is closely related to the polarity of its struc-
ture of molecular chain. Figure 12 shows the change of CED
for different numbers of water molecules, the verifies the phe-
nomenon that the CED of the five polymer materials increases
with the increase of the concentration of water molecules. The
CED of non-polar UHMWPE and PTFE molecular chains is
significantly lower than that of polar POM, PA6, and PEEK
molecular chains.

Through the molecular dynamics simulation of the micro-
scopic water absorption process of polymer materials, it can be
seen that the water absorption of polymer materials is closely
related to the interaction between the molecular chain group
and the hydrogen bond formed by water molecules. The
hydrogen bond force makes it difficult for water molecules to
diffuse in the polymer materials, thus affecting the water
absorption performance of the materials. At the same time,
water molecules will increase the spacing of polymer molec-
ular chain arrangement, thus affecting the mechanical prop-

100
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Figure 13. Hardness comparison of polymer material before and
after water absorption.
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erties of materials.

Analysis of Mechanical Properties of Polymer Materials
After Water Absorption. Figure 13 shows the hardness con-
trast of five polymer materials before and after water absorp-
tion. As can be seen from the figure, the hardness of PA6
decreased the most after water absorption after water absorp-
tion, followed by POM and PEEK. the change of UHMWPE
and PTFE hardness is the least. Thus, the higher the water
absorption, the lower the surface hardness due to the water
absorption and plasticization of the polymer material, which
will affect the mechanical and tribological properties of the
polymer material.

Figure 14 shows the curves of compressive stress-strain and
compressive elastic modulus changes of five typical polymer
materials before and after water absorption. It can be seen from
Figure 14(a-e) that UHMWPE and PTFE have little difference
in elastic stage and yield stage before and after water absorp-
tion due to their low water absorption. However, in the strain
hardening stage (when the strain reaches about 35%), the stress
of UHMWPE and PTFE materials without water absorption
decreased sharply after reaching the maximum stress until
destruction, while the samples after water absorption are still in
the strain hardening stage. In addition, the maximum com-
pressive stress points of POM, PA6, and PEEK moved back-
ward obviously, which indicates that water absorption of the

material causes swelling of the polymer materials and their
toughness increases significantly. It can also be seen from Fig-
ure 14(f) that the compressive elastic modulus of PA6 material
decreased the most after water absorption, reaching 75.36%.
followed by PEEK, POM, and UHMWPE, which decrease by
35.97, 28.62, and 22.10% respectively. The elastic modulus of
PTFE compression has little change. It can be seen that water
absorption has an obvious effect on the mechanical properties
of polymer materials.

Analysis of Tribological Properties of Polymer Materials
After Water Absorption. The influence of water absorption
on the mechanical properties of the material is significant, and
the tribological properties of the material are also changed.
Figure 15 shows the average friction coefficient curves of the
five polymer materials after 200s sliding under 20 N and 50 N
loading, respectively. It can be seen that the load is inversely
proportional to the friction coefficient, which conforms to the
basic laws of tribology. In addition, water absorption has a
most significant effect on the friction coefficient of PA6 among
the five kinds of materials, while the other four kinds of mate-
rials have a lower effect due to the low water absorption. There
are two main reasons for the increase of friction coefficient of
PAG6 material after water absorption. On the one hand, the sur-
face hardness and elastic modulus of PA6 material decrease
due to the effect of water absorption and plasticizing, which
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Figure 14. Compressive stress-strain curve of polymer material before and after water absorption.
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makes the material deformation more seriously and the friction
coefficient of furrow component increase under the same load.
On the other hand, the steel ball needs to overcome large inter-
action force between molecular chains and hydrogen bond
interaction force during sliding friction process, which makes
the component of the adhesive friction coefficient larger under
the same load.

Figure 16 shows the morphology of worn traces of polymer
materials before and after water absorption under different test
loading conditions. The abrasion depth of UHMWPE and
POM materials are very shallow, the abrasion depth of PA6
material increased obviously after absorbing water. In order to
quantitatively compare the wear resistance of the polymer

material before and after water absorption, SPIP software was
used to analyze and calculate the surface wear volume. The
wear volume changes of the five kinds of polymer materials
before and after water absorption under normal loading con-
ditions of 20 N and 50 N are shown in Figure 17. Both POM
and UHMWPE have the smallest wear volume under normal
loads of 20 N and 50 N, which indicates that they have better
wear resistance. The wear volume of PA 6 decreases by 38.5%
and 28.8% under 20 N and 50 N normal loads, respectively.
The main reason is that the interaction force between molec-
ular chains of PA6 material increases after water absorption,
and the interaction force between molecular chains increases,
and the surface molecular chains are easily pulled out during

Figure 16. Morphology of worn traces of polymer materials before and after water absorption under different test loading conditions.
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Figure 17. Wear volume of polymer material before and after water absorption for different normal force: (a) 20 N; (b) 50 N.
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Figure 18. Microscopic surface of wear region of polymer material before and after water absorption.

the friction process. Because of the small water absorption of
PTFE, the wear volume of the material has little change before
and after water absorption. PEEK have weaker interaction
between molecular chains compared with PA6 material, so the
influence of water absorption on its wear resistance is not as
great as that of PA6 material. The wear resistance of PEEK
also decreased. The wear volume decreases by 5.3% and 7.6%
under 20 N and 50 N normal loads, respectively.

Figure 18 shows the microstructure morphology of the wear
surface of the five kinds of polymer materials before and after
water absorption under 50 N normal loads. It can be seen that
the wear surface of UHMWPE without water immersion is
obviously rough and furrow abrasive wear occurs, while the
wear surface of UHMWPE after water absorption is relatively
smooth. The wear surface of POM material has little change
before and after water absorption, and there are microcracks in
the wear region. The wear surface of PA6 without water
immersion is obviously different from that of immersed PA6
material. The wear surface of PA6 material without immersion

has less adhesive wear region, while the wear surface of
immersed PA6 material has larger adhesive wear area and it
has tearing phenomenon. The surface of PTFE material
immersed in water is smoother than that of the material not
immersed in water. Adhesive wear was observed on the wear
surface of both unsoaked and soaked for PEEK materials, but
the adhesive wear degree of PEEK after water absorption was
lighter than that of unabsorbent PEEK materials.

Conclusions

In this work, the water absorption characteristics of five typ-
ical polymer materials (UHMWPE, POM, PA6, PTFE, PEEK)
were studied by water absorption test. The changes of phys-
icochemical, mechanical and tribological properties of poly-
mer materials before and after water absorption were
systematically investigated. Combined with molecular dynam-
ics simulation method, the mechanism of water absorption of
polymer materials, the relationship between water absorption
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and molecular structure of materials are revealed from micro-
scope to macroscope scale. The main conclusions of this work
are as follows:

(1) Among the five kinds of polymer materials, the water
absorption rate from the largest to the smallest is PA6, POM,
PEEK, UHMWPE, PTFE. The water absorption mass fraction
of PA6, POM, and PEEK materials was a power function of
immersing time. With the increase of immersion time, the
water absorption of the material gradually tends to saturation
state. The swelling volume of the five kinds of polymer mate-
rials is proportional to their water absorption.

(2) The water absorption of polymer materials is closely
related to the structure of molecular chains (including polar
groups of molecular chains, diffusion coefficient, cohesive
energy density, etc.). Because the molecular chains of POM,
PA6, and PEEK are weakly polar or polar groups, water mol-
ecules can easily form hydrogen bonds with their molecular
chains. The effect of hydrogen bond force makes water mol-
ecules evenly distributed in the interior of the material, and it
is not easy to diffuse in the interior of PA6, POM, and PEEK
materials, resulting in high water absorption. However, it is dif-
ficult for water molecules to form hydrogen bonds with non-
polar UHMWPE and PTFE material molecular chains. Water
molecules are distributed in clusters inside the materials due to
the effect of hydrogen bond force between water molecules.

(3) The higher the water absorption mass fraction of the five
polymer materials, the more the surface hardness decreases,
the more serious the plasticization degree, the compressive
strength is greatly reduced, and the toughness of the materials
is significantly improved. The longer the water absorption time
of five kinds of polymer materials, the more their mechanical
properties will decline, and the decline of mechanical prop-
erties is the main factor affecting the increase of their friction
coefficient and wear amount.
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