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Abstract: Several soft tissues residing in the living body have excellent hydration lubrication properties 

and can provide effective protection during relative motion. In order to apply this advantage of soft 

matters in practical applications and try to avoid its disadvantage, such as swelling and weakening in 

water, a design strategy of a soft/hard double network (DN) hydrogel microsphere modified ultrahigh 

molecular weight polyethylene (UHMWPE) composite is proposed in this study. A series of microspheres 

of urea-formaldehyde (UF), polyacrylamide (PAAm) hydrogel, UF/PAAm double network, and their 

composites were prepared. The mechanical properties, swelling, wettability, friction properties, and the 

lubrication mechanisms of the composites were investigated. The results show that DN microspheres can 

have an excellent stability and provide hydration lubrication. The performance of 75 DN-1 composite was 

superior to others. This finding will provide a novel strategy for the development of water-lubricated 

materials and have wide application in engineering fields. 
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1  Introduction 

When one surface moves over another, friction 

resistance will be generated to oppose the movement, 

which induces a huge waste of resources and energy 

in mechanical systems [1, 2]. Using oily substances 

as a lubricant to reduce friction has always been a 

common approach [3, 4]. However, environmental 

pollution becomes more and more serious with the 

wide use of conventional oil lubricants, attention 

has gradually turned to using water as a natural 

lubricant, which is renewable, abundant, non-polluting, 

and can be conveniently stored and transported 

[5–8].  

Water-lubricated bearings have been widespread 

used in ship power systems, which use water as a 

lubricant. The use of water-lubricated bearings can 

effectively avoid the leak of oil lubricants caused 

by the seal failure of oil-lubricated bearings, which 

has significance for the environmental protection 

and saving resources [9, 10]. However, the viscosity 

of water is much less than that of oil, and also the 

pressure–viscosity coefficient poses a problem to 

obtain stable lubrication condition [11]. These 

shortages can cause low bearing capacity, severe 

wear, abnormal vibration, and noise to occur, which 

seriously reduce overall performance of a water- 

lubricated bearing and restrict its application. 
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Designing innovative materials that can provide 

stable water-lubricated conditions is a continuing 

challenge. 

The hydration lubrication of soft matters in 

living body provides a well-improved solution to 

the water-lubricated conditions and significantly 

protects the running organs of body. The charged 

polymer chains of soft matters can absorb surrounding 

water molecules to form hydration layers around 

them, which have truly remarkable lubrication in 

aqueous environments [12]. As one typical “soft-and- 

wet” material, hydrogels that combine soft matter 

and hydration lubrication have been synthesized 

as one of the most important natural lubricator 

replacement materials due to its ultrahigh water 

lubrication capacity. It provides a new approach 

for developing water-lubricated bearing materials. 

Our previous work had shown that the hydration 

lubrication of polyacrylamide (PAAm) fragments 

could obviously reduce the sliding-friction in the 

PAAm/high density polyethylene (HDPE) composites 

under water-lubricated condition [13]. However, 

the natural flaws of PAAm particles, such as the 

swelling behaviours, also brought some surface 

defects and limited the further promotion of bearing 

capacity and lubrication. 

The poor dimensional stability and mechanical 

property of hydrogels in water have been the largest 

obstacle to their applications [14]. To solve the 

problems, some scientists have created several 

novel methods to improve the performance of 

hydrogel, such as embedding soft hydrogel in a 

hard substrate [15] or designing double-network 

(DN) structures [16]. DN hydrogel is a kind of 

interpenetrating network gels consisting of a hard 

network and a soft network, wherein the hard 

network serves as main size keeping and bearing 

structure while the soft network maintains hydration 

lubrication. Therefore, DN hydrogel shows better 

stability and lubrication and possesses a great 

advantage in engineering fields. 

Being a well-known engineering thermoplastics, 

ultrahigh molecular weight polyethylene (UHMWPE) 

has the advantages of low friction coefficient, superior 

wear resistance, good biocompatibility, high 

chemical stability, and good mechanical properties 

[17,18]. Because of the prominent wear resistance, 

UHMWPE has been widely studied and applied in 

biotribology fields [19–21], and also shows the 

great practical potency in water-lubricated bearings 

[22]. However, the limitations caused by the low 

viscosity of water still exist and result in the degradation 

of the lubricating performance of UHMWPE. Filling 

modification is an effective and convenient way to 

modify the performance of UHMWPE due to its 

good processability [23–25]. As such, filling some 

hydrophilic components should be a viable solution 

to improve the lubricating performance of UHMWPE. 

As described above, in order to develop a novel 

hydration lubrication composites with better lubricating 

capacity and performance stability, a series of new 

DN hydrogel microspheres/UHMWPE composites 

are prepared in the current work. The soaking 

surface morphology, swelling behaviour, wettability, 

and friction properties are reported, and the 

lubrication mechanism is also discussed. The findings 

can provide a composite strategy to transfer biological 

hydration lubrication to engineering fields. 

2  Material and methods 

2.1  Raw materials 

The acrylamide, N,N’-Methylenebis (acrylamide) 

were obtained from Shanghai Macklin Biochemical 

Co., Ltd. The ammonium persulfate, xylene, ammonium 

chloride, triethanolamine, urea, and formaldehyde 

(37% aqueous solution) were provided by Sinopharm 

Chemical Reagent Co., Ltd. Span 80 was supplied 

by Shanghai Aladdin Bio-Chem Technology Co., 

Ltd. The ultrahigh molecular weight polyethylene 

(UHMWPE, molecular weight 1.7 million) was 

purchased from Shanghai Research Institute of 

Chemical Industry.  

2.2  Preparation of microspheres 

Urea-formaldehyde (UF) resin was a thermosetting 

resin that was condensed by urea and formaldehyde. 

The curing process of UF resin included two steps, 

namely, methylolation reaction and post-curing. In 

the methylolation reaction, urea was mixed with 

formaldehyde (37% aqueous solution) by stirring 
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in a reaction kettle, the U/F mole ratio was 2.0. 

After all urea was dissolved, the solution pH was 

adjusted to 8 with triethanolamine (TEA). The 

reaction solution was heated to 80 °C for 60 min to 

prepare the so-called methyloureas, then it was 

cooled to room temperature of 23 °C. Finally, the 

right amount of ammonium chloride was dissolved 

in the reaction solution to prepare a methyloureas 

solution with 1 wt% ammonium chloride concentration. 
Furthermore, different microspheres were prepared 

by emulsion polymerization. The acrylamide, N, 

N’-Methylenebis (acrylamide), and ammonium 

persulfate were dissolved in distilled water by the 

mole proportion of 100:1:0.5, and then mixed with 

methyloureas solution in proportions varying from 0 

to 100%. The mixed solution was dispersed in the 

mixed solvent of xylene and liquid paraffin 

containing span 80 as an emulsifier to form a stable 

W/O emulsion. The emulsion was purged with 

nitrogen gas for 1 h to completely exclude dissolved 

oxygen and then heated in the thermostat water 

bath at 75 °C to react. The cross-linking reactions 

proceeded for 4 h followed by post-processing for 

8 h at 50 °C. After the reaction, the emulsion was 

centrifuged. The precipitating microspheres were 

washed with distilled water and ethanol, and then 

dried under vacuum at room temperature. To 

better understand the different behaviors of UF 

hard network and PAAm soft network in water 

lubrication, UF microsphere, PAAm hydrogel 

microsphere, and three DN hydrogel microspheres 

with 25 wt%, 50 wt%, and 75 wt% PAAm content 

were synthesized in this stage. The three DN 

hydrogel microspheres are denoted as 25 DN, 50 

DN, and 75 DN, respectively, in the rest of this 

paper. 

2.3  Preparation of composites and test samples 

A series of composites using different microspheres as 

the lubricated fillers were prepared. By considering 

the mechanical strength, water lubrication capacity, 

and cost comprehensively, the mass fractions of 

microspheres were set as follows: 1 wt%, 3 wt%, 

and 5 wt%, and were respectively denoted as “-1”, 

“-3”, and “-5” that were displayed as a suffix. Before 

processing, the UHMWPE and microspheres were 

dried in the heating and drying oven at 80 °C for 

12 h and were mixed for 60 s in a high-velocity 

mixer at 3,000 r/min. The composites were prepared 

by an internal mixer (QE-70B, Wuhan Qien Science 

and Technology Co., Ltd., China). The heating 

temperature of the mixing chamber was set to 

200 °C, and the rotor speed was 80 r/min. The test 

samples were fabricated by different composites 

after dried at 80 °C for 4 h by an injection-molding 

machine (M1200S, Wuhan Qien Science and 

Technology Co., Ltd., China). 

2.4  Surface and morphology  

The surface morphology of the microsphere and 

the fracture morphology of polymer samples were 

examined by using a scanning electron microscopy 

(VEGA3, Tescan China, Ltd., China). To facilitate 

examination, all test samples were vacuum-coated 

with gold before testing. The swelling behavior of 

microspheres was observed using a 3D digital 

microscope (VHX-2000, Keyence Ltd., Japan). The 

worn surfaces were imaged by a laser scanning 

confocal microscope (VK-X2000, Keyence Ltd., 

Japan).  

2.5  Mechanical properties 

The mechanical properties were important parameters 

that determine the range of application and service 

lifespan of materials. The tensile strength, bending 

strength, ball indentation hardness, and Young’s 

modulus of polymer were tested. The tensile 

strength, bending strength, and Young’s modulus 

of material were tested in accordance with Chinese 

National Standard GB/T 1040.2-2006 by using a 

universal material testing machine (CMT6104, 

MTS Systems Ltd., China). The motion velocities 

during the tensile strength and bending strength 

tests were 20 and 2 mm/min, respectively. The ball 

indentation hardness of the material was tested 

according to Chinese National Standard GB/T 

3398-2008 by using a ball indentation hardness 

tester (QYS-96B, Changchun Intelligent Instrument 

Equipment Ltd., China). All soaking strengths of 

polymer materials were obtained by measuring 

the specimens after soaking for seven days. 
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2.6  Wetting of composites 

The contact angle was an elleschic parameter, 

which was used to show the wettability of distilled 

water on the material surface. Before the testing, 

the surface of the test sample was polished with a 

fine abrasive cloth and polishing cloth under 

running water, and the surface roughness (Ra) of 

test samples was 0 .72 ± 0.03 μm. The contact angle 

of the test sample with distilled water was tested 

under 23 °C and humidity 58% by a water contact 

angle measurement device (OAC 15EC, Data 

Physics Instruments Co., Ltd., Germany).  

2.7  Friction and wear 

Under water lubrication conditions, variable velocity 

friction tests and invariable velocity friction tests 

were conducted to investigate the tribological 

behaviour between the friction pairs. Variable velocity 

friction tests aimed to investigate the effects brought 

by the change of sliding velocity during the friction 

process on the tribological behaviour of the friction 

pairs. Moreover, invariable velocity friction tests 

were conducted to find the influence of different 

test parameters on the friction properties of the 

friction pairs under a constant velocity. The friction 

and wear tester (MFT-5000, Rtec Instruments Co., 

Ltd., USA) was used to experimentally evaluate 

the friction coefficients of test samples against 

copper balls, seen in Fig. 1. 

Because the QSn4–3 copper alloy that contains 

tin was widely used to make water-lubricated bearing 

bushings, the QSn4–3 copper ball was adapted to 

 

Fig. 1  Schematic illustration of the friction test and the 
friction pairs: (a) test configuration, (b) copper ball, and (c) 
polymer disc. 

establish a ball-on-disc friction pair. As shown in 

Fig. 1, the copper ball diameter was 10 ± 0.05 mm. 

The thickness and diameter of the polymer disc 

were 6 ± 0.05 mm and 20 ± 0.05 mm, respectively. 

The polymer discs were polished before testing to 

a Ra of 0.94 ± 0.05 μm. An experimental scheme of 

four sliding velocities of 30, 60, 90, and 120 mm/s 

was designed for variable velocity experiments 

under three loads. Four sliding velocities were run 

for 20 min sequentially under each load. The three 

loads were set to be 1, 5, and 10 N, the corres-

ponding maximum Hertz contact pressures were 

10.9, 18.7, and 23.5 MPa, respectively. The invariable 

velocity experiments were conducted under a load 

of 30 N (the maximum Hertz contact pressure 

33.9 MPa) and two velocities of 60 and 120 mm/s. 

The testing conditions were adopted according to the 

measurement range of the friction tester and actual 

application requirement. All wear tests were 

repeated three times under the same conditions to 

guarantee the repeatability of results. Distilled water 

as a lubricant was added to the surface of the test 

sample before the tests to form a water-lubricated 

film. The wear rate   3 1 1(mm N m )  was calculated 

from Eq. (1).  

 

Volume loss

Wear rate =
L Slidingoad distance

 (1) 

3  Results  

3.1  Analysis and characterization of microspheres 

In order to investigate the morphologies of the 

microsphere, different microspheres and fracture 

sections of their composites were inspected using 

SEM. As shown in Figs. 2(a)–2(c), the diameter of 

the microsphere was decreased with the increase 

of the PAAm content. This could be because PAAm 

hydrogel has a good swelling ability in the 

thermodynamically compatible solvent. In the drying 

process, the water molecules absorbed in the PAAm 

hydrogel microsphere will escape from the regular 

meshes of the rubbery network. The expanding 

rubbery phase starts to shrink and transit to the 

unsolved glass phase, it will lead to a reduction in 

volume. The average size of the UF microspheres 
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Fig. 2  SEM images of microsphere: (a) UF, (b) 75 DN, and (c) PAAm. Fracture section of the composite samples: (d) UF 
composite, (e) 75 DN composite, and (f) PAAm composite. 

was larger because its hard network has relatively 

better dimensional stability during drying. For the 

DN microsphere, the UF hard network limits its 

deformation and prevents volume shrinkage to some 

extent. Thus, the diameter of the dried microsphere 

was decreased with the increase of PAAm content 

under the same emulsion conditions. It also 

illustrated that the DN structure is beneficial for 

good dimension stability in water. 

Figures 2(d)–2(f) depict the fracture section images 

of UF microsphere composite, 75 DN microsphere 

composite, and PAAm microsphere composite, 

respectively. All three kinds of microspheres could 

keep their original spherical shape and size after 

melt blending and injection molding. All kinds of 

microspheres could be distributed evenly throughout 

the composites. That is favorable for the course of 

processing in practical application. 

To investigate the molecular structure, the AAm 

monomer and microspheres were characterized by 

the infrared absorption spectrum. As shown in 

Fig. 3(a), the acrylamide monomer had the strong 

absorption peak of carbon–carbon double bond at 

1,618 cm1. For PAAm microspheres, the absorption 

peak at this location disappeared and the absorption 

peak at 1,605 cm1 was mainly attributed to amide 

Ⅱ  (δNH + νCN) group. This demonstrated that 

the double bonds of acrylamide monomer had 

been cross-linked after polymerization. In the 

meantime, PAAm microspheres had fewer 

absorption peak at the spectral range 800–1,300 cm1 

because the highly symmetrical polymer chains 

made some groups vibrate with inactive infrared 

absorption. It also proved that acrylamide 

monomer had been polymerized. 

The largest difference between the UF resin and 

PAAm hydrogel is at the spectral range 3,100– 

3,300 cm1. For the UF resin, the single absorption 

peak at 3,289 cm1 was attributed to the stretching 

vibrations of the secondary amine (NH) group. 

However, the PAAm hydrogel has two characteristic 

absorption peaks at 3,330 and 3,184 cm1 that are 

ascribed to the stretching vibrations of asymmetric 

and symmetric NH2 in this spectral range. Charac-

teristic absorption peaks at 2,940 and 2,850 cm1 

are ascribed to the stretching vibrations of asymmetric 

and symmetric CH2, respectively. The absorption 

peak at 1,380 cm1 is attributed to the C–H stretching 

vibrations in the –NHCH2– group. According to 

the FTIR result, this absorption peak gradually 

became weaker until it disappeared with the 

increase of PAAm content. It indicates that the 

secondary amine (NH) group or UF content in the 

microsphere was gradually decreased until it 

disappeared. The absorption peaks could be attributed 

to the characteristic groups of the amide I (νC = O + 
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Fig. 3  Analysis and characterization of microspheres: (a) infrared spectrum diagram of acrylamide monomer and different 
microspheres, (b) chemical structure of DN microsphere. 

νCN) at 1,626–1,648 cm1 and amide II (δNH + νCN) 

at 1,509–1,605 cm1. The absorption peak wavelength 

of the reaction products gradually moved to the 

high wavenumber with an increasing molar ratio 

of AAm. It is because that more hydrogen bonds 

were formed due to the increase of NH2 groups in 

AAm, and the production of more hydrogen 

bonds had caused the absorption peak to move to 

high wavenumbers. It also demonstrates that the 

content of the primary amine (NH2) group or PAAm 

in the microsphere had gradually increased. 

Because PAAm possesses in its structure highly 

reactive amine groups [26, 27] that can react with 

the hydroxyl polymers [28]. Meanwhile, according 

to Fig. 3(a), the infrared absorption spectroscopy 

of 25 DN microsphere was almost the same as that 

of UF resin, and no obvious characteristic absorption 

peak of the NH2 group was found in its infrared 

spectra. Therefore, there is a plausible explanation 

that the NH2 group of AAm or PAAm had reacted 

with the hydroxyl groups of UF resin prepolymer 

and formed a stable chemical bond to link the two 
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different networks. Both the appearance of two 

weak absorption peaks at 3,282 and 3,198 cm1 and 

the shifting towards the high wavenumber of 

amide II absorption peak showed that some NH2 

groups had appeared in the 50% DN microsphere 

after polymerization. For the 75% DN microsphere, 

the weak absorption peak at 1,375 cm1 indicated 

that there are some NH groups in the 75% DN 

microsphere. The FTIR results showed that the 

structure of the reaction product was consistent 

with the experiment design.  

By the comprehensive analysis, the free radical 

polymerization of PAAm and curing polyconden-

sation of UF resin will react in parallel, and some 

chemical bonds will be formed to link the soft and 

hard networks. The chemical structure of the DN 

microsphere was deduced and summarized follows 

in Fig. 3(b). 

3.2  Swelling behaviour of microspheres 

In order to analyze dimension stability, the swelling 

behaviour of different microspheres in distilled 

water were inspected. Different dry microspheres 

were soaked in a beaker of distilled water, and the 

change of the average size of microspheres with 

different soaking durations was observed by using 

a 3D digital microscope. The average size and size 

distribution were obtained by randomly measuring 

the diameter of at least 100 microspheres for each 

type imaged by 3D digital microscope. Figure 4 

shows the size change of UF, 25 DN, 50 DN, 75 DN, 

and PAAm microsphere with deferent soaking 

durations. It is found that the average size of UF 

microspheres had no significant changes before 

and after soaking. Compared with the PAAm 

microsphere, the average size of DN microspheres 

could almost remain stable even if the PAAm 

content was as high as 75%. The result of the change 

of the average size before and after soaking also 

indicates that the hard UF network had a good 

ability to retain dimensional stability of double 

network in distilled water. 

3.3  Mechanical properties of UHMWPE and its 

composites 

In order to study the effect of the type and weight 

content of microsphere on the mechanical properties, 

UHMWPE and its composites were investigated 

before and after soaking in distilled water. As shown 

in Tables 1 and 2, and compared with UHMWPE, 

the mechanical properties of the four composites 

with 1 wt% microspheres had no obvious change 

irrespective of soaking or not. It illustrates that the 

four types of microspheres within 1 wt% did not 

influence the mechanical properties. However, the 

mechanical properties of composites reduced 

when the microsphere content is more than 3 wt% 

especially for the tensile strength. Compared with 

the dry state, the mechanical properties of PAAm-3 

and PAAm-5 were reduced after soaking in distilled 

 

Fig. 4  Particle size of microspheres with different soaking time. (a) Average size of different microspheres. (b–c) Size 
distribution: (b) UF, (c) 75 DN, and (d) PAAm. 
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Table 1  Mechanical properties of UHMWPE and its composites without soaking. 

UF composite 50 DN composite 75 DN composite PAAm composite 
Material U-PE 

1 wt% 3 wt% 5 wt% 1 wt% 3 wt% 5 wt% 1 wt% 3 wt% 5 wt% 1 wt% 3 wt% 5 wt%

Tensile strength 
(MPa) 

22.5 22.4 21.8 20.3 22.5 21.9 20.7 22.6 21.7 20.4 22.3 21.6 20.3

Bending strength 
(MPa) 

21.2 22.1 20.9 20.3 22.1 21.1 20.6 21.9 21.1 20.5 21.6 21.2 20.8

Hardness 
(N/mm2) 

21.3 21.7 22.6 22.9 21.9 22.7 23.0 22.3 22.8 23.1 22.2 22.8 23.1

Young's modulus 
(MPa) 

1,059 1,073 1,031 977 1,088 1,019 966 1,066 1,034 972 1,064 1,027 961 

 

Table 2  Mechanical properties of UHMWPE and composites with soaking for seven days. 

UF composite 50 DN composite 75 DN composite PAAm composite 
Material U-PE 

1 wt% 3 wt% 5 wt% 1 wt% 3 wt% 5 wt% 1 wt% 3 wt% 5 wt% 1 wt% 3 wt% 5 wt%

Tensile strength 
(MPa) 

22.7 22.5 21.6 20.4 22.4 21.7 20.4 22.6 21.6 20.7 22.1 20.8 19.5

Bending strength 
(MPa) 

21.1 21.4 20.7 20.1 21.3 20.9 20.0 21.4 21.0 20.1 20.9 20.3 18.8

Hardness 
(N/mm2) 

21.4 21.5 22.1 22.3 21.7 22.3 22.8 22.2 22.6 22.9 22.0 22.1 21.7

Young's modulus 
(MPa) 

1,056 1,062 1,029 961 1,053 1,007 971 1,047 1,022 969 1,013 981 906

 

water. Other composites could maintain their 

mechanical properties after soaking. 

It shows that DN microsphere composites had 

more stable mechanical properties than PAAm 

composites in water. This may be because many 

micro-defects were produced between the micros-

pheres and the UHMWPE matrix due to their 

incompatibility. Because of the poor dimension 

stability, the water-absorbing and softening behavior 

of PAAm microsphere would magnify the impact 

of micro-defects. Thus, the decrease in mechanical 

properties of PAAm microsphere composites was 

more dramatic after soaking. It also indicates that 

the UF hard network could effectively maintain 

the stable performance of DN networks in the 

water environment even if the content of the PAAm 

soft network was as high as 75%, which was 

consistent with the analysis of the swelling behaviour 

of microspheres.  

3.4  Wettability 

Figure 5 shows the effects of the type and content 

of the microsphere on the distilled water contact 

angle of the composite. Compared with pure 

UHMWPE, all composites had a smaller water 

contact angle. This indicates that the wettability of 

composite could be improved by adding UF, DN, 

or PAAm microsphere. The contact angle of composite 

showed a downward trend with the increase of 

microsphere content or PAAm content of microsphere. 

This illustrates that the PAAm constituent of 

microsphere had played a more important role in 

wettability improvement. In particular, the contact 

angle of the PAAm composite was larger than that 

of 50 DN or 75 DN composites. It might be because 

some PAAm microsphere would be lost during 

 

Fig. 5  Effects of type and content of microsphere on the 
wettability of composite. 
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surface treatment of polishing or cleaning due to 

its absorbing and swelling behaviors. 

3.5  Friction coefficient values 

To analyse the friction behaviour between the copper 

ball and polymer disc, variable velocity experiments 

were carried out under three different loads and 

four different rotating velocities. Figure 6 illustrates 

the effect of the microsphere, load, and sliding 

velocity on the friction coefficient between polymer 

discs and QSn4–3 copper balls.  

Generally, the friction coefficient followed a similar 

decreasing trend as the load increased, as shown 

in Fig. 6. The friction coefficient changed little as 

the sliding velocity was changed. It demonstrates 

that the rubbing pairs have a relatively stable 

friction coefficient at the low sliding velocities up 

to 120 mm/s. Under the low load of 1 N and low 

microsphere content of 1%, as shown in Fig. 6(a), 

the friction coefficient between polymer disc and 

copper ball decreased as the content of the PAAm 

hydrogel in microsphere increased. The friction 

coefficient of the 75 DN-1 composites had the 

almost same friction coefficients as the PAAm-1 

composite. Figures 6(a)–6(c) showed that, compared 

with other microsphere composites, the water- 

lubricated ability of PAAm microsphere composite 

did not enhance with the increase of microsphere 

content, even had been slightly reduced. However, 

the friction coefficients of 50 DN and 75 DN 

composites showed a decreasing trend as the 

microsphere content increased. It indicates that 50 

DN and 75 DN composites had a good water- 

lubricated capacity under low load, even in a high 

microsphere content. 

As shown in Fig. 6(d), a similar decreasing trend 

of the friction coefficient between 1% composite 

disc and copper ball with increase of PAAm content 

in microsphere was observed under the load of 5 N. 

But the PAAm-3 and PAAm-5 had higher friction 

 

Fig. 6  Friction coefficients of UHMWPE and composites under different loads and microsphere contents: (a–c) 1 N, (d–f) 5 N, 
and (g–i) 10 N; (a, d, g) 1 wt% microsphere, (b, e, h) 3 wt% microsphere, and (c, f, i) 5 wt% microsphere. 
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coefficients than that of 50 DN and 75 DN 

composites with the same microsphere content, as 

shown in Figs. 6(e) and 6(f). Under the load of 

10 N, 50 DN and 75 DN composites could have 

better performance than other polymers under 

experiment conditions, as shown in Figs. 6(g)–6(i). 

In addition, the friction coefficient of PAAm 

composite was increased with the increasing of 

microsphere content and was even higher than that 

of UHMWPE when the PAAm microsphere content 

was 5 wt%. These results clearly show that the DN 

structure of the microsphere was beneficial for 

stable lubrication under high load. 

For a better understanding of the lubrication 

behaviors under the constant velocities, invariable 

velocity experiments were carried out under the 

load of 30 N. Figure 7 showed that the comparison 

in terms of friction coefficients of polymer samples 

under the sliding velocity of 60 and 120 mm/s. In 

the beginning stage, the friction coefficient of 

polymer samples increased slightly, which is 

usually called as the running-in or break-in period. 

This is because irreversible deformations of some 

micro-bulges on the sliding surfaces will result in 

a high friction resistance during the beginning 

period. As testing progresses, the friction coefficients 

decreased rapidly and finally tended to a steady- 

state. As shown in Fig. 7, compared with the 50 

DN-3 composite, the 70 DN-3 composite had a 

smaller friction coefficient. This demonstrates that 

more soft PAAm content in the microsphere was a 

benefit for the effective and stable lubrication film. 

However, the friction coefficient of PAAm-3 firstly 

decreased and then increased with testing time 

increasing. This could be because the swelling of 

PAAm microsphere will lead to its crushing and 

peeling during rubbing, and leave many defects on 

the surface. The damage will become more serious 

with the increase of testing time and result in a 

rapid increase in friction coefficient. Therefore, the 

friction coefficient of PAAm composite was bigger 

than that of UHMEPE at the end of testing. 

3.6  Wear rate 

Figure 8 shows the wear rate of polymer discs versus 

different experiment parameters. In this work, the 

wear rate was calculated by Eq. (1). As shown, the 

type or content of the microsphere and experimental 

load influenced the wear performance of the 

composite. In general, the wear rate increased with 

increasing experimental load. It is because that 

increased radial load led to more serious asperity 

truncation and plough effects, which caused more 

abrasion wear during the rubbing. Therefore, the 

wear and tear were accelerated under high contact 

stress. 

Compared with other polymer discs, both 50 

DN and 75 DN microsphere composites have good 

abrasion resistance while the wear rate of 75 DN 

samples was the smallest. It also showed that, for 

the three DN microsphere composites, the wear rate 

was decreased with the PAAm content in microspheres 

increasing under the same conditions. The experimental 

results also showed that the 75 DN-1 composite 

had the optimum wear-resistance property. For the 

 
Fig. 7  Changing of friction coefficients with time under different test conditions: (a) 30 N and 60 mm/s, (b) 30 N and 120 mm/s. 
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Fig. 8  Wear rate of polymer discs under different applied loads: (a) 5 N and (b) 10 N. 

UF composite and PAAm composite, the bigger 

the ratio of the microsphere is, the worse the 

antifriction performance of the composite is. 

3.7  Wear surface topographies  

In order to analyze the effect of different microspheres 

on wear behaviour of the polymer discs and QSn4–3 

copper balls further, the wear surface topographies 

were analyzed using the laser scanning confocal 

microscope. Figures 9 and 10 display the effect of 

microsphere on the wear surface topography of 

composite with 1 wt% microspheres under the 

applied loads of 5 and 10 N.  

As shown in Figs. 9 and 10, many obvious furrows 

and crests were observed on the wear surface of 

the polymer discs after wear testing, which indicates 

that abrasive wear is the dominant wear mechanism. 

Furthermore, furrows and crests on the wear 

surface of the UHMWPE disc are wider and deeper 

than that of other composite discs. In Figs. 9(b) 

and 9(c), it is shown that 50 DN and 75 DN 

microspheres could firmly be embedded in the 

U H M E P E  m a t r i x  a n d  h a d  b e e n  wo r n  o f f 

simultaneously with UHMWPE matrix during the 

rubbing process under 5 N load. However, in Figs. 

10 (b) and 10(c), the 50 DN microsphere could crush 

 

Fig. 9  3D wear surface topographies of polymer discs after the variable velocity tests under 5 N: (a) UHMWPE, (b) 50 DN, (c) 
75 DN, and (d) PAAm. 
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Fig. 10  3D wear surface topographies of polymer discs after the variable velocity tests under 10 N: (a) UHMWPE, (b) 50 DN, 
(c) 75 DN, and (d) PAAm. 

under the load of 10 N, and the 75 DN microsphere 

did not break during the rubbing under the same 

load. This might be that the higher proportion of 

soft PAAm rubbery phase had guaranteed for the 

75 DN microsphere’s strong toughness. As shown 

in Fig. 10(d), there were some micro-defects on its 

friction surface under the load of 10 N. It demons-

trates that the micro-holes caused by the PAAm 

microspheres peeling would lead to further destruction 

of the composite surface under the load of 10 N. 

Figure 11 shows the cross-sectional profiles of 

worn regions and 3D morphologies of UHMWPE, 

50 DN, 75 DN, and PAAm composite, respectively. 

Before the observation, polymer discs were cleaned 

ultrasonically with distilled water and alcohol, 

respectively. As shown in Fig. 11(a), the worn 

region of UHMWPE had many obvious cracks and 

furrows, and was much rougher than other 

composites. Figures 11(b)–11(e) indicated that the 

75 DN microsphere could provide the best 

separation and protection for the wear surface of 

polymer disc. In Fig. 11(e), it was also found that 

the peeling of PAAm microspheres left some 

micro-holes on the rubbing surface, the 

micro-holes would further damage to the rubbing 

surface and formed some bigger linear wear zones, 

although the protection of PAAm fragments could 

make some parts of the wear region smoother than 

that of UHMWPE. 

4  Discussion 

4.1  Analysis of swelling mechanism  

The water molecule (H2O) has a great electric dipole 

because of its asymmetric structure of positive and 

negative electrical charges [12]. Meanwhile, the 

PAAm hydrogel is characterized by charge density, 

and the charged chains will attract water molecules, 

as shown in Fig. 12. The PAAm hydrogel could 

absorb the running water between the friction 

pairs and form a water lubricating film on the 

interface, and ultimataly acts as a good water 

lubricator [29]. The super water-absorbing capability 

of PAAm hydrogel materials leads to excellent 

hydration lubrication properties. However, the 

swelling behavior of PAAm can bring an unfavorable 

effect on friction and wear properties of the 

composite when using water as a lubricant. 

Figure 12(a) explains the absorbing and swelling 

behaviour of the PAAm microspheres. As well 

known, the PAAm hydrogel is a typical soft-solid 
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Fig. 11  (a) Cross-sectional profiles and (b–e) 3D wear surface topographies of the polymer discs under sliding velocity of 
120 mm/s and load of 30 N: (b) UHMWPE, (c) 50 DN, (d) 75 DN, and (e) PAAm. 

 

Fig. 12  Schematic illustration of swelling process of microsphere: (a) PAAm microsphere and (b) DN microsphere. 

material with hydrophilic groups in the 3D network 

structure. In the dry state, the stable structure of a 

3D cross-linked net can limit the movement of the 

molecular chain, and the volume of the microsphere 

is relatively small. When it is in contact with 

distilled water, water molecules start to attack the 

PAAm microsphere surface [30]. The hydrogen 

bond between the charged polar group and the 

water molecule would cause the water molecule to 

tenaciously attach to the PAAm chain, and form a 

hydration shell around the chain [12]. Meanwhile, 

dissociated polymer ion chains with the hydration 

shell are negatively charged (Fig. 12), the electrostatic 

repulsion can make polymer chains extend and 

lead to spatial expansion of the entire network 

structure. This expansion is beneficial for allowing 
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free water molecules to diffuse into the hydrogel 

material. The water molecules gradually penetrate 

inside the 3D network structure of PAAm 

microspheres. Simultaneously with absorbing and 

swelling, an opposite elasticity force will balance 

the stretching of the network and prevent its 

deformation. The swelling is dynamically balanced 

when the elasticity and osmotic forces are equal 

[30]. The swelling particle eventually reaches the 

swollen state.  

For better dimensional stability, the UF resin 

hard network is introduced into the PAAm soft 

network to form a double-network structure. According 

to Fig. 4, compared with the PAAm microsphere, 

the average size of soaked DN microsphere has 

changed very little. It proves that the strong hard 

network can effectively control swelling deformation 

of the microsphere in water. A small increase of 

the average size of soaked DN microsphere 

demonstrates that the PAAm soft network in the 

double network has a certain hydration ability in 

water. The swelling process of the DN microsphere 

is analyzed in Fig. 12(b). When it is in contact with 

distilled water, water molecules will also start to 

attack the DN microsphere surface. The hydrogen 

bond between the soft PAAm network and water 

molecules can make the water molecule penetrate 

the DN microspheres, and form a hydration shell 

around the soft PAAm chain. The hard UF 

network will not become soft in water, and it has 

enough strength to limit the spatial expansion of the 

PAAm network. Meanwhile, the cross-points 

between the two networks have further control of 

the extension of polymer chains. Therefore, the 

DN microsphere can have better dimensional 

stability in water. 

4.2  Analysis of lubrication mechanism 

As is well known, the PAAm hydrogel material 

has many unique characteristics in water solutions. 

The absorbing and swelling characteristics of 

PAAm will have two different effects on its 

application for tribological fields. On one hand, 

the hydration layer around the PAAm chains will 

result in excellent hydration lubrication performance, 

which is beneficial to decrease the friction 

coefficient and protect wear surfaces [31]. On the 

other hand, the swelling behaviour of the hydrogel 

in water will bring some unfavorable influences 

for dimensional stability and mechanical strength. 

This will be some fatal flaws for engineering 

applications.  

For making the best advantage and avoiding the 

disadvantages, the hard/soft double network 

strategy will be an effective solving approach [32]. 

In this strategy, the PAAm soft network can ensure 

excellent lubrication and the UF hard network is 

used to control the deformation of the PAAm soft 

network in water. The friction behaviour of polymer 

samples is illustrated in Fig. 13. The SEM images 

at the right show a convincing check of the validity 

of the model assumptions. In addition, PAAm or 

DN hydrogel fragments are identified by the 

characteristic elements of nitrogen that was evaluated 

by energy spectrum analysis. 

Figure 13(a) shows the friction behaviors of the 

UHMWPE sample under water lubrication. 

Because of the low viscosity of water, the water- 

lubricating film between the UHMWPE disc and 

copper ball cannot be effectively formed during 

rubbing, especially under heavy load. The rough 

surfaces of friction pairs will be direct contact 

under load. The plastic deformation, viscous effects, 

and wear caused by copper ball relative motion 

with UHMWPE disc will result in a higher frictional 

resistance and a more serious wear extent. Therefore, 

the friction coefficient and wear loss mass of 

UHMWPE disc are larger than that of others under 

the most experimental conditions. 

Due to the absorbing and brittle characteristics, 

the PAAm microspheres will swell, peel off, and 

then break up into many tiny fragments by the 

shearing force in the rubbing process (Fig. 13(b)). 

Those PAAm hydrogel fragments will randomly 

distribute on the contact surface between friction 

surfaces and form a dynamic hydration lubrication 

layer during rubbing. Meanwhile, it also leaves 

many micro-defects on the contact surface and 

damages the wear surface smoothness, which will 

lead to higher friction resistance and abrasion loss. 
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Fig. 13  Schematic illustration of friction behavior in rubbing process: (a) UHMWPE, (b) PAAm microsphere composite, and 
(c) DN microsphere composite. 

Under low load, the number and extent of the 

defect are usually not obvious influence on the 

friction properties of PAAm microsphere composite, 

the hydration lubrication of PAAm fragments play 

an important role in the rubbing. Therefore, the 

friction coefficient, wear mass loss, and surface 

roughness of PAAm microsphere composite are 

better than that of UHMWPE. However, with the 

increasing of testing load, the unfavorable influence 

of surface defect will become more serious. The 

adverse effects of surface defects on friction 

properties will be dominant across the rubbing 

process and result in a worse friction coefficient, 

wear mass loss, and surface roughness than 

UHMWPE. 

The design strategy of the hard/soft DN structure 

had already been proved to be an effective solution 

for this problem. In the strategy, the hard network 

can ensure the microspheres with good dimensional 

stability and high strength. The DN microspheres 

in the composite will be not damaged and can help 

to smooth the contact surface in the rubbing 

process with a normal load. The DN microspheres 

on the rubbing surface are scraped off one layer at 

a time and leave many worn DN microspheres 

worked as micro hydration lubrication supplies in 

the lubricating process. DN microsphere layers 

will break into many tiny pieces under shear force, 

and form a hydration lubricating film on the worn 

surface. Meanwhile, the absorbing DN pieces are 

just one dynamic equilibrium state about the 

movement of water molecules toward charged 

polymer chains on time average. Water molecules 

absorbed on charged PAAm chains of the DN layer 

are not statically invariable. They not only can 

move quite quickly in the hydration shell but also 

can exchange very rapidly with those water 

molecules outside of the hydration shell [12], as 

Fig. 13(c) shows. This characteristic makes the DN 

hydration films work like a slippery solid ice 

surface with thin water film when shear movement 

occurs. Thus, the DN film on the rubbing track 

could provide very low friction resistance when 

the copper ball slides on the composite sample. 

Meanwhile, because of the mechanical supporting 

role of the UF hard network, both 50 DN and 

75 DN microsphere composites have a superior 

lubrication property even under heavy load. 

Therefore, the 50 DN and 75 DN microsphere 

composites have excellent antifriction and water- 

lubricated performance under the test conditions. 

The protective effect of DN film also can effectively  
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reduce wear and result in a relatively smooth 

surface. Water molecules in the hydration layer of 

PAAm have good dynamic stability in a wide 

range of normal press and sliding velocity due to 

the large dehydration energy [12]. This is helpful 

for the composite to obtain excellent comprehensive 

properties under the experimental conditions. 

The results also indicates the relations among 

friction coefficient, wear mass loss, and the wear 

surface topography of composites with the different 

PAAm content in DN microspheres. The friction 

and wear performance of UF and 25 DN microsphere 

composite are slightly better than that of UHMWPE 

due to their limited wetting capacity, as shown in 

Fig. 5. With the increase of PAAm content in 

microsphere, the soft feature of PAAm network 

will protect the microsphere from damage during 

rubbing, and the hydration capacity of the 

microsphere is an improvement. Figures 7 and 8 

show that the 50 DN and 75 DN composite have 

good friction and wear performance. This is 

because that the 50 DN and 75 DN microspheres 

possess both high stability of the UF hard network 

and excellent water-lubricated performance of the 

PAAm soft network. Appropriate concentration of 

hard network can be effectively limited swelling of 

the two types of DN microspheres and offer 

superior load bearing capabilities. Meanwhile, 

these two DN microspheres can also provide 

effective and stable lubrication capacities due to 

the hydration interaction of the sufficient PAAm 

soft network. Furthermore, the 75 DN microsphere 

has the higher ductility and lubrication performance 

than 50 DN microsphere under high loads. In 

order to investigate the impact of further increasing 

of PAAm content, the DN microspheres with 90% 

PAAm content (90 DN) has been prepared and 

tested. According to the experimental results, the 

overall performance of 90 DN microsphere is very 

similar to that of PAAm microsphere. It indicates 

that too little UF hard network is not sustainable 

to keep the DN microsphere stable in water. 

Therefore, 75 DN microsphere has the better 

component ratio to get a good water lubrication 

capacity under the experiment conditions. 

5  Conclusions 

In this work, a strategy of hard-soft DN microsphere 

was designed to possess both the good dimension 

stability of the hard UF network and the excellent 

hydration lubrication of soft PAAm network, and 

their absorbing and swelling behaviors were 

analyzed and investigated. The effects of different 

microspheres on the friction and wear properties 

of composites were examined. Excellent water- 

lubricated properties of the DN microsphere are 

verified by experimental results. The main conclusions 

of the present paper can be drawn as follows: 
1) All microspheres prepared by emulsion 

polymerization exhibited regular spherical shape 

and could keep its original shape after melt blending 

and injection molding. 

2) DN microsphere has a microstructure of two 

networks that are linked together by chemical 

bonds. This microstructure ensures that the DN 

microsphere can possess both the good dimension 

stability of the hard UF network and the excellent 

hydration lubrication of the soft PAAm network. 

3)  By comprehensive consideration of the me- 

chanical performances and the water lubricated 

capacity, the optimum content of the microsphere 

in composite is 1 wt%. 
4) The overall friction properties of the composite 

can be significantly enhanced by adding DN 

microspheres under water lubrication, the lubri- 

cation stability of 50 DN and 75 DN microspheres 

was stronger than PAAm microsphere. 

5) Rubbing pairs of 75-1 DN composite disc/ 

copper pin have the best comprehensive performance 

under the applied testing conditions. 
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