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Abstract: Two types of commercial WC-Ni samples were irradiated with the High-intensity pulsed ion beam 

(HIPIB). Both the surface characteristics and tribo-characteristics of the non-irradiated and irradiated WC-Ni 

samples, sliding against graphite under water lubrication, were compared. Quite low steady friction coefficients 

(approximately of 0.02) of the irradiated WC-Ni were observed. The surface topographies and components 

were investigated. The quite low friction of the irradiated WC-Ni samples was ascribed to the higher fluid 

retention capability of the latter and the tribofilm formed during sliding. 
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1  Introduction 

The Tungsten carbide (WC) based cemented carbides 

with metal binders, such as cobalt and nickel or 

binderless are widely utilized in cutting tools, mining 

machines and many tribological applications [1−7]. 

The wear resistance of the cemented carbide is signi-

ficantly depended on the WC grain size, the porosity, 

the distribution, and the binder metal content, under 

various working conditions. 

The wear resistance was different along the various 

crystallographic directions of a single crystal WC, as 

reported by Engqvist et al. [8], where the perpendicular 

prism was the best. Larsen-Basse [9] discovered that 

the high compression stress between the WC grains 

caused a binder plastic flow during sliding. This 

explained the quite higher binder content adjacently 

to the WC-Co sliding surface compared to the matrix 

body, whereas the lower content of the subsurface 

would cause a fracture. The appropriate WC size and 

binder content would improve the wear resistance  

of the cemented carbides [6, 10–12]. The wear debris, 

formed during dry sliding, would turn into the friction 

film, which could reduce friction; the higher pv 

(pressure × velocity) value would lead to a higher 

interface temperature and as a result the shear 

strengthening of the friction film decreased, contri-

buting to a lower friction [13]. 

The corrosive and electrochemistry erosion effect 

of the lubricant had a high effect on the cemented 

carbide wear. The nickel binder had an improved 

wear resistance under the corrosive environment  

due to the Ni inert effect. A protective shell would be 

generated on the binder surface [14−17] and it would 

be preferable to be used under corrosive conditions. 

In contrast, the nickel binder mechanical strength 

was lower compared to the cobalt binder mechanical 

strength. In order to improve the mechanical 

strengthening of the WC-Ni, many reinforcement 

technologies have been invented by researchers 

[18−23]. The High intensity pulsed ion beam (HIPIB) 

irradiation has been proved to be an effective way to 

improve the mechanical strengthening, the hardness, 

and the wear resistance under dry conditions [19−23]. 

In contrast, the tribo-characteristics study of the 

HIPIB irradiated cemented carbide, working under  

a mixed lubrication, is limited. The requirement for 

the knowledge and applications of this technology 
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increases due to industrial practices. 

In the present work, two types of commercial 

WC-Ni samples with different nickel contents were 

irradiated with HIPIB. The tribo-tests of the non- 

irradiated and irradiated WC-Ni samples, sliding 

against resin impregnated graphite under water 

lubrication, were conducted. The topography, the 

tribological characteristics, and the surface components 

were compared. The friction reduction mechanism of 

the irradiated cemented carbides along with surface 

topography and the tribofilm were discussed. 

2 Experimental procedure 

2.1 Materials  

Two types of commercial WC-Ni samples were utilized 

in the present work: (i) WC samples with 6%wt of Ni 

(YN6); (ii) WC samples with 10%wt of Ni (YN10). The 

average size of the WC grains was lower than 1 μm. 

The materials were converted into rings of 38 mm × 

54 mm × 11 mm in dimensions. Commercial resin im-

pregnated graphite rings of 41.5 mm × 50.5 mm × 5 mm 

in dimensions were utilized as the counter bodies  

in the tribo-tests. The working faces of the samples 

were lapped and polished with diamond slurry, con-

sequently cleaned within an ultrasonic bath with 

ethanol and water, successively. All samples were 

supplied by the Ningbo Vulcan Mechanical Seals 

Manufacturing Co., Ltd., China.  

2.2 HIPIB irradiation 

The HIPIB irradiation on both the YN6 and YN10 

samples was performed with the TEMP-6 HIPIB 

apparatus [24, 25]. As presented in Fig. 1(a), the sample  

was fixed on a movable platform, located within a 

vacuum chamber. Prior to irradiation, the platform 

was moved to a position which led the ion beam 

center to be located at the mean radius of the sample 

(Fig. 1(b)). In order to irradiate the entire surface of 

the sample, the platform was rotated 24° following a 

shot and 15 times in total for each sample. The ion 

beam of 40 mm in diameter was composed by 30%  

of proton and 70% of carbon ions. The acceleration 

voltage and ion current density were set at 200 kV and 

80 A/cm2, respectively (Fig. 1(c)). The real detected 

energy density was 2.5 J/cm2. 

2.3 Characterization 

A light interferometer (Nexview, ZYGO, Middlefield, 

USA) was utilized to investigate the surface topogra-

phies of both non-irradiated and irradiated surfaces. 

The surface features and compositions were analyzed 

through scanning electron microscopy (SEM; Quanta 

200 FEG, coupled with EDX) and X-ray photoelectron 

spectroscopy (XPS, PHI Quantera SXM, ULVAC-PHI, 

Japan). 

2.4 Tribological tests 

The ring-ring tribological tests were carried on under 

a deionized water lubrication condition. The inner 

and outer diameters of the friction area were 41.5 and 

50.5 mm, respectively. Both the non-irradiated and 

irradiated WC-Ni rings were utilized as the stationary 

rings and the counter graphite rings rotated. The 

applied normal pressure and sliding speed were fixed 

at 0.72 MPa and 2.4 m/s according to the duty condition 

of the investigated thrust bearing. Each test lasted 

2 hours. The wear rates of the WC-Ni samples were 

calculated through the worn surface profile. The 

 

Fig. 1 (a) HIPIB irradiation schematic; (b) movable platform from vertical view; (c) irradiation status from vertical view; and (d) HIPIB
parameters: acceleration voltage (black line), total current (blue), and ion current density (red). 
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schematic of the tribometer (PLINT TE92, Phoenix 

Tribology, UK) and the wear volumes determination 

are presented in Fig. 2. The detailed description of the 

tribo-meter could be found in the authors’ previous 

work [26]. 

3 Results and discussion 

3.1 Roughness and topography 

The roughness of the non-irradiated/irradiated YN6 

and YN10 surfaces were observed with the 3D white 

light interferometer, where each sample was measured 

by at least three positions of equidistance along the 

circumference. The non-irradiated WC-Ni surface was 

smooth with manufactured traces and pores (formed 

during sintering) upon it (Fig. 3(a)). In Fig. 3(b), the 

irradiated surfaces became rough and the hill/valley 

feature was marked. 

The average Sa for the non-irradiated YN6 and 

YN10 surfaces was 10.7 nm and 13.3 nm, following 

 

Fig. 2 Schematic of tribo-meter and the determination of wear 
volume. 

the increased roughness of the irradiation samples to 

30 nm for the YN6 and 32.5 nm for the YN10. 

The SEM images of the non-irradiated and irradiated 

cemented carbides are presented in Fig. 4. Micro 

defects, such as pits and pores, existed among the 

grains and the binder, which were formed during 

sintering on the non-irradiated YN6/YN10 surface 

(Figs. 4(a) and 4(c)). Subsequently to irradiation 

(Figs. 4(b) and 4(d)), the manufacturing traces were 

removed and the pit edges became smooth. In contrast, 

holes and micro- cracks were also formed on the 

irradiated YN6/YN10 surfaces. 

The HIPIB irradiation led to a high temperature on 

the shooting region. A melting and selective ablation 

would occur during irradiation [19−21]. As a result, 

the Ni content on the irradiated surface was lower. The 

WC grains on the surface sustained both the melting 

and re-solidification occurrences under the irradiation. 

These WC grains formed the hill/valley features, 

which increased the irradiated surface roughness. 

Both the thermal stress and stress concentration during 

fast heating and cooling might cause the micro-cracks 

generated on the irradiated surface [22]. 

Surface topographies have a high effect on the 

tribo-characteristics of the rubbing surfaces. Dong  

et al. [27] proposed three 3D functional parameters 

(surface bearing index biS , core fluid retention index 

ciS  and valley fluid retention index viS ) to characterize 

the surface bearing property and the fluid retention 

ability, quantitatively. A higher surface bearing index 

indicates a good bearing property. Higher ciS  and viS  

indicates a good fluid retention property in the core 

zone and the valley zone, respectively.  

 

Fig. 3 Surface topographies of: (a) non-irradiated YN6; (b) irradiated YN6 (Unit: μm). 
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Fig. 4 WC-Ni SEM micrographs: (a) non-irradiated YN6;    
(b) irradiated YN6; (c) non-irradiated YN10; (d) irradiated YN10. 

Figure 5 presents the biS , ciS , and viS  of the non- 

irradiated and irradiated surfaces. The values of biS  

of the non-irradiated surfaces were higher compared 

to the irradiated surfaces, because these non-irradiated 

lapping surfaces had a relatively flat surface (Fig. 4(a)). 

Following irradiation, the hills/valleys (Fig. 4(b)) formed 

on the surface led to the biS  decrease. It meant that 

the non-irradiated surface had an improved bearing 

capacity compared to the irradiated surface. The core 

fluid retention index ( ciS ) is characterized as the fluid 

retention property in the core zone of the surface.  

As presented in Fig. 5, the ciS  of the WC-Ni surfaces 

increased by irradiation. The irradiated surface had 

an improved fluid retention capacity in the core area 

of the surface. In mixed-lubrication condition, an 

increased amount of fluid could be reserved in the 

irradiated surface, which led the friction coefficient  

to decrease (Section 3.2). It should be noted that the 

valley fluid retention indexes ( viS ) are used to describe 

the fluid retention properties in the valley zones. These 

were slightly different between the non-irradiated 

and the irradiated surfaces. The friction behaviors of 

both the non-irradiated and irradiated surfaces were 

indifferent to the aforementioned indexes.  

3.2 Friction  

The friction coefficients of the non-irradiated and 

irradiated YN6/YN10 surfaces, sliding against graphite 

under deionized water are presented in Fig. 6. The 

steady friction coefficients of the non-irradiated YN6/ 

YN10 sliding against graphite were of approximately 

0.1; whereas the friction coefficients of the irradiated  

 

Fig. 5  Surface functional parameters of non-irradiated and 
irradiated cemented surfaces, (a) YN6; (b) YN10. 

 

Fig. 6 Friction coefficient between graphite and non-irradiated/ 
irradiated WC-Ni surface under water lubrication. 

cemented carbides against graphite dropped drama-

tically and were below 0.02. 

Both the SEM and EDX results of the cemented 

carbide and the graphite following the tribo-tests are 

presented in Fig. 7. The typical wear tracks along the 

sliding direction were observed on the non-irradiated 

cemented carbide worn surface (left of Fig. 7(a)) and 

“cloud” like features, comprising the C, W, Ni, and O 

were discovered on the counter graphite surface 

(right of Fig. 7(a)). These results were consistent with  
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the authors’ previous reported results of the WC-Ni 

samples sliding against graphite under water lubrica-

tion [26]. Turtle shell-like features (left on Fig. 7(b)) were 

observed on the irradiated cemented carbide worn 

surfaces. The cloud like feature which was observed on 

graphite (Fig. 7(a), right) against the non-irradiated ce-

mented carbide, while disappeared on these (Fig. 7(b), 

right) sliding against the irradiated cemented carbide. 

The turtle shell region and the nearby regions were 

investigated further and the results are presented in 

Fig. 8. The EDX results demonstrated that the O content 

in region 2 was approximately of 69% (Fig. 8(c)), being 

significantly higher than the O content of the nearby 

regions (of 3.64% in region 1 and of 9.90% in region 3, 

Figs. 8(b) and 8(d)).  

The friction coefficient of the friction pairs under a 

mixed lubrication could be described by Eq. (1).  

     s s l l s l, 1f r f r f r r           (1) 

where, sf , lf  are the solid friction and liquid friction 

coefficients, respectively, and sr , lr  are the ratios of 

the solid and liquid friction, respectively.  

The reasons for the quite low friction of the irradiated 

surface could be clarified as follows. Firstly, the fluid 

retention ability in the core zone ( ciS ) of the irradiated 

surface significantly increased (Fig. 5), which led to 

the lr  increase. Secondly, the tribo-film formed on the 

irradiated surface led to the reduction of the solid 

contact friction coefficient ( sf ). Consequently, both 

the higher fluid contact ratio ( lr ) and the lower solid 

contact friction coefficient contributed to the quite low 

friction coefficient of the irradiated WC-Ni sample, 

sliding against graphite under water lubrication. 

3.3 Wear 

Figure 9 demonstrates the wear volume of the 

non-irradiated and irradiated WC-Ni samples following 

the tribo-tests. The average wear volumes of the  

 

Fig. 7 SEM images of (a) non-irradiated YN6 (left) and counter graphite (right); (b) irradiated YN6 (left) and counter graphite (right).
Insets were EDX spectra of marked regions. 
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Fig. 9 Wear volume of non-irradiated/irradiated WC-Ni surfaces 
slid against graphite. 

non-irradiated YN6 and YN10 surfaces were of 

approximately 5e-3 mm3. Consequently, the average 

wear volumes of the irradiated YN6 and YN10 surfaces 

reached 6.6e-3 and 7.4e-3 mm3, respectively. The 

wear volumes of the irradiated samples were higher 

compared to the non-irradiated samples. 

In order to clarify the wear mechanism of both the 

non-irradiated and irradiated WC-Ni samples, the 

wear tracks of the non-irradiated/irradiated cemented 

carbides following sliding against graphite were 

also investigated through XPS. The W4f, C1s, O1s 

and Ni2p peaks were observed on the surface scan 

spectra (Figs. 10(a) and 11(a)). The Ni2p intensity on 

the non-irradiated WC-Ni worn surface was higher 

compared to the irradiated WC-Ni worn surface. The 

lower Ni intensity on the irradiated WC-Ni was also 

proved by the high resolution spectra of the Ni2p 

(Figs. 10(c) and 11(c)). The spectra of the W4f and O1s 

on the wear tracks of the non-irradiated and irradiated 

WC-Ni samples were quite different. On the non- 

irradiated WC-Ni wear track, the W could be ascribed 

to the WC (31.7) and WO3 (34.5), whereas on the 

irradiated wear track the W was in the forms of   

WC (32) and WO4
– (35.8). Only one O1s peak could 

be observed in the O high resolution spectrum on the 

wear track of the non-irradiated surface and this peak 

could be ascribed to the WO3. Four O1s peaks could 

be observed on the wear track of the irradiated 

WC-Ni. These peaks corresponded to the O, which 

existed in the WO3 (530.5), WO4
– (531.3), Ni(OH)2 (532.2) 

and H2O (533.1). The XPS demonstrated that the cons-

tituents between the friction pairs of non-irradiated/ 

graphite and irradiated/graphite were different. These 

differences were related to the tribo-behavior of both 

the non-irradiated and irradiated WC-Ni samples. As 

discussed in the authors’ previous work, a transfer of 

WC and Ni into the graphite surface existed, whereas 

a cloudlike feature on the wear track of the graphite 

surface could be observed (right in Fig. 7(a)). For the 

irradiated WC-Ni, the tribo-chemistry of the irradiated 

surface was dominant and an apparent tribofilm 

 

Fig. 8 Detailed investigation of irradiated YN6 surfaces following tribo-tests, (a) SEM image of irradiated YN6 surface following 
friction, (b)−(d) EDX spectrum of marked regions 1−3 in (a), respectively. 
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could be observed on the wear track of the irradiated 

surface (Fig. 7(b), left). It should be noted that all 

test samples were dried in the air. Consequently, the 

tribo-film was dried and cracked. This was possibly 

the reason for these turtle shell like features to be 

observed. 

3.4 Friction and wear relationship 

As aforementioned, the HIPIB irradiation could 

significantly reduce the friction coefficient of WC-Ni 

against graphite under water lubrication, however, 

the wear of the irradiated WC-Ni slightly increased. 

 

Fig. 10 XPS spectra of non-irradiated YN6 wear tracks: (a) surface scan; (b) W4f; (c) Ni2p; (d) O1s. 

 

Fig. 11 XPS spectra of irradiated YN6 wear tracks: (a) surface scan; (b) W4f; (c) Ni2p; (d) O1s. 
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This occurred because the non-irradiated and irradiated 

WC-Ni were governed by different wear regimes. 

The main wear mechanism of the non-irradiated 

WC-Ni samples sliding against graphite under water 

lubrication was micro-abrasion [28], while in the 

present work the irradiated WC-Ni wear was governed 

by tribo-chemistry.  

Based on the SEM and XPS results, it could be 

inferred that the tribofilm, which was composed of 

the W and Ni (slight) oxidation, was generated during 

the tribo-tests of the irradiated WC-Ni samples against 

graphite under water lubrication. The tribo-film covered 

the asperities of the irradiated WC-Ni samples 

(Fig. 12(b)). The shear strength of the oxidation products 

was quite lower than the direct solid contact between 

the WC-Ni and the graphite asperities (Fig. 12(a)).  

As a consequence, a lower solid-solid friction was 

obtained, which made a significant contribution to the 

quite low friction of the irradiated WC-Ni. 

During testing, a formation of tribo-film occurred 

and removed, reaching a balance at steady state. In 

contrast, the tribo-film was not protective, as evidenced 

by the turtle like features (Fig. 7(b) left, Fig. 8) on the 

wear trace of the irradiated WC-Ni samples. The irrad-

iated WC-Ni sample wear consequently increased.  

 

Fig. 12 Friction statures schematics of (a) non-irradiated WC-Ni; 
(b) irradiated WC-Ni against under deionized water. 

4 Conclusions 

In this study, two types of commercial cemented 

carbides with various Ni binder contents were modified 

through HIPIB irradiation. Both the corresponding 

surface topography and tribological characteristics 

during sliding against graphite under water lubrication 

were studied. It could be concluded that: 

(1) The HIPIB irradiation could reduce the machining 

trace on the cemented carbide surfaces. In contrast,  

the surface roughness of the irradiated cemented 

carbides increased due to the selective ablation of  

Ni occurrence and the re-melting as well as the 

re-solidification of the WC grains.  

(2) The core fluid retention capability of the cemented 

carbide surfaces increased subsequently to irradiation, 

leading to a lubrication effect increase under the 

mixed lubrication regime. The tribo-film, consisted  

of the oxidation products of W and Ni with low 

shearing resistance, contributing to the solid contact 

friction decrease. As a result, the quite low steady 

friction coefficient (lower than 0.02) was reached. 

(3) The wear of the non-irradiated and irradiated 

WC-Ni samples, sliding against graphite under water 

lubrication, were governed by different regimes. The 

main wear mechanism of the non-irradiated WC-Ni 

samples was micro-abrasion, while the irradiated 

WC-Ni sample wear was governed by tribo-chemistry. 

Due to the low wear resistance of the tribo-film    

on the irradiated WC-Ni surface, the wear volume 

increased even though the friction coefficient was 

quite low. 
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