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Abstract
Understanding the evolution of frictional interface state is of great significance to the effective design of antifriction and 
wear resistance properties at macro-scale contact, which plays an important role in the whole tribological performance. The 
trigological behavior of the sintered polycrystalline diamond (PCD) sliding against different mating materials was evaluated 
under dry nitrogen (N2) environment. The coefficients of friction (COF) and wear rates of the PCD were diverse due to the 
various formations of transferflim and filling effects across sliding interfaces, which is dependent on the mating materials. 
Additionally, the Raman measurements demonstrate that the carbon rehybridization (sp3 to sp2) process occurred accompa-
nying with the formation of carbonaceous transferfilm during sliding. The effects of antifriction transferfilm formations and 
filling on the enhanced tribological performance of PCD at macro-scale contact were highlighted.

Keywords  Polycrystalline diamond · Transferfilm formation · Carbon rehybridization · Filling effects · Enhanced 
tribological performance

1  Introduction

The sintered polycrystalline diamond combines a variety 
of attractive properties such as wear resistance, high hard-
ness and excellent toughness, which makes it suitable for 
applications in cutting, drilling bits and bearings [1–4]. 
To achieve further applications, a detailed understanding 
of the tribological properties and structural evolution of 

PCD is required [5, 6]. Considerable research efforts have 
been devoted to the tribological properties of PCD under 
various complex conditions [7–12]. In our previous work, it 
indicated that an ultralow friction coefficient regime coin-
cided with the formation of carbonaceous transferfilms was 
achieved [2]. Following this, it successfully controlled the 
wear behavior of PCD via altering humidity [13]. During 
sliding, the overall tribological properties of PCD can be 
controlled by the complex structure and phase evolution at 
the contact interfaces.

Recently, for sliding interfaces, many studies have 
researched the antifriction transferfilm formation includ-
ing the introduction of two-dimensional material, which 
can drastically reduce the wear loss and improve antifric-
tion performance [14–18]. It is worthwhile mentioning that 
the amorphous carbon film transferred to the mating surface 
contributes a lot to a better anti-wear and friction-reduc-
tion behavior [15, 19–21]. This antifriction performance 
has been still demonstrated in a number of other studies. 
Waesche et al. [22] explained the difference in tribological 
performance between soft and hard materials sliding with 
diamond-like carbon films. A stable transfer layer formed on 
the alumina counterface plays a key role in reducing friction 
and wear. In addition, it has been observed that the formation 
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of transferfilm successfully alleviated the adhesion effect of 
PCD in vacuum conditions [9]. Furthermore, the interfacial 
filling effect can decrease the roughness and then the shear 
effect can be diminished, which can play an effective role in 
reducing friction and wear during sliding. Most of previous 
work has proved that frictional interface state can signifi-
cantly influence the tribological behavior. Given the impor-
tance of interface state in affecting lubrication in sliding 
process, understanding the relationships among transferfilm 
formation, filling effects, mating materials and tribological 
properties are of great significance [23]. Consequently, it is 
important to highlight the effect of various mating materials 
on the tribological behavior of PCD, which has a significant 
effect on choosing suitable tribopairs.

In this work, we studied the friction and wear behavior 
of PCD sliding against four types of materials in dry N2 
conditions, focusing on their trigological mechanisms and 
the different sliding interface states. The occurrence of dif-
ferent wear mechanisms has been revealed. Additionally, 
the evolution of antifriction transferfilm formation, carbon 
rehybridization process and filling effects were clarified in 
details, which can induce the enhanced tribological perfor-
mance of PCD at macro-scale contact.

2 � Experimental Procedure

2.1 � Fundamental Characteristics of Specimens

The original PCD specimens sintered at Zhongnan Dia-
mond Co., Ltd are composed of a cemented carbide sub-
strate (WC-16 wt% Co) and a polycrystalline diamond layer. 
Figure 1 shows the structural diagrams of PCD specimens. 
The thickness of PCD layer is about 0.5 mm. It is obviously 
found that the original PCD surface contains diamond phase 
and Co binder. The diamond phase mainly contains big 

size diamond grains ~ 25 μm, medium size diamond grains 
~ 5–15 μm and tiny diamond grains < 5 μm. There are two 
bonding ways of diamond–diamond bonds (D–D bonds) and 
diamond–metal–diamond bonds (D–M–D bonds) among dia-
mond grains and Co binders. Four types of domestic commer-
cial mating balls with a diameter 4 mm were selected. Figure 2 
exhibits the comparison of hardness values between PCD and 
mating balls [24, 25]. 

2.2 � Tribological Tests Procedure

Tribological studies were performed under dry N2 atmosphere 
at room temperature using a MS-T3000 tribometer with the 
ball-on-disk contact geometry (Detailed parameters are shown 
in Fig. 1). The tribological test parameters are displayed in 
Fig. 1. In order to ensure data stability, the calibration of tan-
gential force was performed regularly. During tribotests, the 
lateral force was measured with a strain gauge sensor. For tri-
botests performed in N2 environment, the testing chamber was 
initially introduced nitrogen flows and then the relative humid-
ity (RH) decreased to less than 5%. Both the PCD and balls 
were initially cleaned by sonication in acetone for 30 min, and 
then ultrasonically cleaned in ethanol for 30 min. To guarantee 
the stability of data, each tribotest was performed three times. 
To estimate the wear performance, the wear rates of balls and 
PCD were calculated as follows:

(1)W
R
= V∕F

n
× L

(2)V1 =
�h

6

(

3r2 + h
2
)

(3)V2 = 2�r × A

(4)h = R −
(

R
2 − r

2
)1∕2

Fig. 1   The structural diagrams PCD layer and the schematic of tribo-
tests

Fig. 2   The comparison of hardness values between PCD and sliding 
balls
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where WR is the wear rate and it shows the wear volume per 
unit load and per unit distance, Fn (N) is the applied load, 
L (mm) is the sliding distance. The wear volumes of the 
ball and PCD are calculated with the formula V1, V2 (mm3), 
respectively. R (mm) is the radius of sliding ball, r (mm) is 
the radius of the wear scar, and h (mm) is the height of the 
spherical crown. Additionally, A is the cross-sectional area 
of wear tracks measured by the white light interferometer 
(NanoMap-D).

2.3 � Microanalysis Methods

The optical images of wear scars and tracks were obtained 
using an optical microscope (Olympus BX51M) with a 
Nikon camera. The morphologies and wear rates of wear 
tracks were determined using a NanoMap-D three-dimen-
sional White Light Interferometer. Raman measurement 
using Lab RAM HR Evolution spectroscopy (HORIBA 

Jobin–Yvon) was conducted to analyze the evolution of 
carbon atoms across the sliding interfaces. The Ar + laser 
wavelength is 532 nm and the laser spot diameter is 1.25 μm. 
In order to analyze the micro-topographies and element dis-
tribution of worn surface, the GeminiSEM-500 field emis-
sion scanning electron microscope (SEM) equipped with an 
energy-dispersive X-ray spectroscope (EDS) was used.

3 � Results

3.1 � Tribological Performances

Figure 3 shows the comparison of the coefficients of fric-
tion (COFs) during the whole 12,000 cycles. It is clear that 
the frictional behavior is strongly influenced by sliding 
materials. For SiO2, SiC and Si3N4, during initial sliding 
cycles, the COFs are relatively high and slightly fluctuate, 
which is corresponding to the running-in period [26]. And 
then they gradually decreased to a steady-state value. For 
SiO2 as the sliding ball, there is a relatively higher COF 
of ~ 0.06. However, the other balls as mating materials, the 
COFs are all lower than ~ 0.05 and present a relative steady 
trend after ~ 6000 cycles. Sliding with Al2O3, the COF is the 
minimum value ~ 0.03, while sliding with SiC and Si3N4, the 
friction coefficients are about ~ 0.04.

Figure 4 displays the optical micrographs of wear scars on 
the ball surfaces and the corresponding wear tracks formed 
on the PCD surfaces after tribotests, respectively. There are 
clearly noticeable worn marks on the sliding ball surfaces. 
It was found that the wear scar of Si3N4 was covered by the 
colorful transferfilm, while there are gray wear scars formed 
on SiC and SiO2 surfaces. Besides, the wear scar of Al2O3 
is relatively small and clean. Additionally, except for the 
wear scars of Al2O3, a large amount of wear debris is still 
heaped on the edge regions of wear scars. The correspond-
ing wear tracks of PCD were shown in Fig. 4a1–d1. For the 

Fig. 3   Coefficients of friction for PCD sliding against different mat-
ing materials under N2 atmosphere at room temperature

Fig. 4   The optical micrographs 
of the topography of wear scars: 
a–d and the corresponding wear 
tracks: a1–d1 
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wear tracks sliding against SiC, SiO2 and Si3N4, there are 
obvious worn surfaces and wear debris accumulated on both 
sides of wear tracks.

To further identify the wear performance of PCD, the 
three-dimensional morphologies of wear tracks are described 
in Fig. 5. In sliding with SiC, SiO2, and Si3N4, the obvious 
abrasive worn surfaces can be found. While the Al2O3 as 
mating balls, the wear track on the PCD surface is so superfi-
cial that it is hard to be seen. Furthermore, two-dimensional 
cross-sections of wear tracks are detected to further evalu-
ate the wear rate of PCD, respectively (Fig. 5e). The wear 
depths of the PCD sliding with SiC, SiO2 and Si3N4 are 
relatively higher. While sliding with Al2O3, the wear depth 
is so shallow to distinguish. The wear rates of PCD surfaces 
and sliding balls are summarized in Fig. 6. For sliding with 
SiC, SiO2 and Si3N4, there are relative higher wear rates 
for PCD and balls. During dry sliding, the carbon dangling 
bonds cannot be effectively passivated and the formation 
of Si–C covalent bonds cannot be avoided, accompanying 
with the increase of interfacial covalent reactions, which 
may influence the material removal performance.

3.2 � Analysis of Carbon Rehybridization

Raman spectra analysis was conducted on wear scars of 
different mating materials and wear tracks to get a deeper 
understanding of evolution of carbon atoms during the slid-
ing. As shown in Fig. 7a, apparent signals at ~ 1347.9 cm−1 
and G-peak at ~ 1578.3 cm−1 are detected on the wear scar 
of Si3N4, which is corresponding to graphitic or amorphous 
carbon structures. The formation of disorder structures play 
a significantly role in friction reduction [19, 21]. Moreover, 
this carbon related signal is less obviously detected on wear 

scars of SiC. Thus, judging from the morphology of the 
wear scars in Fig. 4, the carbonaceous transferfilm is eas-
ily formed on Si3N4, but not on SiO2 and Al2O3. Figure 7b 
depicts a strong peak at 1333.9 cm−1 on all wear tracks of 
PCD, which represents the diamond signal. Meanwhile, 
peaks at 1550.3 cm−1 are also detected at the wear track of 
PCD after sliding with Si3N4 and SiC. The results indicate 
that the phenomenon of the evolution of material structures 
occurred during sliding.

3.3 � Surface Morphologies of Wear Tracks and Wear 
Scars

For a better understanding and interpretation of the rela-
tionship between the tribological mechanism and mating 

Fig. 5   Three-dimensional optical surface morphologies of wear tracks: a–d the contrast on its two-dimensional cross-sections (e)

Fig. 6   The comparison of wear rates for PCD and sliding balls. Error 
bars are standard errors and represent variation within a set of meas-
urements
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materials, scanning electron microscopy and elemental 
analysis (SEM&EDS) was performed on the worn surfaces 
of wear tracks and wear scars. The results are shown in 
Figs. 8 and 9 respectively. Figure 8a shows that PCD sur-
face sliding with SiC presents the most severe wear with 
the remove of diamond grains. Apparent exfoliated pits as 
circled by yellow dotted line can be seen from the SEM 

results. Meanwhile, EDS mapping results demonstrate the 
padding effect of Si elements at the exfoliated pits, indi-
cating a transfer of materials from sliding balls. In sliding 
with SiO2 and Si3N4 (Fig. 8b, c), PCD surface shows a less 
severe exfoliations and transfer phenomenon compared with 
SiC. Moreover, sliding with Al2O3, PCD exhibits a relatively 
flat surface, under the filling effects of mating materials 

Fig. 7   Raman intensities of worn surfaces: a wear scars, b wear tracks. It indicates the carbon rehybridization process occurred during sliding 
accompanying with the formation of carbonaceous transferfilm

Fig. 8   SEM measurements of 
wear tracks and the correspond-
ing mapping results. The mate-
rial transfer phenomena and 
filling effects were highlighted
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(Fig. 8d). EDS mapping results further demonstrate the 
transfer phenomenon and filling effects.

Figure 9 illustrates the microstructures of wear scars. 
Figure 9a shows obvious exfoliated pits for SiC ball, which 
results in the relative severe wear. As described in Fig. 4, 
a maximum wear scar formed. For SiO2, Fig. 9b presents 
brittle fracture, due to its friability and the high hardness of 
PCD. As the sliding goes on, the fragments gradually accu-
mulated in the slisding interfaces. Besides, the incomplete 
covered transferfilm was found on the wear scar of Si3N4 
(Fig. 9c). The worn surface on Al2O3 wear scar displays a 
mild wear morphologies, only a small amount of exfoliated 
bits can be seen (Fig. 9d). Additionally, the various wear 
behavior of those mating materials lead to the various wear 
rates as described above.

4 � Discussion

The experimental results described above indicate that the 
COFs, wear rates and the various frictional interface states 
are controlled by the tribopairs. In the following, the tribologi-
cal mechanisms will be discussed in details. Although such 
four mating balls are different in hardness, there is no direct 
correlation between tribological performance and triboparis. 
SiO2 has the lowest hardness in these four types mating balls. 
But it achieved a relatively high COF and wear rate. Due to 
its strong brittleness and the cutting action of PCD, the brittle 
fracture occurs during sliding (see Fig. 9b). The broken frag-
ments exist on sliding interfaces. As a result, from Fig. 3, it 
shows an increasing COF compared with other counterbodies. 

Additionally, silica can play a role of a catalytic function and 
it increases the reaction rate for C–C bond breaking, which 
can aid in the wear of diamond [27]. In the case of Al2O3 
as tribopair, lower friction coefficient and wear rate were 
achieved. Generally, for dry sliding interfaces, the high friction 
coefficient is governed by the surface roughness of the slid-
ing interfaces during initial sliding cycles [28, 29]. However, 
the interfacial filling effect can decrease the roughness and 
the shear effect was diminished, which can play an effective 
role in reducing friction and wear. As shown in Fig. 8d, there 
are obvious filling effects on the micro-cracks and exfoliated 
pits at the sliding interface, which results in a relatively flat 
surface. Furthermore, during sliding, it is hardly possible for 
chemical bonds forming due to the weak affinity between Al 
and C elements [30–32]. So, the interfacial adhesion effect 
decreased and then the wear debris can be effectively filled in 
holes, which results in an enhanced tribological performance.

During initial sliding passes, the flash temperature can-
not be avoided among the asperity regions [5], which can 
influence the initial physical adsorbent species and the rehy-
bridization process [33–36]. It can lead to a loss of initial 
passivating species such as –H or –OH, and the dangling 
bonds are subsequently exposed. Additionally, the flash tem-
perature rise (ΔT) between asperities can be estimated by the 
following formula [4, 37]:

where ΔT is the flash temperature rise, μ is the coefficient 
of friction, Fn is the applied normal load, v is the sliding 

ΔT =
�F

n
�

4�
(

KPCD + KMating materials

)

Fig. 9   Typical SEM morpholo-
gies of wear scars
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velocity, α is the contact radius of the real contact area, 
and KPCD and KMating materials are the thermal conductivities 
of the PCD and mating materials, respectively. For Si3N4, 
due to the minimum thermal conductivity the relatively 
high μ value in running-in periods, the contact interfaces 
may generate the relatively high flash temperature as sliding 
continues [4, 9, 25, 38]. The relatively high flash tempera-
ture can accelerate the carbon rehybridization [4, 5, 9, 39]. 
Based on this, an easier sp3-to-sp2 rehybridization can be 
observed for PCD/Si3N4. Additionally, under dry N2 atmos-
pheres, the absence of passivating species, the unsaturated 
carbon can be able to bond to the counterface. Furthermore, 
mechanically induced desorption creates dangling carbon 
bonds formation, which can increase friction and wear due 
to interfacial bonding effect [40]. The strong covalent inter-
action effects result in a relatively higher wear rates for SiC 
and Si3N4. As described in Fig. 7a, the Raman measure-
ment on wear scar of SiC and Si3N4 indicates that there is 
a process of rehybridization occurred for PCD surface with 
the carbonaceous transferfilm formation on its wear scars. 
In the case of SiC as counterbody, the wear rate was the 
highest among all the mating balls. Since Si atom is easy 
to covalent with C atom in diamond, high shear strength 
emerged during the sliding process, causing the disorder of 
diamond structure. Thus, graphitization [41–43] occurred 
at sliding interface (see Fig. 7), together with the reduc-
tion of friction coefficient. For PCD/Si3N4 and PCD/SiC, 
the ID/IG ratios (where ID and IG are the Raman intensities 
of D-peak and G-peak) [44, 45] were calculated with the 
value of ~ 0.73 and ~ 1.22, respectively. An increased ID/IG 
ratio indicates more disorder in the carbon network. How-
ever, both graphitic or amorphous carbon material formed 
at sliding interfaces have been demonstrated that they can 
play an effective role in reducing the friction coefficient [19, 

21]. Disordered structure results in the decrease of diamond 
strength, contributing to the exfoliation of the unstable dia-
mond particles (see Fig. 8). Besides, the strong covalence 
effect is detrimental to wear behavior of PCD. For worn 
surface of PCD, the interferometry results display the macro-
scopic wear morphologies, which highlights the exfoliation 
phenomena and SEM measurements show the exfoliation of 
diamond particles in details.

Figure 10 describes the schematic diagram of the evolu-
tion of frictional interface states. For Si3N4 mating ball, it 
shows a low and stable friction coefficient. During sliding, 
strong covalent coupling action of Si and C atom results in 
the break of C–C in diamond and generates a disordered 
surface with the carbonaceous transferfilm, which is cor-
responding to carbon rehybridization [46]. As shown in 
Fig. 10, for Al2O3, the filling effect can result in the decrease 
of roughness, which may induce the enchanced tribological 
performance [28]. The evolution of frictional interface states 
is related to the formation of transferfilm and filling effects, 
which can work a lot in friction-reduction. The results indi-
cate that PCD processes a complicated tribological prop-
erty when sliding against different mating materials, during 
which the carbon rehybridization is accompanied at sliding 
interfaces, which seriously affects the overall tribological 
performance.

5 � Conclusions

A series of experiments were conducted to evaluate the fric-
tion and wear behavior of PCD sliding against different mat-
ing materials under dry N2 conditions. The results can be 
concluded as follows:

Fig. 10   Schematic diagram 
of the evolution of sliding 
interfaces
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(1)	 The lower steady-state friction coefficients are attrib-
uted to the effects of the interfacial filling effects and 
the formation of transferfilm, which is controlled by the 
tribopairs.

(2)	 The carbon rehybridization accompanying with the 
formation interfacial transferfilm is beneficial to the 
friction reduction.

(3)	 Carbon rehybridization deteriorates the bonding 
strength of diamond bonds and then the main wear 
loss is caused by the exfoliation of fine diamond grains 
under the high shear stress conditions during sliding.
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