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Abstract: The tribological performance and friction-induced vibration of Gd0.2-Ce0.8O1.9 
(GDC) reinforced nickel oxide (NiO) metal matrix composites prepared via sintering on the 
tribological performance, as well as friction induced vibration were investigated. Compared to 
pure NiO, the composites exhibit improved mechanical properties, such as a relatively high 
dislocation density, hardness and small grain size. The results show that GDC-reinforced NiO 
nanocomposites feature improved tribological performance and can suppress the occurrence of 
friction-induced vibration under variable loading conditions. Furthermore, the generated 
acceleration can be suppressed by wear particles generated during the friction process, acting 
as the third body at the contact interface. As a result, the addition of GDC reduces the grain 
size of the composite, increases hardness, and improves tribological properties through the 
synergetic effect of the solid lubricating action of NiO and the role of the third body of the wear 
particle. 

Keywords: NiO-GDC metal matrix composite (NiO/GDC MMC); wear characteristics; worn 
surface morphologies; ball-on-disk (BoD) testing 

 

1. Introduction 

Over the last few decades, metal matrix composite (MMC) coatings with attractive mechanical 
and physical properties, such as high strength, thermal stability, and specific modulus, have 
been reported [1]. Such MMCs combine the ductility and toughness of metallic materials with 
the strength and modulus of ceramic materials, resulting in enhanced shear strength 
compression and heat durability [2]. These coatings possess improved properties such as wear, 
corrosion, and oxidation resistances, and are also capable of self-lubrication; hence, they can 
protect substrates against severe environments during operation [3-5]. In particular, Ni-based 
MMCs are widely used as low-cost solid lubricants with good wear performance under high-
temperature conditions [6-8]. For example, Ni-based composites are employed to enhance 
surface quality, such as cutting tools, rollers and plungers, turbine engine components, piston 
head and rods, and wearing plates [7-11]. 

Stott et al. described three growth conditions of oxides formed on the surface of substrate, such 
as Ni and Co, and displayed the process through which the generated oxides developed into 
“glaze”. It was concluded that the glaze layers consisted of fine crystalline oxide particles 
compacted or compressed into an oxide layer during sliding. In addition, the substrate was pre-
oxidized at high temperatures to form an oxide on the surface. Sliding test was conducted to 
observe the formation of the glaze layer. However, the sliding test at room temperature (RT) 
showed a higher friction coefficient and wear rate than the experimental results at higher 
temperatures [12]. Hager et al. oxidized a Ni disk at high temperature (1000 ℃) to investigate 
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the formation mechanism of the NiO/Ti6Al4V lubricating film at various temperatures, 
including room RT; they secured a nickel oxide layer on the surface and conducted a fretting 
wear test. Ni2O3 formed through heat treatment was reduced to NiO at a high temperature to 
form a glaze tribofilm, resulting in a decrease in the friction coefficient and wear rate. However, 
at RT, it still showed a relatively high coefficient of friction and wear rate, unlike the 
experiments at high temperatures [13]. It is well known that, during take-off (i.e., during the 
heating-up period) and running-in period, wear is most severe, producing many large wear 
particles not only in general metals [14, 15] but also in MMCs [16-18]. Therefore, it is 
necessary to develop an MMC with a low coefficient of friction and wear rate, even during the 
initial test period, including the take-off under RT conditions. To provide a smooth, solid 
lubricant for wear particles under experimental conditions, NiO powder was used to form a 
composite to suppress the generation of Ni2O3 , which may occur during the experimental 
process when Ni is added to the composite. 

This study aims to investigate the enhanced tribological properties of NiO-based 
nanocomposites with the addition of GDC. We provide a detailed description of the tribological 
properties and surface morphology of NiO/GDC composites with varying GDC ratios during 
reciprocating frictional behavior at RT, in order to achieve a better understanding of the friction 
and wear behavior against AISI52100 bearing steel. In addition, the evolution of the friction 
coefficient, wear rate, acceleration due to relative motion, grain size, hardness and fracture 
toughness were studied. Meanwhile, the correlation between acceleration, wear rate, and third 
-body wear was obtained. Lastly, the wear mechanism of the specimen in accordance with the 
added GDC ratio was discussed. 

 

2. Materials and experiments 

2.1 Fabrication of NiO/GDC composites 

NiO (KOJUNDO CHEMICAL) features an FFC crystal structure [19], which provides good 
fracture toughness [20, 21], and it is used as a matrix material for MMCs because the glaze 
generated on the surface through friction can lower the friction coefficient and wear rate. 
Gd0.2-Ce0.8O1.9 (GDC) powder (Rhodia) was used as the reinforcement material because of 
its high hardness and low thermal conductivity [22]; it can be applied to the thermal barrier 
coating material of turbine engine components [23, 24]. Both powders were ball-milled 
together with different NiO:GDC mass ratios of 100:0, 97:3, 95:5, 90:10, 85:15, and 80:20 with 
ethanol for 72 h, to achieve a uniform size distribution. After drying at 80 ℃ for 6 h, NiO and 
GDC powders were pressed at 40 MPa and sintered at 1400 ℃ for 5 h to form dense, disk-like 
NiO/GDC pellets with a diameter of 10 mm and thickness of ~1.1 mm. 

 

2.2 Tribological testing 

Friction and wear tests were performed using a reciprocating ball-on-disk tribometer 
(AUTOTECH, Korea) under dry sliding conditions. All tests were carried out under laboratory 
conditions (temperature ≈ 25 ℃; relative humidity ≈ 50%). The system allows the 
measurement of the friction coefficient and acceleration by using a load cell and accelerometer, 
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respectively. The accelerometer measures the acceleration caused by the relative motion of the 
specimens. As sub-micron-sized hard-particle-reinforced NiO matrix composites are 
considered for use in applications such as cutting tools, turbine engine components, piston head 
and rods, and aerospace engineering, the wear test conditions were set to match those observed 
in such practical applications. Therefore, the tests were performed at a constant applied load of 
40 and 50N with a sliding speed of 20 mm/s for 18000 cycles. An AISI 52100 steel ball (848 
HV, elastic modulus of 210 GPa) with a diameter of 10mm was used as the counterpart. All 
contact surfaces of the specimens were treated with the same polishing process. The mean 
roughness (Ra) of the NiO/GDC composite used in the test was 0.39±0.02 μm. Four repeated 
tests were conducted for each set of frictional pairs. The wear rate of the composites after each 
test was calculated by measuring the wear width and depth using a surface profilometer (SJ410, 
Mitutoyo, resolution: 0.001 μm) and an optical microscope (BX51M, OLYMPUS, resolution: 
0.35 μm).  

 

2.3. Microstructure observation of NiO/GDC composites 

The grain size and crystal structure of the composite were evaluated using X-ray diffraction 
(XRD, Expert pro-MPD, PANalytical) with Cu-Kα radiation (0.15418 nm), and the data were 
analyzed using PANalytical software. The morphologies of the composites were examined 
using the secondary electron image (SEI) mode and backscattered electron image (BEI) mode 
in field emission scanning electron microscopy (FE-SEM, JSM7000F, JEOL). Furthermore, 
surface topography information including surface roughness (Ra), was obtained. 

 

3. Results and discussion 

3.1 Characterization of NiO/GDC composites 

Fig. 1 shows the XRD patterns for determining the crystalline phases of the matrix composites 
with different NiO:GDC mass ratios and sintered at 1400 ℃ for 5 h. Hereinafter, the matrix 
composites with different NiO:GDC mass ratios are denoted as 100:0, 97:3, 95:5, 90:10, 85:15, 
and 80:20, respectively. The 100:0 composite represents the pure NiO ceramic, whereas the 
97:3, 95:5, 90:10, 85:15, and 80:20 composites represent matrix composites containing both 
NiO and GDC phases with the corresponding mass ratios. In addition, the crystalline structures 
of the NiO and GDC phases were verified using an XRD fitting program. Inducing the 
formation of NiO by subjecting the Ni-added composite to friction under high-temperature and 
high-speed conditions, or exposing the surface to high-temperature conditions can lead to the 
formation of Ni2O3 as well as NiO. Therefore, in this study, NiO powder was used to form a 
composite to suppress the generation of Ni2O3 , which can occur during the experimental 
process when Ni is added to the composite. As secondary phases such as Gd2O3, Ni2O3 and 
metal Ni do not exist, the possibility of applying the synthesis method used in this study to 
obtain NiO/GDC composites is confirmed. The mass ratios of the fabricated matrix composites 
were calculated using XRD analysis; subsequently, the volume ratios were converted with the 
densities of NiO and GDC phases, i.e., 6.67 and 7.22 g/cm3, respectively. As shown in Table 1, 
the calculated mass and volume fractions showed good agreement with the designed ratios, 
with an error range of ±5%. 
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Fig. 1 XRD patterns of NiO/GDC composite 

Table. 1 Calculation of material volume and mass fraction by XRD analysis 

 
Fig. 2 shows the SEM images of the fabricated matrix composites with different NiO:GDC 
mass ratios. SEM images of the same area, obtained under the SEI and BEI modes, were 
compared to investigate the detailed microstructures of the fabricated composites. In the SEI 
mode, secondary electrons are emitted significantly close to the specimen surface. In contrast, 
in the BEI mode, backscattered electrons are reflected via elastic scattering from a deeper 
region of the specimen. According to the atomic weight, the signal intensity or contrast 
observed in the BEI mode could be changed. Heavier atoms appear brighter than the lighter 
ones, because the former have a higher energy due to the backscattered electrons. As the GDC 
phase comprises Gd and Ce cations with atomic weights of 157.27 and 140.11, respectively, 
and the NiO phase comprises Ni and O cations with atomic weights of 58.69 and 15.99, 
respectively, the GDC phase appears brighter than the NiO phase in the BEI mode. As the 100:0 
composite is a homogeneous material, no difference in contrast was observed. However, in the 
matrix composite, the GDC phase (bright regions) and NiO phase (dark regions) were clearly 
identified. Both the NiO and GDC phases were uniformly distributed along the entire length of 
the nanofibers. The proportion of bright GDC phases increased with increasing GDC content. 
In particular, the 85:15 nanofibers, as shown in Figs. 2(b-5), displayed the most uniform 
distribution of the NiO and GDC phases, as compared to the other mixing ratios. 

Samples 
Measure mass fraction (%) Measured volume fraction (%) 

NiO GDC NiO GDC 

100:0 100 0 100 0 

97:3 99.82 1.08 99 1 

95:3 97.73 2.27 9.9 2.1 

90:10 92.15 7.85 92.7 7.3 

85:15 87.56 12.44 88.4 11.6 

80:20 75.46 24.54 76.9 23.1 
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Fig. 2 SEM images of samples, S for SEI image (left) and B for BEI image (right). 
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Fig. 3 shows the nanohardness and fracture toughness of the matrix composites with different 
NiO:GDC mass ratios. By using a nanoindenter (NanoTest Vantage Platform, MICRO 
MATERIALS), the nanohardness of each specimen was measured. These measurements of 
nanohardness were performed under a constant load of 500mN, and the loading and unloading 
times were 20s, and 10s, respectively. Indenting was conducted five times and the average data 
of the results plotted, as shown in Fig. 3 (a). As the amount of GDC added increased, the 
hardness of the matrix composite also tended to increase. When the added GDC increased from 
0 to 15%, the hardness increased by 38.11%, whereas when it increased from 0% to 20%, the 
hardness increased by 41.22%. However, it was shown that the increment in hardness decreased 
with the addition of 15% or more of GDC. Fig. 3 (b) shows the fracture toughness of the 
NiO/GDC composites determined via the indentation method. To calculate the fracture 
toughness of matrix composites, Young’s modulus is required. With the reduced modulus, 𝐸𝑟, 
of matrix composites, which can be measured by nanoindenting, Young’s modulus can be 
calculated as follows [25]: 

       1𝐸𝑟 = (1−𝜈2)𝐸 + (1−𝜈𝑖2)𝐸𝑖            (1) 

where E and 𝜈 are the Young’s modulus and Poisson’s ratio of the specimen, respectively, and 𝐸𝑖  and 𝜈𝑖  are the corresponding parameters for the indenter. The indentation fracture 
toughness was calculated using the equation proposed by Antis et al. [26]:  

       𝐾𝐼𝐶 = 0.016(𝐸/𝐻𝑣 )1/2(𝑃/𝑎3/2)          (2) 

The fracture toughness of the pure NiO matrix was 5.12 ± 0.34 MPa ∙ m1/2, which agrees 
with the previously reported value (5.2 ± 0.8 Mpa ∙ m1/2) evaluated via the VAMAS 

procedure on pre-notched specimens [27]. The fracture toughness of the composites 
decreased with increasing GDC contents, however, all these values were higher than that of 

GDC (1.27 ± 0.13 Mpa ∙ m1/2) [22]. 
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Fig. 3 Micro-hardness and fracture toughness of NiO/GDC composites according to the added 
GDC mass ratio (a) Micro-hardness (Vickers hardness, 𝐺𝑃𝑎 ), (b) Fracture-Toughness(𝐾𝐼𝐶  , 𝑀𝑃𝑎 ∙ 𝑚1/2). 
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Fig. 4 presents the crystallite size and dislocation density of the NiO/GDC composites as a 
function of the GDC content. The average crystallite size obtained from the XRD patterns of 
the NiO/GDC composites was calculated according to Scherrer’s equation [27]:  

     𝐷 = 0.9 𝜆𝐵×𝑐𝑜𝑠𝜃      (3) 

where D is the crystallite size, 𝜆 is the wavelength of the X-ray (0.154 nm), B is the full width 
half maximum, and 𝜃 is the diffraction angle. As shown in Fig. 4 (a), the average grain size 
of the NiO/GDC composites decreased by approximately 15.45% as the GDC content increased 
from 0 to 20%. The observed decreasing trends of the average grain size the of NiO/GDC 
composites can be explained by the different melting temperatures that thermodynamically 
affected grain growth [28, 29]. In the case of adding Gd with a low melting point (LMP; 
~1300℃) to YSZ with a high melting point (HMP; ~2600℃) [28] and also, when adding SnO2 
(HMP; ~1630℃) to 𝛼 − Fe2O3 (LMP; ~1530℃) [29], the grain growth of the matrix material 
was limited due to the reduced the grain boundary energy caused by the addition. In this study, 
by addition of GDC with a melting point approximately 2400 ℃ to NiO with a melting point 
approximately 1950 ℃, the grain boundary energy of the NiO phase could be lowered by the 
adjacent GDC phase, thereby suppressing grain growth in the former. The change in the 
dislocation density of the NiO/GDC composites increasing GDC content is shown in Fig. 4 (b). 
The dislocation density is calculated as follows [30]: 

     𝐷 = 𝐾/ √𝜌      (4) 

where 𝐷  is the average grain size, K is a proportionality constant, and 𝜌  is the total 
dislocation density. Fine granularity is achieved through the formation of dislocation cells with 
the accumulation of misorientation across the dislocation cell boundaries [31]. As this occurs 
stochastically [32, 33], the higher the dislocation density, the faster the accumulation of 
misorientaion, resulting in an increase in the yield stress [34]. Therefore, an increase in 
dislocation density increases the number of fine grains in the composite, contributing to an 
increase in hardness (Fig. 3(a)) and a decrease in grain size (Fig. 4(a)). 
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Fig. 4 Grain size and dislocation density of NiO/GDC composites according to added GDC 
mass ratio (a) Crystallite size of composites (𝑛𝑚), (b) Dislocation density (105 × 𝑛𝑚−2) 
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3.2 Tribological analysis of the NiO/GDC composites  

Fig. 5 (a) shows the variations in the steady-state friction coefficient of the NiO/GDC 
composites as a function of the GDC content under the applied normal loads of 40 and 50N. 
Regardless of the amount of GDC in the composites, the friction coefficients under 40N were 
lower than those under 50N. The friction coefficient of the composites under 40N were in the 
range of 0.58 to 0.63. The coefficient of friction for pure NiO was 0.63±0.05. For the NiO/GDC 
composites under 50N, the friction coefficients were in the range of 0.68 to 0.79, and the 
coefficient of pure NiO was 0.73±0.04. Fig. 5 (b) presents a comparison of the friction traces 
of the composites under a normal load of 50N with respect to the number of cycles during the 
continuous reciprocating test (only three composites are shown for brevity). The composite 
with 15% GDC showed a steady-state coefficient of friction with a slight fluctuation and a 
moderate increase. In the sample with 20% GDC, a different behavior was observed; the 
steady-state friction coefficient was reached quickly with large fluctuations in the range of 0.65 
to 0.85. The peak value of the acceleration caused by the stick-slip phenomenon during the 
sliding of the friction system is shown in Fig. 5 (c). In this experiment, under a constant load 
of 50 N, the highest value of 6.73±0.65𝑚/𝑠2 was measured for the pure NiO sample, and the 
lowest value of 2.71±0.52𝑚/𝑠2 was measured for the sample to which 15% GDC was added. 
Fig. 5 (d) shows the average wear rate according to the amount of GDC added, as determined 
through the tribological test. The highest wear rate, i.e., 7.28± 0.84(10−5𝑚𝑚−5/𝑚 ), was 
measured for the pure NiO sample in the experiment conducted under a load of 50 N, and the 
lowest wear rate, i.e., 1.21±0.13(10−5𝑚𝑚−5/𝑚), was measured in the sample to which 15% 
GDC was added. 

As shown in Fig. 5 (a) and (b), the change in the coefficient of friction for all composites under 
both loading conditions is maintained within a narrow range of 0.1 or less, indicating that the 
coefficient of friction was not affected by the amount of GDC added. With a given constant 
roughness as a surface treatment prior to the experiment, the average coefficient of friction in 
the steady state of the specimen tends to change with the applied vertical load rather than the 
positive effect of the added GDC. Wang et al. [35] showed that the coefficient of friction is a 
system value that is only affected by the various contact interfaces under shear stress and that 
it is a variable parameter that can be adjusted by removing individual asperities. This is 
consistent with the results in Fig. 5; it is evident that there is no direct relationship between the 
wear and the coefficient of friction of the composite according to the composition ratio. Wang 
et al. [36] investigated the effects of wear particles on the tangential acceleration in the stick-
slip oscillation environment of five different materials under the same external conditions. It 
was found that the wear particle called the third body, generated during the friction process, 
acts as a lubricant at the contact interface, reducing the stick-slip vibration that causes 
tangential acceleration. In addition, Lu et al. [37] reported that the friction-induced vibration 
and noise generated during the reciprocating motion were caused by stick-slip; through 
experiments, they showed that the generated tangential acceleration was proportional to the 
occurrence of wear. Candan et al. [38] classified SiC particle sizes into two types; by adding 
the same volume fraction to Al2O3, they observed that the abrasion rate was low in specimens 
to which small-sized particles were added. Similarly, Kumar et al. [39, 40] observed that grain 
size reduction through the addition of TiB2 to Al alloy increased the density of the specimen 
and suppressed the occurrence of wear. As the wt.% of the added GDC increased, the 
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coefficient of friction did not undergo a dramatic change (Fig. 4(a)); however, it did exhibit a 
tendency to suppress the occurrence of wear (Fig. 4(d)). This can be attributed to a decrease in 
the friction-induced vibration acceleration (Fig. 4(c)). NiO, the dominant material, also forms 
oxides on the contact interface during the friction process and acts as a solid lubricant to protect 
the base material from severe wear; the generated wear particles also play the role of the third 
body in protecting the material from wear due to stick-slip (additional details are described in 
Figs. 6 and 7). In addition, the increase in dislocation density in the material owing to the 
addition of GDC affords a dense grain structure, which results in a synergistic effect with an 
increase in the hardness of the composite, thereby suppressing the occurrence of wear. 

 

 

 

Fig. 5 (a) Average friction coefficient, (b) Friction coefficient of specimens under 50 N, (c) 
acceleration peak and (d) wear rate of NiO/GDC MMC with different NiO:GDC mass ratios 

 

Figs. 6 and 7 present microscopic images of the wear spots, 2D profile images, and EDS 
analysis results. As shown in Fig. 6, as the amount of the added GDC increased, the wear width 
and depth decreased; this result is consistent with the wear rate trend in Fig. 5(c). Except for 
pure NiO, when the amount of GDC added increased from 3% to 20%, the width and depth of 
the wear spot decreased gradually. Under a normal load of 50 N, as compared to pure NiO, the 
wear rates of the composites with 15% and 20%, decreased by 83.27% and 76.49%, 
respectively. Regardless of the amount of GDC added, detachment due to adhesive wear was 
observed during friction in all the composites, and it was more significant in composites with 
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less than 10% GDC. For specimens with more than 10% GDC, the composite surface featured 
pronounced plowing, and the 2D profile indicated the presence of abrasive wear, including pits, 
owing to the enhancement in hardness. The furrows on the worn surface of the composite were 
formed due to the plowing, scratching, and micro-scratching by the third body particle acting 
as an abrasive at the contact interface. However, despite of the occurrence of plowing, the 
increase in hardness and the reduction in adhesive wear owing to grain refinement reduced the 
total amount of wear. Therefore, it was concluded that the GDC-added specimens showed 
better anti-friction and wear performances than pure NiO. Based on the EDS results, shown in 
Fig. 7, Fe and O elements were found in the wear scar, indicating that material was transferred 
from the ball specimen to the pellet through the friction process. In particular, relatively high 
contents of Fe and O elements were detected in the composite with 10% or more of GDC added. 
The third body particle acts as a solid lubricant at the contact interface, reducing the stick-slip 
phenomenon that occurs during friction and suppressing tangential acceleration. Consequently, 
it protects the substrate from severe wear. According to the observation results in Fig. 6 and 7, 
adhesive wear and oxidative wear were the primary wear mechanisms. 

 

Fig. 6 The optical images and 2-D profiles of the wear tracks of NiO/GDC composites 
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Fig. 7 The SEM/EDS analysis of wear corresponding to NiO/GDC composites 

 

4. Conclusions 

This paper study investigated the enhanced tribological properties of NiO-based 
nanocomposites with the addition of GDC. By varying the ratio of GDC added to the composite, 
at the wear test of the NiO/GDC composites was conducted to measure their friction 
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characteristics and surface morphologies. Based on the experimental results, the following 
conclusions can be drawn:  

(1) The composite was produced by adding GDC powder to NiO powder as a reinforcement 
material, and verification of the specimen was performed through XRD analysis. NiO was 
added instead of Ni to minimize the generation of impurities such as Ni2O3, which may be 
generated during the friction process. As the amount of added GDC increased, the dislocation 
density in the specimen increased, resulting in the accumulation of misorientation. 
Consequently, the grain size and hardness increased owing to the increase in dislocation density 
in the composite. 

(2) The acceleration generated by the stick-slip phenomenon during reciprocating frictional 
movement decreased in magnitude as the amount of added GDC increased. This was owing to 
the suppression of the stick-slip phenomenon at the contact interface by the wear particles 
generated during friction, which acted as third body particles. As a result, the addition of GDC 
reduced the grain size of the composite, increased the hardness, and improved the tribological 
properties through the synergetic effect of the solid lubricating action of NiO and the wear 
particles acting as the third body. 
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Figures

Figure 1

XRD patterns of NiO/GDC composite



Figure 2

SEM images of samples, S for SEI image (left) and B for BEI image (right).



Figure 3

Micro-hardness and fracture toughness of NiO/GDC composites according to the added GDC mass ratio
(a) Micro-hardness (Vickers hardness, GPa), (b) Fracture-Toughness(K_IC, MPam^(1/2)).



Figure 4

please see the manuscript �le for the full caption



Figure 5

(a) Average friction coe�cient, (b) Friction coe�cient of specimens under 50 N, (c) acceleration peak and
(d) wear rate of NiO/GDC MMC with different NiO:GDC mass ratios



Figure 6

The optical images and 2-D pro�les of the wear tracks of NiO/GDC composites



Figure 7

The SEM/EDS analysis of wear corresponding to NiO/GDC composites


