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Investigation on Friction and Wear Properties of High-Temperature Bearing Steel 9Cr18Mo
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This paper presented a study of friction and wear on 9Cr18Mo when rubbed against other 
materials (steel-304, steel-440C, steel-GCr15 or silicon nitride ceramic ball) at high temperature 
conditions. Friction and wear tests were carried out with universal a friction and wear testing 
machine. The wear morphology was analyzed by a Nanovea three-dimensional profilometer and 
trinocular positive Gang metallurgical microscope. The Vickers hardness of 9Cr18Mo at different 
temperatures was tested by means of a high temperature vacuum hardometer. Results showed 
that the friction and wear on the contact surface of the 9Cr18Mo sample are higher when the 
hardness of counter materials is higher than or similar to that of the sample. Under dry sliding 
conditions, the 9Cr18Mo sample surface presented various degrees of adhesion, plowing and pit, 
particularly if tested in the presence of a high temperature environment. During the worn stages, 
the counter materials on the worn surface successively produced cracks, crack growth, and wear 
debris under the action of load. Moreover, the frictional pair 9Cr18Mo-ceramic showed good 
anti-wear behavior at 400 °C that proved the anti high temperature performance of 9Cr18Mo.
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1. Introduction

To ensure the reliability and stability of high-speed 
bearings, the bearing steel must possess high hardness, high 
temperature resistance, wear resistance, fracture toughness, 
dimensional stability, and corrosion resistance.1-5 Due to 
its good mechanical properties and corrosion resistance, 
9Cr18Mo (AISI 440C) martensitic stainless steel is widely 
used as a bearing material in energy, aerospace, metallurgy, 
materials processing, and other industrial fields.6-8 However, 
the long operation time of bearings materials will produce 
pitting and wear on the surfaces leading to the failure of 
bearings and abnormal operation of devices.9-12 Moreover, 
the degraded performance of vulnerable parts in mechanical 
products is mostly caused by friction and wear. If the 
amount of unnecessary friction and wear can be reduced and 
controlled, the performance and service life of vulnerable 
parts will be improved. Therefore, the understanding of the 
friction and wear mechanisms is of great significance on 
the improvement of reliability and stability of bearings.13-21

In harsh conditions, a conventional lubrication of moving 
parts is difficult. These moving parts typically operate under 
dry conditions such as in dust and sand. Therefore, the 
investigation of the tribological characteristics of engineering 
materials under dry sliding conditions is necessary.22-25 Ma 
et al.26 researched the friction and wear behaviour of steel with 
bionic non-smooth surfaces under dry wear condition, and 
results showed that the bionic surface of testing samples had 
better wear resistance and provided stable friction coefficient 

to some extent. Sun et al.27 studied the sliding wear behavior 
of plasma nitrided layers produced in AISI 316 type austenitic 
stainless steel at high temperatures. The results indicated 
that the plasma nitriding at various temperatures increases 
the wear resistance of 316 steel by more than two orders 
of magnitude when sliding against bearing steel under dry 
sliding conditions. Jin et al.28 reasearched the tribological 
properties of bronze-Cr-Ag composites sliding against AISI 
52100 steel under dry sliding conditions. Thus, various studies 
indicated the importance of friction and wear behavior of 
bearing steel under dry sliding conditions.

High temperature friction involves energy transfer, 
material migration and transformation between two frictional 
surfaces. Such transformation mainly involves adhesion, 
plowing, deformation between two relative motion surfaces 
and damage, and loss of material. At high speeds and high 
temperature environments, the temperature of the frictional 
surface is extremely high leading to oxidation, phase 
change and composition change. The frictional properties 
of materials will be influenced by these variations.

The ceramic, steel-440C, steel-GCr15 and steel-304 
is the most commonly used as bearing material. The inner 
and outer ring of some high-temperature bearings is steel, 
but the ball is ceramic. Therefore, we study the friction 
properties of several bearing materials with different 
temperature have practical significance. In this paper, to 
investigate the tribological properties of 9Cr18Mo bearing 
steel, the performance tests of 9Cr18Mo was completed. 
At room temperature and high temperature conditions, 
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the coefficient of friction and worn surface for 9Cr18Mo 
sample were analyzed by changing its frictional pair 
(steel-304, steel-440C, steel-GCr15, or silicon nitride ceramic).

2. Materials and Experimental Method

The experimental methodology basically consisted of 
rubbing spherical pellets on the top surface of a metallic 
cylinder-shaped sample (i.e. the cylinder-shaped sample and 
the pellets constitute frictional pairs). While the material of 
the cylinder-shaped sample, here and after call "the sample", 
was the same over all the experiments, the material of the 
pellets was varied. Therefore, the samples are considered 
the basic frictional pair, and the pellets are considered the 
secondary frictional pair. The next subsections describe the 
materials used and the experimental methodology followed 
to investigate the characteristics of wear and friction on the 
basic frictional pair as the secondary frictional pair is varied.

2.1 Preparation of test materials

The basic frictional pair was made of 9Cr18Mo bearing 
steel. The chemical composition of the 9Cr18Mo sample 
was measured by Foundry-Master Pro vertical direct reading 
spectrometer (see Table 1). The secondary frictional pair 
(pellets 6 mm in diameter) was made of silicon nitride 
ceramic, steel-440C, steel-GCr15, or steel-304.

Fig. 1 shows a mechanical drawing of the basic frictional pair 
sample for the room temperature friction and wear test. These 
samples were fabricated in accordance with the requirements 
of the testing machine. Before conducting friction and wear 
tests, it was determined the variation of the sample hardness 
during temperature changes was determined. The 9Cr18Mo 
sample size for the high temperature Vickers hardness tests 
was ϕ40×10 mm. Finally, high temperature reciprocating 
friction and wear tests were performed in one frictional pair 
(9Cr18Mo-ceramic) by varying the temperature in order to 
investigate the effects of high temperatures on the severity of 
friction and wear. The sample size for the high temperature 
reciprocating friction and wear tests was ϕ12×3 mm.

Table 1. Chemical composition of 9Cr18Mo bearing steel.
Element C Si Mn P S Cr Mo Ni

Content (wt.%) 0.974 0.008 0.498 0.019 0.005 17.2 0.492 0.092

Figure 1. Mechanical drawing for the friction and wear of 
9Cr18Mo samples

2.2 Experimental method

The experimental methodology consisted of successively 
performing the next experimental tests: high temperature Vickers 
hardness test, friction and wear test at room temperature, 
and friction and wear test at high temperature. These tests 
can be described as follows:

(1)	 High temperature Vickers hardness test. This test was 
carried out with a HVT-1000W high-temperature 
vacuum hardometer which can provide 2×10-5 Pa of 
vacuum degree. Tests were conducted at different 
sample temperatures (20, 100, 200, 300 and 400 °C) 
with a normal load of 10 N and a dwell time of 
30 s. The varied temperatures are provided by the 
heating module and maintained steadily through 
the temperature control sensor in the hardometer. 
Since the suitable operating temperature for 
9Cr18Mo bearing steel should be below 380 °C, no 
temperatures exceeding 400 °C were investigated 
in this experimental research.

(2)	 Room temperature friction and wear test. This test 
was conducted on a MMW-1A universal friction 
and wear testing machine (see Fig. 2(a)). This 
testing machine is controlled by a computer and 
the working principle of the tests is shown in 
Fig. 2(b). The worn morphology of the sample 
was observed by a trinocular positive Gang 
metallurgical microscope and its weight loss 
was measured by means of an electronic balance. 
Several tests were conducted by varying the 
pellets rubbing against the 9Cr18Mo sample 
and by keeping a rotational speed of 100 rev/
min, a load of 20 N, and a period of 5 min.

(3)	 High temperature reciprocating friction and 
wear test. This test was conducted on a MGG-02 
high temperature reciprocating friction and wear 
testing machine (observe Fig. 3(a)). The working 
principle of the high temperature reciprocating 
friction and wear test is shown in Fig. 3(b). 
With the same load and testing time, the friction 
coefficient for 9Cr18Mo-cermaic frictional pair 
at different temperatures (20, 100, 200, 300 and 
400 °C) was evaluated. These experiments were 
performed with a load of 20 N, stroke of 2 mm, 
frequency of 20 Hz, and period of 5 min. The 
surface roughness and the three-dimensional 
morphology of the sample, before and after the 
test, were observed by means of a 3D profilometer. 
The amount and volume of wear were determined 
by the wear measuring instrument.
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Figure 2. MMW-1A universal friction and wear testing machine: 
(a) experimental setup and (b) working principle

Figure 3. MGG-02 high temperature reciprocating friction and wear testing machine: (a) experimental setup and (b) working 
principle

Figure 4. The sample indentations under different temperatures. Note: the red diagonals are the diagonal length of mean 
indentation (d)

3. Results and Discussion

3.1 High temperature Vickers hardness test

The Vickers hardness (HV) of the bearing steel 9Cr18Mo 
sample at different temperatures was obtained with a load of 
10 N and a period of 30 s. The resultant indentations under 
different temperatures are shown in Fig. 4. The Vickers 
hardness was calculated according to the next equation:
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morphologies for the 9Cr18Mo sample with different 
secondary frictional pairs are given in Fig. 7. As shown 
in the figure, the frictional surfaces have different degrees 
of abrasion and binding under dry friction state. The wear 
marks are significantly severe. In theory, the temperature 
of the contact surface was higher than other regions during 
the test, therefore the contact surface as the worn surface 
could easily produce cracks, crack growth and wear debris. 
This transition from mild to severe wear was mainly due 
to the effect of the temperature on the structure properties 
of 9Cr18Mo samples as the temperature increases.

Where F is the load (N), S is the indentation area 
(mm2), α is the head relative angle (136°), and d is the 
diagonal length (mm)of mean indentation.

Fig. 5 shows the variation of the hardness of the 
9Cr18Mo sample bearing steel with increasing temperature. 
As shown in the figure, the Vickers hardness of 9Cr18Mo 
decreases rapidly with increasing temperature, especially 
when increasing from room temperature to 200 °C. It is 
important to mention that the resistance value and oxidation 
degree of the sample surface could have a significant impact 
on the test results. Therefore, the vacuum degree inside 
the vacuum chamber was the same during any test, and 
the vacuum pump was turned off until the samples cooled 
down to the same temperature after the end of the test.

Figure 5. The variation of the hardness of the 9Cr18Mo sample 
with increasing temperature

3.2 Analysis of room temperature friction and 
wear test

Fig. 6 shows the temporal variation of the friction 
coefficient of 9Cr18Mo with different secondary frictional 
pairs. The friction coefficient curves for 9Cr18Mo-ceramic 
and 9Cr18Mo-GCr15 grow over time. Although the coefficient 
of friction curve for 9Cr18Mo-ceramic shows a decrease on 
the last few 25 s of the test. the friction coefficient curve 
for 9Cr18Mo-440C monotonically increases over time with 
exception of two short time intervals of the test (50-100 s 
and 275-300 s). The only friction coefficient curve showing 
significant fluctuations is the one for 9Cr18Mo-304 which 
approximately fluctuates from 0.5 to 0.6. The 9Cr18Mo-
ceramic, 9Cr18Mo-440C and 9Cr18Mo-GCr15 frictional 
pairs show similar temporal coefficient of friction behavior, 
but that of the 9Cr18Mo-304 frictional pairs is quite different. 
The friction coefficient for 9Cr18Mo-304 frictional pair was 
larger than the others in most of the test time.

The 3D profilometer was used to observe the worst 
part of the local wear. From the observed results, the 
friction and wear properties of the 9Cr18Mo samples 
with secondary frictional pairs were analyzed. The worn 
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Figure 6. The variation of the friction coefficient for 9Cr18Mo and 
different secondary frictional pairs

The mass of the 9Cr18Mo sample before and after the 
test was measured by an electronic balance in precision. 
Fig. 8 shows the weight loss of the 9Cr18Mo sample 
in function of the frictional pair used. The rate of wear 
volume was calculated according to the next equation:

					            (2)

Where V is the worn volume, N is the test load, L is 
the friction distance, Δm is the worn mass, ρ is the actual 
density of the sample, r is the friction radius, v is the 
frictional rotational speed and t is the frictional time. The 
largest and smallest weight losses were obtained for the 
9Cr18Mo-440C and the 9Cr18Mo-ceramic frictional pairs, 
respectively. These results indicate that the friction and 
wear on the contact surface of the 9Cr18Mo sample are 
higher when the hardness of the secondary frictional pair is 
higher than or similar to that of the sample. Additionally, 
the worn width and weight loss of the 9Cr18Mo sample 
were greatly influenced by the coefficient of friction. The 
9Cr18Mo-304 frictional pair with the largest coefficient 
of friction had the worst worn surface.

In order to identify the degree of friction and wear, 
it is indispensable to investigate the worn morphology 
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Figure 7. Worn morphologies for 9Cr18Mo with different secondary frictional pairs

Figure 8. The mass of the 9Cr18Mo sample before and after the tests

of different friction pairs. Fig. 9 shows the stereogram 
and depth image of grinding cracks from four different 
friction pairs. Components of each pair were rubbed 
against each other under same conditions, and the results 
were measured by three dimension profilometer. We can 
see from the three-dimensional topography, the wear of 
440C steel is more serious, the wear scar is wide and 
deep. The wear of ceramic is lighter, the wear scar is 
relatively narrow and shallow.

Through analysis and calculation, the wear surface 
parameters of the 9Cr18Mo sample after being rubbed 
against the different balls were determined (see Table 2). 
The deepest point and sectional view of grinding marks 
on each 9Cr18Mo sample are shown in Fig. 10. At the 
dry frictional state, the frictional wear surface had varying 
degrees of burning, adhesion, plowing and pit for the different 
secondary frictional pairs. The pit depth was deeper in the 
9Cr18Mo-304 and 9Cr18Mo-GCr15 frictional pairs, because 
these frictional pairs presented higher coefficients of friction.

3.3 Analysis of high temperatures friction and 
wear test

Because the good performance of 9Cr18Mo-ceramic 
frictional pair at room temperature friction and wear test, it 
is necessary to investigate the friction and wear behaviors 
of 9Cr18Mo-ceramic pair at high temperatures. The surface 
roughness, coefficient of friction, as well as worn volume 
were determined before and after each test (see Table 3). 
Additionally, the deepest points and sectional views for 
each test were generated too (see Fig. 11). At the dry 
friction state, the frictional surface had varying degrees 
of adhesion, plowing and pit at different temperatures. 
The pit depth was deeper with increasing temperature. 
This transition demonstrated that the temperature highly 
acted on the structure properties of 9Cr18Mo sample.
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Figure 9. Three-dimensional wear morphology of four kinds of materials

Table 2. The worn surface parameters for the 9Cr18Mo sample in function of the secondary frictional pair.
Parameter (µm) Ceramic Steel-304 Steel-440C Steel-GCr15
Largest wave height 19.200 19.989 19.781 18.643
Largest sag height 23.338 26.909 20.076 36.329
Maximum altitude 42.538 46.898 39.857 54.972
Arithmetic average height 4.743 4.466 4.934 7.205
RMS height 5.835 5.643 6.064 8.543

Figure 10. The deepest point and sectional view of the grinding marks on the 9Cr18Mo sample surface for different frictional pairs
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Table 3. The friction and wear experimental data for the 9Cr18Mo sample when rubbed by the ceramic frictional pair.
Experimental temperature (°C) 20 100 200 300 400
Surface roughness before test (µm) 0.822 0.782 0.761 0.813 0.807
Surface roughness after test (µm) 3.125 2.916 2.972 3.207 2.813
Friction coefficient 0.1497 0.1524 0.1613 0.1951 0.1568
Worn volume (mm3) 0.0049 0.0056 0.0082 0.0131 0.0072

Figure 11. The deepest point and sectional view of the grinding marks on the 9Cr18Mo sample surface for the ceramic frictional pair 
and at different test temperatures

Figure 12. The coefficient of friction and worn volume for the 
9Cr18Mo sample as functions of temperature

Fig. 12 shows the variation of the friction coefficient and 
worn volume as functions of temperature for the 9Cr18Mo 
sample when rubbed by the ceramic frictional pair. By 
comparison, it can be seen that the high temperature friction 
and wear properties of the 9Cr18Mo sample are the worst 
at 300 °C. And the 9Cr18Mo-ceramic frictional pair show 
good friction and wear behaviors at 400 °C. It is possible 
that the formation of protective film on the worn surface at 
400 °C leads to the decrease of friction coefficient.

4. Conclusions

In this paper, to investigate the tribological properties of 
9Cr18Mo bearing steel, the performance tests of 9Cr18Mo 
and the frictional and wear experiments for 9Cr18Mo paired 
to different frictional pairs were performed. The Vickers 
hardness and friction coefficients were evaluated. The worn 

surfaces, weight loss, and worn volume of the 9Cr18Mo 
samples were analyzed. The following conclusions resulting 
from the tribological experiments can be derived:

1.	 The Vickers hardness of 9Cr18Mo was determined 
to decrease rapidly with increasing temperature, 
especially from room temperature to 200 °C.

2.	 The friction and wear on the contact surface was found 
to be higher when the 9Cr18Mo sample was rubbed 
against the 440C-ball because of the similar hardness. 
The transition from mild wear to severe wear was 
due to the effect of the temperature on the structure 
properties of 9Cr18Mo sample, so the friction and 
wear of the frictional surface at high temperatures 
was higher. Moreover, the frictional pair 9Cr18Mo-
ceramic showed good anti-wear behavior at 400 °C.
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