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Abstract
The influences of primary carbide size and type on the sliding wear behavior and rolling contact fatigue (RCF) properties 
of M50 bearing steel were systematically investigated under oil lubrication condition. A major breakthrough was achieved 
in the influence of primary carbide on tribological behavior. The opposite effect brought by primary carbide size on the 
sliding wear resistance and RCF life of M50 bearing steel was determined. Wear resistance increased with an increase in 
the studied primary carbide size, whereas RCF life decreased significantly. Compared with the 0 R and R positions with a 
relatively small carbide size, the wear volume of the 1/2 R position with a large carbide size was the smallest. Compared 
with the 0 R and R positions, the L10 life of the 1/2 R position decreased by 82.7% and 84.8%, respectively. On the basis of 
the statistical correlation between primary carbide size and the two tribological properties, a critical maximum carbide size 
of 5–10 μm was proposed to achieve optimal tribological performance. This research suggests that the equivalent diameter 
of the primary carbide should be controlled to be smaller than 10 μm, but further decreasing primary carbide size to less 
than 5 μm is unnecessary. The influence of primary carbide type in M50 bearing steel on sliding wear resistance was also 
discussed. Results indicate that the MC-type carbides with higher elastic modulus and microhardness exhibit better wear 
resistance than the M2C-type carbides.
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1 Introduction

The working environment of bearings has become increas-
ingly harsh with the development of aviation technology [1, 
2]. Therefore, higher requirements for the performance of 
bearing steel have been proposed [3, 4]. M50 bearing steel 

is extensively used in the main shaft bearings of aircraft 
engines due to its excellent high-temperature performance, 
high-dimensional stability, and remarkable rolling contact 
fatigue (RCF) performance [5–7]. However, rolling-sliding 
contact can lead to the premature failure of M50 bearing 
under extreme working conditions [8]. Therefore, the slid-
ing wear resistance and the RCF performance of M50 bear-
ing steel are critical. M50 bearing steel is a high-carbon 
and high-alloyed steel, that is rich in Cr, Mo, and V, which 
are important carbide-forming elements. The mechanical 
properties of M50 bearing steel are strongly dependent on 
the type, size, and quantity of carbides [9–11]. Secondary 
carbides formed after heat treatment processing are typically 
nano-sized and play a role in the secondary strengthening of 
the matrix [12, 13]. Primary carbides are large and usually 
difficult to dissolve through heat treatment. Simultaneously, 
primary carbides are often the initiation site of material fail-
ure [14, 15]. Therefore, primary carbides in M50 bearing 
steel have always been the focus of research.

Loy et al. [16] expounded that butterflies were more likely 
to occur in large primary carbides, this condition would be 
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detrimental to RCF life. Wang et al. [17] improved the micro-
structure and fatigue properties of M50 bearing steel by com-
bining quenching treatment with cold deformation, one of the 
primary reasons for this improvement was attributed to the 
refinement of primary carbides. Therefore, researchers have 
reached a consensus that coarse primary carbides are detri-
mental to the RCF life of M50 bearing steel. Researchers have 
been working to reduce primary carbide size in M50 bearing 
steel by using various techniques. Examples, include adding 
modifiers to steel, such as Nb [18, 19], Ti [20], Mo [21], and 
rare earth elements [22]; changing cooling rates [23]; heat 
treatment [24]; and mechanical fragmentation [25]. However, 
whether a critical size that is sufficiently small to obtain the 
required RCF life is existing remains unknown.

Meanwhile, no uniform understanding of the effect of pri-
mary carbides on sliding wear behavior is available. Jiang 
et al. [26] refined primary carbides by changing forging ratio 
and confirmed that the wear resistance of alloyed steel was 
significantly improved. Differently, Xu et al. [27] studied the 
effects of large primary carbides in high-speed steel on friction 
and wear behavior under high-pressure contact, their results 
showed that large primary carbides combined with a matrix 
could form high-hardness lumps and resist scratches effec-
tively. Similarly, Krell et al. [28] confirmed that casting alloys 
with large primary carbides exhibited optimal wear resistance 
because large carbides supported themselves and reduced 
wear. One possible cause of the controversy results is that the 
preceding studies cannot eliminate the influences from mate-
rial preparation, such as the smelting method, the rolling, and 
the heat treatment process. In addition, Xu et al. [29] verified 
that the type of primary carbides exerted a significant effect 
on the wear resistance of high-speed steel.

In summary, the primary carbide size for the M50 bearing 
steel should be as small as possible to achieve the best RCF 
performance. Meanwhile, to achieve the optimal sliding wear 
resistance, a controversy exists with regard to its best size. 
Final M50 bearing performance is determined by RCF life and 
sliding wear resistance. However, no systematic study has yet 
been conducted on the relationship between primary carbide 
size and tribological behavior in which RCF and sliding wear 
are considered.

In the present work, the effects of primary carbide size 
and type on the sliding wear and RCF properties of M50 
bearing steel were investigated under oil lubrication condi-
tion. To avoid material preparation interferences, different 
primary carbide size samples were cut from a same rod. 
This work aims to determine the critical carbide size range 
that is favorable for sliding wear resistance and RCF life. 

The influence mechanism of primary carbide type on tri-
bological behavior is also discussed. This study can pro-
vide important guidance for the selective modification of 
primary carbides in M50 bearing steel.

2  Experimental

2.1  Materials

An M50 rod with a diameter of 80 mm was used in this 
study. The M50 rod was prepared via vacuum induction 
melting and vacuum arc remelting. The chemical compo-
sitions (in wt%) of the M50 rod analyzed by ICP (induc-
tively coupled plasma emission spectrometer) are provided 
in Table 1. The M50 bearing steel sample was heat-treated 
at 1080 ℃ for 30 min, followed by oil quenching, and then 
tempered at 540 ℃ for 2 h three times. The final hardness 
of the steel was 62 ± 1 HRC.

2.2  Sliding Friction and Wear Tests

Reciprocating sliding friction and wear tests were per-
formed using a UMT-2 ball-on-plate tribometer under 
oil (Mobil Jet Oil II) lubrication condition. The static 
upper sample was a silicon nitride  (Si3N4) ball with a 
diameter of 4 mm. The reciprocating lower sample was a 
20 mm × 12 mm × 4 mm plate, that was cut from the M50 
rod by using a Wire-cut electrical discharge machining. 
The samples were cut sequentially from the center to the 
edge of the M50 rod and designated as Samples 1# to 
8#. The test face was the one toward the edge of the M50 
rod. The sliding direction (parallel to the sample length) 
was perpendicular to the rod axis. The ball-on-plate test 
principle and the schematic of sample cutting are shown 
in Fig. 1.

In this study, 210 N was selected with the calculated 
Hertzian contact stress of 5.7 GPa to simulate the harsh 
working condition of aero-engine bearing. The test was 
conducted under a stroke length of 10 mm. The frequency 
was set as 2 Hz. The test duration was 1 h. All tests were 
repeated at least three times. Before the sliding wear 
tests, the test face of the samples was ground and pol-
ished mechanically to achieve a final roughness (Ra) of 
0.01–0.02 μm and ultrasonically cleaned with alcohol and 
acetone.

Table 1  Chemical composition 
of M50 bearing steel (wt%)

C Si V Cr Mn Mo La Ce Fe

0.84 0.21 0.99 4.01 0.21 3.96 0.0017 0.0023 Bal.
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2.3  RCF Tests

RCF tests were performed on an MJP-15 ball-on-rod RCF 
machine. The ball-on-rod test principle is schematically 
illustrated in Fig. 2a. The rod sample with a diameter of 
12 mm and a length of 120 mm was cut from the 0 R, 1/2 
R and R positions of the heat-treated φ80 mm M50 rod. 
The schematic of sample cutting and the position rela-
tionship between the sliding and rolling samples in the 
same M50 rod are shown in Fig. 2b, c. The cylindrical 
M50 bearing steel rods were supported and radially loaded 
by three  Si3N4 balls with a diameter of 12.7 mm. The 
load exerted by different amounts of weights was passed 

through a cantilever to the cup. RCF tests were conducted 
with 15 N weights. The corresponding maximum Hertzian 
contact pressure was 4.2 GPa. All the tests were performed 
at ambient temperature under circulating oil (Mobil Jet Oil 
II) lubricating conditions. The rod sample was driven by 
an electric motor to rotate at 5000 r/min. Following the 
rotation of the rod sample, the three  Si3N4 balls pressed on 
the rod sample produced planetary motions through fric-
tion at the elliptical contacts. The contacting loop between 
the rod sample and the  Si3N4 balls could be changed axi-
ally and up to six RCF tests could be completed on a rod 
sample. When spalling occurred, which generated a large 
vibration signal captured by the sensor, the RCF tests 
stopped automatically.

Fig. 1  Diagrams of experimental setup and sample cutting: a schematic of UMT-2 reciprocating apparatus, b schematic of sample cutting

Fig. 2  Diagrams of the experimental setup and sample cutting: a schematic of the ball-on-rod test geometry, b schematic of specimen cutting, c 
position relationship between the sliding and rolling samples
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2.4  Analysis Methods

The microstructure of the M50 bearing steel matrix and car-
bides was observed using a KEYENCE VHX-6000 optical 
microscope. The matrix sample was prepared by mechani-
cally polishing and then etching in an alcohol solution with 
4% nitric acid (volume fraction). The samples used to cal-
culate carbides were etched in a solution with anhydrous 
copper sulfate, hydrochloric acid, and water. The volume 
ratio was 1:5:5. Subsequently, 20 metallographic images 
were taken for each sample and statistical and other analyses 
were performed using Image-Pro Plus software. The phase 
constitutions of the M50 bearing steel were measured via 
X-ray diffraction (XRD) with a D8 A diffractometer (Bruker, 
Germany) by using Cu-Kα radiation. The samples for XRD 
were ground using a 240–1500 grit sandpaper to obtain a 
smooth surface. The hardness and elastic modulus of the 
primary carbides were tested using a nano indentation tester 
with a depth of 400 nm.

The profiles of the wear track were measured using a 
2300A-R profilometer. Then, the mean wear volume was 
calculated on the basis of the measured eight profiles with 
equal distance of the wear track. A white light interferometer 
from RTEC Instruments was used to characterize the 3D and 
2D topographies near the primary carbides. Field-emission 
scanning electron microscopy (SEM) was performed using 
Zeiss Sigma 500 to observe the morphology of the carbides, 
the wear track surface, and the section. This instrument is 
integrated with an energy-dispersive X-ray spectroscopy 
(EDS) analysis system to determine chemical composition. 
Carbide type analysis was conducted with a backscattered 
electron (BSE) detector. To quantitatively investigate the 
area fraction variation of the two carbides, five photographs 
were taken randomly for each sample and then statistically 
examined using the Image-Pro Plus software.

3  Results

3.1  Microstructure and Phase Composition

The microstructure and phase composition of the M50 bear-
ing steel are shown in Fig. 3. In accordance with optical 
morphology, the microstructure of the M50 bearing steel 
after quenching and tempering is largely composed of mar-
tensite and primary carbides. Figure 3b depicts the XRD 
pattern of the M50 bearing steel. The major diffraction peaks 
are body-centered cubic α-Fe phase and the steel consisted 
of MC and M2C primary carbides.

To distinguish the types of primary carbides, the micro-
graph, in backscattered dispersion (BSD) mode, and elemen-
tal distribution maps of carbides are shown as Fig. 4. White 
and gray carbides coexist in the matrix. In accordance with 
the elemental distribution maps, the primary carbides mostly 
contain Mo, V, C, Fe, and Cr. The carbides are divided into 
two types on the basis of element distribution: the white 
ones, which are Mo-rich and called M2C; and the gray ones, 
which are V-rich and called MC [30]. In general, M2C-type 
carbide is slender and rod-like, while MC-type carbide is 
spherical.

3.2  Sliding Wear Properties

The average friction coefficient and wear volume of different 
position samples are depicted in Fig. 5. The average friction 
coefficient of different position samples remains stable at 
about 0.12, and the error bar is extremely small (the error bar 
is the standard deviation of three repeated tests). However, 
wear volume tends to decrease initially and then increase 
when the sample positions change from the center to the 
edge. Sample 3# and 8# exhibit minimum and maximum 
wear volume, respectively.

Fig. 3  Microstructure a, XRD pattern b of the M50 bearing steel
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To obtain additional information about wear behavior, 
SEM morphology of the wear track surface is presented in 
Fig. 6. Sample 3# has the densest primary carbides with a 
relatively large size. Correspondingly, Sample 8# has fewer 
primary carbides with evidently decreasing size. In addition, 
the M2C-type carbides of Samples 1#, 5#, and 8# exhibit a 
larger aspect ratio, while those of Sample 3# have a smaller 
aspect ratio and present a large block-like morphology. How-
ever, the MC-type carbides are nearly spherical in all the 
different position samples, but Sample 3# is larger.

As shown in Fig. 6a, deeper grooves parallel to the 
sliding direction are easily formed adjacent to the smaller 
MC-type carbides, these grooves are typical features of 
abrasive wear [31]. However, nearly no groove is found 

near the larger MC-type carbides. For Sample 3#, only 
one groove can be found on the wear track surface, which 
appears smoother, as shown in Fig. 6b. From the cor-
responding enlarged morphology in Fig. 6f, the surface 
of the M2C-type carbides with a larger aspect ratio have 
microcracks and shallow grooves, while the ones with a 
smaller aspect ratio have a lower probability of being dam-
aged. For Sample 5# and 8#, longer and deeper grooves 
can be observed on the wear track surface. As shown in 
Fig. 6g, h, the slender rod-like M2C-type carbides can 
hardly resist sliding wear, and even the carbides them-
selves can be broken off during the sliding process. By 
contrast, the wider and blocky M2C-type carbides are 
more resistant to sliding wear, as shown in Fig. 6f, g. In 

Fig. 4  SEM micrograph (BSD mode) and elemental distribution maps of carbides

Fig. 5  Average friction coefficient a, wear volume b of different specimens
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Fig. 6  SEM images of the wear track surface of different specimen: a–d 1#, 3#, 5#, and 8#; e–h corresponding enlarged images of the rectangle
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addition, microcracks and fractures are seldom observed 
on the surface of MC-type carbides.

To analyze wear behavior from the subsurface, the origi-
nal sections (before the wear test) and the typical micro-
structure of wear cross sections (after the wear test) are 
characterized. For example, Fig. 7 shows the cross-section 
images of the original and tested samples (1#, 3#, and 8#). 
The original surface of the sample is relatively smooth, as 
shown in Fig. 7a.

As shown in Fig. 7b, in accordance with the cross-section 
morphology of Sample 1#, MC-type carbides may protrude 
from the wear track surface, but M2C-type carbides hardly 
protrude from the wear track surface. However, many large 
primary carbides can be observed in the cross section of 
Sample 3#, and neither MC nor M2C-type carbides exhibit 
the phenomenon of fragmentation, and thus, they can play 
an important supporting role in the matrix. For Sample 
8#, a microcrack has developed between the bottom of the 
small MC-type carbides and the matrix. Meanwhile, given 
the combined action of normal stress and shear stress, the 
slender rod-like M2C-type carbides are broken off and the 
residual fractured carbides at both ends can be observed. 
At this point, a microcrack is clearly displayed between the 
M2C-type carbides and the matrix.

3.3  RCF Properties

As a bearing steel, the RCF property of M50 bearing steel 
is crucial and RCF life is a key indicator. Figure 8 shows a 
typical spalling on the rod sample’s wear track surface after 
3.01 ×  107 cycles of RCF test. The arrow points to the rolling 
direction of the M50 rod. The depth of the spalling is about 
114.43 μm. Except for the spalling, the wear track surface 
remains nearly the same as the original.

Figure 9 presents the fatigue data scatter diagram and 
the two-parameter Weibull curves of the fatigue life of M50 
bearing steel. Although the result of each single RCF test 
is highly different, a statistical law can be generalized from 
sufficient experiments. Failure life is analyzed on the basis 
of the conception of the Weibull distribution in accordance 
with Eq. (1) [32–34].

where N denotes the cycles to failure under RCF, P(N) is 
the failure probability, Vs is the characteristic lifetime of 
the Weibull distribution (N), when P(N) = 0.632, the cor-
responding bearing life cycles, and b is the Weibull slope.

Furthermore, the Weibull curve slopes and the RCF life 
with a failure probability of 10% (L10), the RCF life with 
a failure probability of 50% (L50), and the RCF life with a 
failure probability of 63.2% (LVs) of the three positions of 

(1)P(N) = 1 − exp

[

−

(

N

Vs

)b
]

,

M50 bearing steel are listed in Table 2. The values of the 
Weibull curve slopes and the L10, L50, and LVs (L63.2) life 
of the 0 R position are 1.5 ×  107, 5.51 ×  107, 7.1 ×  107, and 
1.447, respectively. The values of the Weibull curve slopes 
and the L10, L50, and LVs (L63.2) life of the R position are 
1.69 ×  107, 5.48 ×  107, 6.89 ×  107, and 1.604, respectively. 
For the 1/2 R position, the values of the Weibull curve slopes 
and the L10, L50, and LVs (L63.2) life are 2.57 ×  106, 2.22 ×  107, 
3.39 ×  107, and 0.872, respectively. Compared with those of 
the 0 R position, the values of the L10, L50, and LVs (L63.2) life 
of the 1/2 R position decreased by 82.7%, 59.7%, and 52.3%, 
respectively. Compared with those of the R position, the 
values of the L10, L50, and LVs (L63.2) life of the 1/2 R posi-
tion decreased by 84.8%, 59.5%, and 50.8%, respectively. 
In addition, the Weibull curve of the 1/2 R position has the 
smallest slope, which represents the worst convergence. The 
results suggest that the 1/2 R position has the worst RCF 
performance, while the 0 R and R positions exhibit a similar 
RCF performance.

In this study, butterflies (also known as white etching 
areas in the literature [35, 36]) are only found in the cross 
section of the 1/2 R position specimen, which spalls after 
7.85 ×  107 cycles of RCF. As shown in Fig. 10, the two but-
terflies are at, or very near primary carbides. Guetard et al. 
[37] counted more than 1300 butterflies after the RCF of 
M50 bearing steel and found that most of them were also 
generated at or near primary carbides. This result indicates 
that the aggregation of primary carbides is more likely to 
produce microstructure change or microcrack in the sub-
surface. The cross sections of butterfly wings intersect ran-
domly, hence, cases where only the wings are visible or the 
primary carbides may fall off may occur. Such phenomenon 
may be due to the microstructure transformation near the 
butterfly wings, which causes the carbides to fall off more 
easily during the cross-section preparation, as shown in the 
case in Fig. 10. In addition, the two butterfly wings are found 
at depths of 80 μm and 50 μm from the surface, respectively, 
which are within the Hertz contact range (the maximum 
shear stress depth is 97.7 μm).

4  Discussion

4.1  Influence of Carbide Size on Tribological 
Behavior

4.1.1  Carbide Statistical Analysis

To study the influence of primary carbide size on tribologi-
cal behavior, the area fraction and number percentage in 
different equivalent diameter ranges (average length of diam-
eters measured at 2° intervals and passing through the car-
bide’s centroid) of different position samples are statistically 
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analyzed. The results are presented in Fig. 11a, b. The area 
fraction of carbides initially increases and then decreases 
from Sample 1# to 8#, which is contrary to the change trend 

of the wear volume. The result shows that the area frac-
tion of carbides is positively correlated with the wear resist-
ance of M50 bearing steel. This finding is consistent with 

Fig. 7  SEM images of the cross-section of different samples: a original cross-section image, b tested sample cross-section images
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previous reports. For example, Silence et al. [38] suggested 
that wear resistance increased with increasing carbon con-
tent and carbides volume percentage when abrasive wear 
occurred.

As shown in Fig. 11b, the number percentage of primary 
carbides decreases with an increase of in equivalent carbide 
diameter regardless of which sample position. Figure 11c 
depicts the mean equivalent diameter of all the carbides in 
different positions. The results show that the mean carbide 
diameter in Sample 3# is nearly maximum, while the mean 
carbide diameter decreases at the center position and nearly 
minimum at the edge position. This finding is largely due to 
the influences of cooling rate on the morphology and segre-
gation of primary carbides in M50 bearing steel [39]. For the 
same rod, cooling rate increases successively from its center 
to its edge, increasing supercooling at the edge and limiting 
dendrite growth to reduce carbide size [40]. However, cool-
ing rate slows down near the 1/2 R position and temperature 
difference is considerable, accelerating dendrite growth and 
increasing carbide size. When dendrite grows to a certain 

extent, its rapid growth will be prevented due to the difficulty 
of heat dissipation in the center and the gradual decrease 
of temperature difference in the molten solution. Therefore, 
the carbides at the center are smaller than those near 1/2 R.

Notably, only a few carbides larger than 20 μm are pre-
sent in different position samples and even absent in some 
samples (the largest proportion is only 0.07%). One view 
field for each carbide equivalent diameter range statistic is 
690 μm × 520 μm. In 20 such fields, only a few large carbides 
exist. Meanwhile, the width of the wear track is 320 μm. 
Therefore, the probability that maximum carbides will 
appear on the wear track surface is extremely small. The 
relationship between maximum carbides and wear resistance 
can be assumed as not very intense.

4.1.2  Linear Correlation Analysis

Linear analysis is expounded to further analyze the relation-
ship between carbide size and sliding wear resistance. Fig-
ure 12a depicts the experimental points and a fitted line with 
the wear volume and carbide area fraction. In accordance 
with the results, a negative correlation exists between area 
fraction and wear volume. Figure 12b provides the experi-
mental points and fitted line with the wear volume and num-
ber percentage of carbides in each equivalent diameter range. 
The number percentage in the 1–3 μm range is positively 
correlated with wear volume, while the others are negatively 

Fig. 8  3D morphology of a typical spalling on the surface of M50 
bearing steel

Fig. 9  Scatter diagram a and Weibull curves b of the RCF life of M50 bearing steel

Table 2  Typical RCF life and Weibull slopes of the different positions

Position L10 L50 LVs b

0 R 1.5 ×  107 5.51 ×  107 7.10 ×  107 1.447
½ R 2.57 ×  106 2.22 ×  107 3.39 ×  107 0.872
R 1.69 ×  107 5.48 ×  107 6.89 ×  107 1.604
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correlated. Figure 12c indicates the corresponding percent 
values of |R| for each factor. A moderate negative correla-
tion with an |R| of 0.72 exists between area fraction and 
wear volume, indicating that although a certain correlation 
is present between the two, area fraction is not the key factor 
for determining wear volume. Moreover, for the equivalent 
diameter of carbides, a positive correlation with an |R| of 
0.84 exists between carbides with a diameter of 1–3 μm and 
wear volume, indicating that wear volume increases with the 
proportion of small carbides. Meanwhile, a strong correla-
tion exists between carbides with a diameter of 5–10 μm and 
wear volume with an |R| of 0.91, followed by 10–15 μm with 
an |R| of 0.88. Their correlations are significantly greater 
than that of area fraction, indicating that the improved wear 
resistance of M50 bearing steel is mostly because of large 
carbides. The results illustrate that the carbide size range that 
provides the most significant wear resistance is 5–15 μm. For 
Sample 3#, the largest proportion of carbides is found in the 
5–15 μm range and the smallest proportion is in the range 
1–3 μm, which is probably one of the reasons why the sam-
ple exhibits the best wear resistance. By contrast, Sample 8# 

has nearly the least proportion of carbides in the 5–15 μm 
range and the largest proportion of small carbides. Thus, it 
exhibits the worst wear resistance largely because the pos-
sibility of carbides to provide supporting load decreases, 
and thus, the chances of protecting the matrix from wear 
are reduced as carbide size is decreased [41]. The phenom-
enon is observed in Fig. 6, where small carbides are prone 
to breaking off during the wear.

The relationship between RCF life (L10) and carbide 
statistics are depicted in Fig. 13. The average of the num-
ber percentages of Samples 1# and 2 # represents the 0 
R position. The average of the number percentages of 
Samples 3#, 4#, and 5# represents the 1/2 R position. The 
average of the number percentages of Samples 6#, 7#, 
and 8# represents the R position. The correlation coef-
ficient |R| between area fraction and RCF life is 0.80, 
which is higher than the value between area fraction and 
wear volume (|R|= 0.72, Fig. 12). Simultaneously, the cor-
relation between 10 and 15 μm, 15 and 20 μm carbides 
and RCF life is significantly improved, and the |R| value 
reaches 0.998 and 0.999, indicating the evident increase 

Fig. 10  SEM micrographs of the cross section of the RCF rod at the 1/2 R position
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in correlation between large carbides and fatigue life. The 
result reveals that large carbides are detrimental to RCF 
life. Similar to sliding wear, the density of maximum-sized 
carbides is too small to exert an influence on RCF life (|R| 
value is only 0.19).

Combined with the influences of carbide size on sliding 
wear volume and RCF life, carbide size within the range 
of 5–15 μm is beneficial for improving the wear resistance 
of M50 bearing steel. By contrast, carbide size within the 
range 10–20 μm is unfavorable for RCF life. For the M50 
bearing steel studied in this research, we can make a bold 
and reasonable speculation that the comprehensive tribo-
logical properties of M50 bearing steel are the best with 
the maximum carbide size within the range of 5–10 μm. In 
the past, most researchers believed that small carbides are 
better, and many studies and efforts have been conducted to 
reduce primary carbide size. However, from the perspective 
of the current study, the best tribological performance is to 
control maximum carbide size within the 5–10 μm range. 
Reducing the carbide size of M50 bearing steel indefinitely 
will be inadvisable and futile.

4.2  Influence of Carbide Type on Tribological 
Behavior

In addition to primary carbide size, the type of primary car-
bides also play an important role in the tribological behavior 
of M50 bearing steel [42]. To analyze the effect of carbide 
type on the wear process, the original sample surface is 
observed first in Fig. 14. The carbides in M50 bearing steel 
protrude slightly from the surface before the wear test. In 
the absence of carbide classification, the profile analysis of 
multiple carbides reveals that the scale of protruding car-
bides is about 10–30 nm. Figure 14b shows the profile of a 
typical carbide.

After the sliding wear experiments, the wear track surface 
is observed via SEM and white light interferometry, as pre-
sented in Fig. 15. The region in the black box of Fig. 15c is 
the carbide clusters in Fig. 15a. The 3D morphology of the 
wear track surface that contains carbide clusters is shown 
in Fig. 15b. The surface of the wear track surface has many 
grooves, corresponding to the results in Fig. 6. In addi-
tion, the wear track surface has many bulges, which can be 

Fig. 11  Diagram of carbide statistics for different samples: a area fraction, b number percentage of primary carbides in different equivalent 
diameter ranges, c mean equivalent diameter of all carbides
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associated with the micro convex caused by plastic deforma-
tion during the wear process. Figure 15d, e depicts the 2D 
profiles of MC-type and M2C-type carbides that correspond 
to A, B, C, and D in Fig. 15a after sliding wear, respectively. 
The MC-type carbides typically protrude 80–100 µm from 
the matrix, while the M2C-type carbides are nearly worn off 
the matrix during the wear process. As shown in Fig. 14, the 
original surfaces of both types of carbides are protruding. 
After the sliding wear test, however, the protruding scale of 
the MC-type carbides becomes significantly larger, while 
the M2C-type carbides are nearly on the same level as the 
matrix, indicating that the MC-type carbides are more dif-
ficult to remove in the sliding process. This result may be 
related to the microhardness of the two types of carbides.

Figure 16 depicts the typical load–displacement depth 
curves of the M50 bearing steel matrix and primary car-
bides obtained via nanoindentation tests with a peak depth of 
400 nm. Five points were tested separately for each type. The 
results show that the MC-type carbides require a maximum 
load and the matrix requires minimal load at the same press-
ing depth. Simultaneously, the average elastic moduli of MC, 

M2C, and the matrix in M50 bearing steel are 346 GPa, 293 
GPa, and 261 GPa, respectively. The average microhardness 
of MC, M2C, and matrix are 21 GPa, 13GPa, and 11GPa, 
respectively. Therefore, the MC-type carbides protrude from 
the surface after the sliding wear test. As protruding hard 
particles, the MC-type carbides can combine with the sur-
rounding matrix to form high-hardness lumps to resist wear 
effectively. Consequently, MC-type carbides exhibit better 
wear resistance.

The number percentage and area fraction statistics of 
different types of carbides for Sample 1#, 3#, and 8# are 
presented in Fig. 17. Sample 1#, 3#, and 8# represent the 
positions of 0 R, 1/2 R, and R from the center to the edge. 
Figure 17c exhibits that the area fraction of the M2C-type 
carbides is 1.26, 1.06, and 1.11, respectively. However, that 
of the MC-type carbides is 0.52, 0.67, and 0.86, respectively. 
This result illustrates that the M2C-type carbides account for 
the majority of primary carbides throughout the rod.

In addition, more MC-type carbides are found at the 
edge than at the center primarily because the MC-type 
carbides precipitate earlier than the M2C-type carbides 

Fig. 12  Correlation between wear volume and carbide statistics: a, b linear fitting, c correlation histogram
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[39, 43]. The cooling rate of the rod’s edge is quick. The 
precipitation time of the MC-type carbides is advanced 
and the effective nucleation number is increased. This 
condition is conducive to increasing the amount of the 
MC-type carbides. However, the precipitation of more 
MC-type carbides inhibits the nucleation of the M2C-type 

carbides due to the preferential precipitation of the MC-
type carbides. Combined with the statistical distribution 
histogram of carbide size, as shown in Fig. 17a, b, many 
MC-type carbides are present in position R, but the size 
range of 1–2 μm dominates, tending to produce deeper 
grooves nearby, as observed in Fig. 6.

Fig. 13  Correlation between fatigue life (L10) and carbide statistics: a, b Linear fitting, c correlation histogram

Fig. 14  3D a, 2D b morphologies of the original surface



1349Effects of Primary Carbide Size and Type on the Sliding Wear and Rolling Contact Fatigue Properties…

1 3

However, relatively fewer MC-type carbides are present in 
position 1/2 R than in position R, but larger in size, and they 
will be resistant to wear to a certain extent. For the M2C-type 
carbides, many smaller carbides are in position R, such that 
resisting wear is difficult.

4.3  Coupling Effects of Carbide Size and Type 
on Tribological Behavior

To illustrate the damage mechanism of carbides during the 
wear process, diagrams are presented in Fig. 18. For the 

M2C-type carbides (Fig. 18a), those with a small aspect ratio 
may have grooves during the wear test (Fig. 6f). As aspect 
ratio decreases, microcracks may appear on the carbide sur-
face (Fig. 6f). When the width of the carbides decreases 
further, multiple microcracks will appear on the carbide 
surface (Fig. 6g). When the carbides become slender and 
rod-like, they can even fracture under cyclic shear stress dur-
ing the wear process (Fig. 6h). Therefore, small M2C-type 
carbides experience difficulty in resisting wear, and thus they 
do not play a better wear resistance role. For the MC-type 
carbide (Fig. 18b), large carbides can play an excellent pin-
ning effect, forming high-hardness areas in the matrix and 
effectively resisting wear (Fig. 6b). However, small carbides 
tend to produce deeper grooves because they are prone to 
forming microcracks with the matrix (Fig. 6a, c).

In addition to carbide size, carbide type also affects the 
wear resistance of M50 bearing steel. The MC-type carbides 
protrude on the surface of the matrix, while the M2C-type 
carbides are worn off with the wear of the matrix (Fig. 7b 
and Fig. 18c). Such discrepancy is primarily caused by the 
difference in hardness and elastic modulus between the two 
types of carbides, as shown in Fig. 16.

For the RCF testing of M50 bearing steel, the cracking of 
primary carbides can easily cause the initiation of spalling 
and lead to failure. The intrinsic fracture strength (S) of car-
bides depends on the elastic modulus (E) and equivalent 
diameter (d). The value of (E∕d)0.5 can be used to evalu-
ate the fracture behavior of carbides [44–46]. As shown in 
Fig. 17, the size of the MC-type carbides is generally smaller 
than that of the M2C-type carbides in M50 bearing steel. 
Combined with the larger elastic modulus of the MC-type 

Fig. 15  Carbide morphologies of wear track surface: a SEM images, b, c 3D and 2D morphologies of the corresponding region, d, e profilom-
eter of the two types of carbides in the corresponding regions

Fig. 16  Typical load–displacement depth curves of the M50 bearing 
steel matrix and primary carbides
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carbides, the (E∕d)0.5 value for the M2C-type carbides is 
apparently smaller. Therefore, the M2C-type carbides are 
more likely to produce microcracks. As shown in Fig. 6, 
some microcracks can be observed around the M2C-type car-
bide on the sliding wear track surface. These microcracks 
will likely become the initiation of surface cracks and then 
lead to failure during the RCF test.

In accordance with a previous study on the in situ ten-
sile test of M50 bearing steel, the M2C-type carbides are 
more easily fractured than the MC-type carbides because of 
their lower fracture strength, larger size, and higher aspect 
ratio [44]. Similarly, although the M2C-type carbides have 
lower elastic modulus, they can easily cause fractures due 
to their smaller (E∕d)0.5 value, accelerating the fatigue fail-
ure of M50 bearing steel. However, in accordance with the 
stress calculation results around carbides in M50 bearing 
steel obtained by Guan et al. [4, 14], the MC-type carbides 
will cause more serious stress concentration during the RCF 
process due to their high elastic modulus, accelerating crack 

propagation. Both types of carbides exhibit disadvantages in 
contact fatigue properties. Therefore, reducing carbide size 
is a more effective technique for improving RCF life.

In conclusion, the size and type of the two carbides col-
lectively determine the tribological properties of M50 bear-
ing steel. A previous study revealed that the unstable M2C-
type carbides can transform into the MC-type carbides at 
high temperatures [9]. Therefore, the proportions of the MC-
type and M2C-type carbides can be appropriately changed 
by modifying the heat treatment process. Meanwhile, if the 
size of the primary carbides in M50 bearing steel can be 
controlled within an appropriate range, then the wear resist-
ance of M50 bearing steel can be improved by coordinating 
the type and size of primary carbides.

5  Conclusions

In the present study, the influence of primary carbide size 
and type on the reciprocating sliding wear behavior and 
RCF properties of M50 bearing steel under oil lubrication 

Fig. 17  Diagram of carbide statistics for different types: a M2C-type, b MC-type, c area fraction
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condition have been investigated. The major conclusions 
obtained are summarized as follows:

1. For the sliding wear test of M50 bearing steel, for Sam-
ple 1# to 8#, wear volume initially decreases and then 
increases, with Sample 3# having the minimum wear 
volume and Sample 8# having the maximum wear vol-
ume. For the RCF test of M50 bearing steel, the 1/2 R 
position exhibits the worst RCF performance, while the 
0 R and R positions exhibit similar RCF performance.

2. For the sliding wear behavior of M50 bearing steel, 
few shallow grooves occur on the wear track surface of 
Sample 3#, while many deeper grooves are found on the 
wear track surface of the other samples. These grooves 
typically appear near primary carbides. For the RCF of 
M50 bearing steel, butterflies and microcracks are usu-
ally produced near primary carbides.

3. In accordance with the correlation analysis between pri-
mary carbide size and tribological properties, in the slid-
ing wear test, primary carbides within the 5–15 μm size 
range can play an excellent supporting role to improve 
the wear resistance of M50 bearing steel. However, in 
the RCF test, primary carbides within the 10–20 μm size 
range are extremely detrimental to RCF life. In the cur-
rent study, the best tribological performance is achieved 
to control maximum carbide size within the 5–10 μm 
range.

4. The M2C-type carbides with low elastic modulus and 
hardness will be wore off with the wear of the matrix. 
The MC-type carbides with higher elastic modulus and 
hardness can play the role of supporting load in the 
matrix, they protrude from the matrix surface to resist 
wear. Meanwhile, the M2C-type carbides more easily 
produce microcracks than the MC-type carbides.
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