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The friction and wear properties of 30CrMnSiA steel were investigated at elevated temperature from 100 to
600 �C. Thereafter, the wear debris and worn surfaces were examined to understand the wear mechanisms.
The remained debris with relatively high hardness created three-body abrasion at lower temperatures (100-
300 �C). Abrasive wear prevailed at the conditions with high friction coefficients and wear rates. A sig-
nificant change in friction and wear behavior occurred at 400 �C. At the temperature of 400 �C, oxidation
induced mild wear was found because of the formation of load-bearing oxide film. Both the friction
coefficients and wear rates of the steel were lowest at 400 �C. At the temperatures of 500-600 �C, a mild-to-
severe wear transition occurred which resulted in an increase in the friction coefficients and wear rates of
the steel. This is related to the decrease in the strength of matrix and hardness of worn surfaces and
subsurfaces. The predominant wear mechanism is considered to be severe abrasive, adhesive wear and a
fatigue delamination of the oxide film.
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1. Introduction

30CrMnSiA steel is typically used as mechanical parts in
equipment manufacturing and aerospace industries, because of
its excellent mechanical properties such as high strength and
toughness after quenching and tempering (Ref 1-5). High-
temperature mechanical properties, constitutive relationships
and micro-damage behaviors of 30CrMnSiA steel have been
reported in Ref (1, 2). Moreover, laser quenching of plasma
nitrided 30CrMnSiA steel and the effects of rare earths addition
on microstructure and wear resistances were investigated (Ref
3-5). It has been mentioned that most of the parts serve at
elevated temperatures and slide against each other at low
speeds in dry condition (Ref 6). Service temperature consid-
erably influences on the extent of wear damage of metallic
components (Ref 7, 8). Numerous studies were performed on
high-temperature wear of various steels where new understand-
ing and advanced major concepts of tribology were discussed
(Ref 9-15). However, the friction and wear behavior of
30CrMnSiA steel after quenching and tempering at high
temperature are seldom reported. Based on the application of
30CrMnSiA steel, it is necessary to study the effect of
temperature on the wear resistance of 30CrMnSiA steel.

In this study, wear tests of 30CrMnSiA steel at elevated
temperatures were performed. The dependency of the ambient

temperature on friction and wear behavior was explored, and
the high-temperature mechanisms were discussed.

2. Materials and Experimental Procedure

The friction and wear tests were accomplished using a high-
temperature wear tester (MMU-10G type); the schematic of the
test chamber is shown in Fig. 1. The upper rotating specimen is
made of hardened AISI 52100 steel with high hardness (60
HRC) (Ref 15), and the cylinder is counterpart with inner
radius of 10 mm and outer radius of 12.8 mm. The surface
roughness, Ra is found to be less than 1.2 lm. The lower
stationary specimen is a disk of u43 mm 9 4mm made of
30CrMnSiA steel. The chemical compositions of the two types
of steels are shown in Table 1. The 30CrMnSiA steel was
austenitized at 890 �C for 0.5 h and quenched in oil. Tempering
was accomplished at 540 �C for 3 h, followed by air cooling to
reach room temperature. Table 2 shows the mechanical prop-
erties of the 30CrMnSiA steel.

The tests were carried out at a temperature range from 100
to 600 �C without lubrication. The other parameters were set as
follows: normal applied pressure of 1.5 MPa, running time of
4200 s, and sliding speed of 0.036 m/s for first 600 s during
running-in process and 0.072 m/s in the remaining time. During
the tests, the friction coefficient was automatically recorded.
Before and after wear tests, the specimens were cleaned in a
solution containing of petroleum ether and alcohol in ultrasonic
cleaner for 20 min. The wear weight losses of the specimens
were obtained using an electronic balance with an accuracy of
0.1 mg. The profiles of the disk worn surfaces were charac-
terized using a BMT profile device which is helpful to
understand the wear mechanism. The wear rate was calculated
using the following equation:

W ¼ V= P � Lð Þ ¼ Dm= q � P � Lð Þ; ðEq 1Þ

where W is the wear rate, Dm represents the wear weight loss,
q is the density of specimens, P is the normal applied load,
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and L is the sliding distance (Ref 16). Data presented are the
average of three experimental results. A scanning electron
microscope (SEM) coupled with an energy-dispersive spec-
troscopy (EDS) were used to analyze the topographical fea-
tures of the worn surfaces and the wear debris. An x-ray
diffractometer (XRD, Cu Ka radiation) was used to identify
the phase of the debris.

3. Results and Discussion

3.1 Friction Coefficients

Figure 2 shows the typical evolution of friction coefficients
with respect to time at 100-600 �C with an interval of 100 �C. It
is evident that the fluctuation of friction coefficient was violent
during running-in stage at lower speed (0.036 m/s) for first 600
s. It seems that there may be a correlation between the ambient
temperature and the wear behavior. At lower temperature, the
friction coefficient reaches 0.8 after 900 s, whereas it becomes
stable after 500 s at 200 �C. However, there is no distinct
variation of friction coefficient at 400 �C. Moreover, friction
coefficient takes hundreds of seconds to become steady state at
high temperatures (500 and 600 �C) in the initial stage and then
severely fluctuates in the subsequent stage. It is noted that the
running-in stage becomes shorter with increasing temperature,
which was also found in Ref (17).

Figure 3 displays the average friction coefficient in steady-
state at different temperatures. The friction coefficient is highly
related to the ambient temperature. From 100 to 400 �C, an
increase of temperature results in a decrease in friction coeffi-
cient. The mean value of the friction coefficients is about 0.73 at
100 �C, and it decreases to 0.40 at 400 �C. However, the mean
value of the friction coefficients gradually increases beyond 400
�C. It increases to 0.55 at 600 �C. It is worth mentioning that the
lowest friction coefficient is obtained at 400 �C.

3.2 Wear Resistance

As the high-temperature oxidation influences thewear results,
it is necessary to account for the oxidation in wear tests.
Therefore, a stationary oxidation test was simultaneously per-
formed. After the test, the specimens are weighed to quantify the
oxidation. It is found that negligible oxidation occurs at low and
medium temperature (100 to 400 �C), and the specimens gain a
bit weight at high temperature (500, 600 �C). The value would be
subtracted from the wear values obtained in the wear tests.

The wear rates of 30CrMnSiA steel at different temperatures
are shown in Fig. 4. With increasing temperature from 100 to 300
�C, the wear rate firstly increased and then slightly decreased.

When the temperature reached 400 �C, the wear rate sharply
declined, and it is related to the friction coefficients behavior as
shown in Fig. 2 and 3. For many metals and alloys, there is
apparently a transition temperature in wear behavior (Ref 8, 13,
18-20). The transition temperatures of friction and wear of M50
high-speed steel was 400 �C (Ref 13). Further, the critical
temperature of 316 stainless was found to be above 300 �C (Ref
18). The increase in wear rate at 500-600 �C can be attributed to
the decrease in hardness, surface, and oxide film damage occurred
at high temperature. It can be inferred that the wear rate at high
temperature is much lower than that at low temperature, which is
closely associated with the difference in wear mechanisms. The
obtained results are in good agreement with Ref (21).

3.3 Morphology and XRD Analysis of Wear Debris

The morphologies of the wear debris after testing at 200,
400, and 600 �C are shown in Fig. 5(a)-(c), respectively.
During the tests, many particles were pushed out of the rubbing
interfaces, while others remained in the interfaces. The
remained debris were fractured, ground, rolled, oxidized, and
compacted into layers due to the sliding action. Thus, most of
the debris (oxide particles) is found to be very small in size
(fine abrasive powder) at low and medium temperature. The
decrease in hardness of the steel at high temperature made the
surface and the compacted layers to be plowed more violently.
As a result of the continuous micro-cutting or fatigue by
repeated deformation (plowing) of the materials during the
tests, more large fragments were generated at high temperature.

Upper specimen

Hydraulic cylinder

Thermocouple

Heater

Sliding direction

Lower specimen

Fig. 1 Schematic of the high-temperature wear tester (MMU-10G)
used

Table 1 Compositions of the two steels (wt.%)

Steel C Cr Mn Si P S Fe

30CrMnSiA 0.25-0.35 0.9-1.1 0.9-1.1 0.9-1.1 <0.01 <0.01 Bal.
AISI 52100 0.95-1.05 1.40-1.65 0.25-0.45 0.15-0.35 £ 0.025 £ 0.025 Bal.

Table 2 Mechanical properties of the 30CrMnSiA steel

Steel rb at R.T. rs at R.T. rb at 600 �C rs at 600 �C Elongation at R.T. Hardness at R.T. Impact energy at 0 �C

30CrMnSiA 1008 MPa 914 MPa 375 MPa 330 MPa 15.1% 32.1 HRC 15.2 J
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Figure 5(d) shows the XRD patterns of the wear debris at
different temperatures. Similar to Ref (21), only Fe and Fe2O3

were identified in the debris at different temperatures. However,
some studies also identified Fe3O4 on worn surfaces of pin
specimens (Ref 22, 23). Fe appeared in the debris at all
temperatures and with lowest amount at 400 �C. The amount of
Fe2O3 gradually increases with increasing temperature, associ-
ated with the higher temperature causing a more significant
oxidation of debris (Ref 17).

3.4 Worn Surface Morphology and Wear Mechanism

The wear mechanisms of 30CrMnSiA steel at different
temperatures were investigated after the tests. Thick white
arrows indicate the sliding directions of upper specimens. It is
believed that the wear debris particles were generated from the
relative movement of contact surfaces. Thus, many of the

debris would remove from the rubbing interface due to the
sliding, leading to wear loss of specimens. Additionally, other
debris particles were retained between the rubbing surfaces.

At a lower temperature (200 �C), retained debris between
the contact surfaces assumed to be displayed high hardness
compared to the disk surface, especially the debris generated
from the harder specimen. These debris remained and agglom-
erated in the contact zone as moving particles plowing the
surfaces to generate the grooves and abrasive pits as shown in
Fig. 6(a) and (b). Thus, the system can be treated as three-body
abrasion. If the hard debris would embed in one surface, the
system may act as two-body abrasion to cause damage to the
other surface (Ref 8). As the abrasion and sliding continues, the
retained debris were ground, rolled, oxidized, and fractured.
Hence, they became fine abrasive powder. The whole processes
could be illustrated in Fig. 6(c) and (d). Some of the fine debris
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Fig. 2 Friction coefficients at the function of time at different temperatures
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Fig. 3 Friction coefficients in steady state at different temperatures
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Fig. 4 Wear rates of 30CrMnSiA steel at different temperatures
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were compacted into oxide layers (Fig. 6b). Under the com-
paction and repeated abrasion and sliding, the oxide layers
could be fractured as adhesive trace, exposing fresh areas of
clean metal to the oxidative environment. With the removal of
existing oxide layers, metal-metal contact may result in the
formation of metallic debris (Ref 7). In summary, there are
usually various wear mechanisms at the high-temperature dry
sliding system. The dominant wear mechanism at low temper-
ature is abrasive wear.

At 400 �C, the morphologies of the worn surfaces are much
different with those at 200 �C. As shown in Fig. 7(a) and (b), a
slightly rough oxide layer can be observed on the worn
surfaces, covering the surfaces in a large scale. A smooth oxide
layer can be also found on the worn surfaces (Fig. 7c). A 3D
topography of worn surfaces is shown in Fig. 7(d); the cross-
section profile of worn surfaces at 400 �C is shown in Fig. 8(f).

It has been reported bymany authors (Ref 7, 8, 22, 24, 25) that
protective oxide film is generated inmany system surfaces at high
temperature during sliding test. During the test at 400 �C, the
debris retained between rubbing interfaces would experience
other processes compared to those at lower temperature. In fact,
the retained fine particles were compacted and sintered together
to some extent to form more solid layers. The sintering of

particles is more significant at higher temperature, and the
consolidation of the layers is facilitated by the oxidational
environment (Ref 8). As sliding continues, the spalling of the
layers and the sintering between particles would occur compet-
itively. It is mentioned that the spalling of the oxide is only a part
of the whole thickness of the layer (Ref 22), and the mild
separation is shown in Fig. 7(b). Under the scratching and
burnishing, some of the layers may be formed as a ‘‘glaze’’ layer,
as shown in Fig. 7(c). High temperature is helpful to the sintering
and the oxidation of particles and induces Fe2O3 as shown in
Fig. 5(d). If the sintering process dominates over spalling, the
wear of rubbing surfaces decreases to a very low value due to the
formation of the oxide layer. Consequently, the oxide film
covered on the surfaces in a large proportion to prevent the direct
contact of the 30CrMnSiA steel and its coupled part, giving an
effective protection to the rubbing pairs. Hence, the oxide film
became wear-protective load-bearing layers. This accounts for
the conception of a critical temperature belowwhich thewear rate
is high and at which it is relatively lower (Ref 25).

Furthermore, mild wear traces were found in Fig. 7(g) and
(h), which are the representative of the morphologies of worn
surfaces of AISI 52100 steel. These are helpful to explain the
change in friction coefficients and wear rates shown in Fig. 2
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Fig. 5 SEM micrographs of the wear debris collected from the interface under sliding at (a) 200 �C, (b) 400 �C, and (c) 600 �C, and (d) XRD
patterns of the wear debris
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and 4 at 400 �C. The friction coefficient and wear rate at 400 �C
were lowest.

Figure 7(e) and (f) show the morphology of the oxide film
on the worn surface at 400 �C and EDS analysis of the black
line marked in the figure. It can be observed that the oxide
layers and some zones of surface are scratched, leaving a fresh
surface of the body indicated by the blank ellipse (Fig. 7e).
Some cracks appeared on the oxide layer related to the damage
of the film. An abrupt change in both the content of iron and
oxygen at the junctions between the matrix and the oxide film
can be noticed (Fig. 7f). The oxygen content in oxide film is
remarkably high, whereas it is rarely found in the matrix where
the iron is a predominant element. It is clear that the covering
layer is oxygen-rich compound. The minimal wear rate at 400
�C can be explained by the formation of oxide film on the worn
surface and its separation under sliding (Ref 22). According to
the mild oxidation wear mechanism, the separation rate of the
oxide film and the rate of formation of oxide film will reach an
equilibrium state, which can be termed as an �oxidation-
separation-reoxidation� mechanism. It is in good agreement
with Ref (11, 22, 25). It can be concluded that a kind of
oxidational wear prevails at medium temperature (400 �C),
which is termed as the mild oxidative wear.

The characteristics of worn surfaces after wear test at 600 �C
are shown in Fig. 8. As previously mentioned, the debris
particles generated from the rubbing surfaces contain the
removed debris and the retained debris. Figure 8(a) and (b)
shows the agglomeration, compaction, and sintering of the
retained debris during the early stages of sliding. Moreover,
debris were found on the surfaces out of the rubbing border as
they were not cleaned. Serious delaminated crater and abrasive
traces can be found on worn surfaces (Fig. 8c and d). In
addition, oxide film fractured near the crater.

It has been reported that the mechanical properties of the
30CrMnSiA steel would sharply decrease at high temperature
(Ref 6). The tensile strength of 30CrMnSiA steel decreased
from 1008 MPa at room temperature to 375 MPa at 600 �C
(Table 2). The high temperature resulted in the severe decrease
in the hardness in the steels (Ref 26), which leads to the
softening of worn surface and subsurface. Abouei et al. (Ref
15) indicated that a harder matrix can hold the compact oxide
film more firmly than a softer one. Consequently, it can be
assumed that the matrix at 600 �C would be not strong enough
to hold/support the oxide film. When the friction forces reach to
the tensile strength of metal and the bonding strength between
the oxide film and matrix, severe wear occurs (Ref 22). Hence,

Fig. 6 Morphologies of worn surfaces of 30CrMnSiA steel at 200 �C
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Fig. 7 The microstructure of rubbing surfaces after the test at 400 �C: (a-c) morphologies of worn surfaces of 30CrMnSiA steel, (d) three-
dimensional (3D) topography of worn surfaces of 30CrMnSiA steel, (e-f) EDS line scanning analysis of the worn surface, and (g-h) morpholo-
gies of worn surfaces of AISI 52100 steel
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the wear rate at 600 �C further accelerated compared to 400 �C.
From this, it can be said that 400 �C is the critical temperature.

Oxide films were broken by shearing stress and fatigue
mechanism under the scratching action of the rubbing surfaces,
leading severe delaminated crater on the worn surface. Further,

the friction coefficients severely fluctuate in the subsequent
stage at 600 �C, due to the damage of the oxide film. Many
cracks are also observed on the matrix of worn surfaces
(Fig. 8e). It can be inferred that further propagation of cracks
may lead to delaminated crater. In conclusion, severe adhesive/
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Fig. 8 Morphologies of worn surfaces of 30CrMnSiA steel at 600 �C: (a-b) at the early stages of sliding (200 s) of a specimen (without clean-
ing), (c-e) after the test for 4200 s, and (f) cross-section profiles of worn surfaces at various temperatures
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delamination wear and severe abrasive wear are found to be the
dominant wear mechanisms at high temperature (600 �C)
sliding.

Figure 8(f) displays two-dimensional profiles of worn
surfaces at various temperatures. The plowed groove at
200 �C is approximately 40 lm deep and 3 mm wide.
Numerous oxide �islands� can be found in the wear track
obtained at 400 �C. Those oxides are the wear-protective load-
bearing layers covered on the surface. Hence, lowest wear rate
was found in the specimen tested at 400 �C. Although the wear
track is deeper at 600 �C than that at 200 �C, the relatively
lower/smaller width is responsible for its lower wear loss. In
addition, plastic deformation of disks causes two �shoulders� at
the edge of wear track.

The cross-sectional micrographs of the worn surfaces tested
at 600 �C are illustrated in Fig. 9. Based on the results of Cui
and Chen�s research on the cast steels at 400 �C, there are three
delamination modes of oxide film on worn surface (Ref 11, 27,
28). From Fig. 9, the delamination easily occurs inside oxide
film, at the interfaces between the matrix and the oxide film and
at the subsurface of the matrix. They further pointed out that the
former two patterns occurred during mild oxidation wear at
lower wear rate, and the third pattern took place during severe
wear at high wear rate.

However, there is a difference in the studied 30CrMnSiA
steel. It is found that all three delamination modes of oxide film
may occur at 600 �C, even at low wear rate. Figure 9(a) and (b)
show that most of the cracks occurred in the oxide film
separates the oxide film off the worn surface. In addition,
cracks also appear at the boundary between oxide film and
matrix (Fig. 9b and c). Moreover, Fig. 9(d) shows the first and
third patterns concurrently. Crack may initiate and propagate in
matrix under oxide film, finally leads to fracture of part of
matrix and oxide film, resulting in an increase in wear rate.
During the wear tests, the oxide films were broken by shearing
stress and fatigue mechanism with the scratching action of the
rubbing surfaces. In summary, all the three delamination modes
of oxide film existed in the 30CrMnSiA steel at 600 �C, and it
seems to be no explicit correlation between the wear rate and
the delamination modes of oxide film.

4. Conclusions

The wear behavior and mechanism of the 30CrMnSiA steel
against AISI 52100 steel were systematically evaluated at an
ambient temperature range of 100-600 �C, under a normal

Fig. 9 Delamination patterns and morphology of oxide film on cross-sectional worn surface at 600 �C: (a) inside oxide film, (b) inside oxide
film and at the interfaces between the matrix and the oxide film, (c) at the interfaces between the matrix and the oxide film, and (d) at the sub-
surface of the matrix
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pressure of 1.5 MPa at 0.0702 m/s. The conclusions can be
drawn as follows:

(1) Temperature has a significant effect on friction and wear
behavior of the 30CrMnSiA steel. Both the friction coef-
ficient and wear rate of the steel were lowest at 400 �C.

(2) Various wear mechanisms exist at the high-temperature
dry sliding system, but there are dominant mechanisms
for each temperature. At lower temperatures (100-300
�C), the hard debris may act as a third body in the rub-
bing surfaces. Hence, the dominant wear mechanism is
found to be abrasive wear. A mild oxidative wear pre-
vailed at 400 �C, due to the formation of a large scale
of load-bearing oxide film. At the temperatures of 500
and 600 �C, the substrate was not strong enough to sup-
port the oxide film to resist plastic deformation, leading
to a mild-to-severe wear transition. Thus, the predomi-
nant wear mechanism can be identified as severe abra-
sive wear and severe adhesive/delamination wear.

(3) The minimal wear rate at 400 �C was caused by the
oxide film formation on the worn surface and its mild
separation. At 600 �C, the delamination of the oxide
film on the worn surface preferentially occurred in the
oxide film, at the interfaces between the oxide film and
the matrix, and at the subsurface of the matrix.
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