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KEYWORDSABSTRACT

The powder metallurgy molybdenum-rich steels, used in a new friction sys-
tem, were prepared. Effect of carbide types on wear-resisting property of the
steels was studied. The wear behavior of the steels and the couple part were
also studied. M

2
C carbides and M

6
C carbides exit in the steels. The friction

pair materials enter steady working condition within 50 seconds and have
good match capability. On dry frication test, crisp M

2
C carbides, which are

distributed along crystal border, dissever the matrix and decrease wear-
resisting property of the steels obviously. Gobbet carbides consist of many
fine grainy M

6
C carbides. This kind of carbide has high bond strength with

the matrix and is useful to good wear-resisting property of the steels.
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INTRODUCTION

Wear occurs in a wide variety of items and results
in severe economic loss. On the other hand, with the
rapid development of the society, the requests for more
excellent property materials, for use in demanding en-
vironments (e.g. high temperature, badly lubricant con-
dition), are ever increasing[1,2]. Therefore attention to
high wear resistant materials is one important aim of
materials designers[3,4]. The powder metallurgy (PM)
manufacturing process, which is experiencing growth
because of its high material utilization and designed flex-
ibility, is one way to obtain the PM multi-components
steels with both high wear resistance and good me-
chanical properties[5,6]. Addition of strong carbide-form-
ing element, e.g. molybdenum, chromium, vanadium and

titanium by powder metallurgy (P/M) process techniques
is one way to obtain the multi-components iron-based
materials with both high wear resistance and good me-
chanical properties[3,4]. These elements have a great af-
finity for carbon and form very hard wear-resistant
metallic carbides. Then the microstructure in these ma-
terials is very complex[5-7]. It consists of a tempered
martensitic matrix and various types of hard carbides,
including block (primary) carbides and fine secondary
carbides. The hardness and strength of the carbides are
higher than those of the matrix. In cases of wear the
carbides protrude above the nominal surface of the
materials to support mostly loading, and thereby pro-
tect the matrix from further wear, which is beneficial for
the wear resistance of the material. On the other hand,
the matrix absorbs the energy, which fixs the carbides
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and prevents them from breaking or detaching from the
matrix, thereby eliminating the presence of abrasive
particles detrimental to the wear rate. Although the ex-
istence of the hard carbides is beneficial to the improve-
ment of the materials properties, it is reported that the
nucleation, propagation and interaction of micro cracks
in multi-components iron-based materials occur pref-
erentially in the grain boundaries of coarse and hard
carbides[8-10]. In this sense, carbide volume fraction,
type, morphology and distribution of primary and eu-
tectic carbides play an important role on the properties
and, as a consequence, in the tribological behavior of
these materials[11-15].

It is worth mentioning that wear resistance, which
is just a single parameter in a specific frictional system,
is not an inherent property of the materials. A P/M steel
with high molybdenum element content (8.010.0%Mo)
is examined in this paper. These types of steels are used
as spacing adjustment pieces in a new friction system
with a high power engine. The couple part in this fric-
tion system is a cast iron (international standards). The
high degree of match of these friction part materials can
prolong the service life of the materials, and thereby
increases the engine efficiency. The aim of this paper is
to evaluate the effect of the molybdenum-rich carbides
type, morphology and distribution on the wear behav-
ior of the P/M steels. Special emphasis is given to the
wear mechanisms of the friction pair materials in the
friction system.

EXPERIMENTAL PROCEDURE

The studied materials in this paper consisted of two
series of the P/M steels (8.010.0wt% Mo,
1.31.4wt% C and balance Fe) and the cast irons (in-
ternational standard, 0.901.20wt% Cr,
0.150.25wt% Mo, 0.170.37wt% Si,
0.500.80wt% Mn). The P/M steels contained a strong
carbide-forming element, which allowed them to form
the molybdenum-rich carbides for a good wear-resist-
ing property. Natural graphite was also present in the
P/M steels. The mixed powders were cold pressed at
600MPa with a single action die and sintered at 1270C
for 120 minutes and annealed at 1100C for 6 hours in
a vacuum atmosphere. Then the P/M steels were
quenched at 900C for 30 minutes and tempered at

280C for 60 minutes. The cast irons were quenched
at 880C for 30 minutes and tempered at 180C for
60 minutes. The properties of two series of materials
were shown in TABLE 1.

TABLE 1 : Properties of the frication pair materials

Properties P/M steel Cast iron 

Hardness (HRC) 5054 5961 

Flextural Strength (MPa） 692745 910950 

Impact Toughness (Jcm-2) 2.02.8 8.010.0 

The P/M steels were ground, polished and etched
with the 2% nitric acid solution. The wear tests were
carried out on a standard ball-on-flat sliding wear test
machine (UMT-3). The friction system includes a sta-
tionary cylindrical materials (the cast irons) and to-
and-fro movement flat materials (the P/M steels). All
tests were carried out at a constant load of 4 N, a
sliding speed of 1000 revolutions per minute without
a lubricant. The tests were interrupted after running
for different sliding time (30 minutes, 60 minutes and
120 minutes).

The microstructures of the P/M steels and the wear
surface microstructures of all the materials were exam-
ined by optical microscopy (F1-M3), scanning elec-
tron microscopy (SEM, SIRION 200) and energy dis-
persive spectroscopy (EDS). The phase identification
and the phase composition of the P/M steels were de-
termined by X-ray diffraction and energy dispersive
spectroscopy (EDS) analysis respectively.

Wear ratio (Ws) of each series materials was cal-
culated, using Eq.(1).

Pl
v

Ws  (1)

Where  is the wear volume loss of the material; p is
the constant load; l is the movement distance of the
material.

RESULTS AND DISCUSSION

Wear curve graph

Figure 1 presents the wear curve graph of the P/M
steels from the ball-on-flat sliding wear test.

The abrasion factor of the P/M steels changes dis-
tinctly in the initial wear stage. At the beginning of the
wear test, there are a lot of protruding parts in the rough
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Wear resistance

TABLE 2 shows the wear ratio with the different
wear test time. The wear ratio is low and increases
very slowly within the steady-state regime. Moreover,
the two friction pair materials in the friction system
have a quite similar wear ratio, showing that these two
materials have high wear-resistance and good match-
ing ability.

Figure 4 displays the microstructure of the cast iron
before wear test. This material has very high density
and a uniform, even microstructure.

original surfaces of the friction pair materials. The pro-
truding parts squeeze each other and result in an abra-
sion factor that is low, but changes distinctly. After the
protruding parts are rubbed out, the contact area of the
friction pair materials remains constant, and therefore
the abrasion factor becomes roughly constant. The fric-
tion system enters steady working condition. In this
paper, the time to reach the steady-state regime is shorter
than 50 seconds.

Figure 1 : Wear curve graph expressing the relation be-
tween wear coefficient and time

TABLE 2 : Wear ratio of the materials

Wear test time (minutes) 
wear ratio (10-15kg · m-1 

· N
-1) 

P/M steel cast iron 
30 - 

60 1.996 1.988 

120 2.013 2.009 

Microstructure of the original surfaces

Figure 2 and Figure 3 are the XRD patterns and
the microstructure of the P/M steel before wear test.

Two carbide types, i.e. M
2
C carbides and M

6
C

carbides are present in the material, Figure 2. This
multi-components iron-based P/M material, Figure 3,
indicates a microstructure typical of tempered mar-
tensite and different carbide types. These carbides,

the shapes of which are needle, block and fine granu-
lar, are dispersed heterogeneously in the microstruc-
ture. Noteworthy is that the alloying elements pro-
mote a decrease of density, which results in a number
of near round pores.

Figure 2 : XRD patterns of the P/M steel before wear test

Figure 3 : SEM image of the P/M steel before wear test

Figure 4 : SEM image of the cast iron before wear test
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friction pair materials. The dimensions of the grooves
present in the P/M steels, Figure 5(a) and Figure 5(c),
seem to be wider and deeper than those present in the
cast irons, Figure 5(b) and Figure 5(d). In addition, the
grooves present in the P/M steels, which are often
stopped and deviated by the carbides, Figure 5(a) and
Figure 5(c), are irregular. However, the grooves present
in the cast irons, Figure 5(b) and Figure 5(d), are clearly
homogeneous and unidirectional.

Microstructures of the worn surfaces

Figure 5 denotes typical aspects of the worn sur-
face microstructures and illustrates wear mechanisms
of the two friction pair materials with the different wear
test time, respectively.

The dominant wear mechanism acting in the two
friction pair materials is abrasion with the wear test of
30 minutes and of 60 minutes. But the morphology of
the worn surfaces is distinctly different between the two

(a) P/M steel, wear test of 30 minutes (b) cast iron, wear test of 30 minutes

(c) P/M steel, wear test of 60 minutes (d) cast iron, wear test of 60 minutes

(e) P/M steel, wear test of 120 minutes (f) cast iron, wear test of 120 minutes

Figure 5 : Worn surfaces of the two friction pair materials
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The dominant wear mechanism acting in the two
friction pair materials changes with the wear test of 120
minutes. The dominant wear mechanism acting in the P/
M steels changes from abrasion to adhesion, Figure 5(e),
whereas that acting in the cast irons is still abrasion,
Figure 5(f). The hardness of the cast irons is higher than
that of the P/M steels, which results in the cast irons
having a lower wear degree.

Figure 6 indicates SEM images of the worn sur-
faces in the P/M steels with the wear test of 60 minutes,
respectively.

The degree of pores in the worn surface is higher
than that of the surface before wear test. Moreover, a
lot of white needle carbides and white block carbides
are present in the worn surfaces, Figure 6(a). It is worth
noting that the carbides protrude above the worn sur-
face due to preferential wear of the matrix, and support

mostly loading. Under these circumstances the carbides
wear behavior markedly influences the materials wear-
resistance. In this paper, different carbides types are
shown to possess differing wear behaviors.

As shown in Figure 6(b), a higher-magnification
SEM image of the area A of Figure 6(a), the white block
carbides are surrounded by a lot of fine granular car-
bides. These carbides are neither cracked nor broken
up even in the exposed part, so there is a high bonding
strength between the carbides and the matrix. This type
of carbide protects the matrix from further wear, and is
useful to the wear-resistance of the materials. On the
other hand, because of the high bonding strength, the
matrix firmly fixes the carbides and prevents them from
breaking or detaching from the matrix. Otherwise the
separated carbides will form abrasive particle and de-
crease the wear rate.

Figure 6 : SEM images of the P/M steels worn surfaces with the wear test of 60 minutes

As shown in Figure 6(c), a higher-magnification
SEM image of the area B of Figure 6(a). The white
needle carbides distribute along crystal borders. These
carbides are easy to separate from the matrix, thus lose
their protective effect and leave many cracks in the worn
surfaces. Therefore, the matrix, which is isolated by the
needle carbides, peels off from the worn surfaces and

leaves a big pore. In this wear process, large pores will
result in higher plastic strains in the matrix, which in turn
lead to a higher probability of crack formation, and
consequently a higher tendency of wear. The white
needle carbides, which distribute along crystal borders,
decrease the wear-resistance of the materials.

TABLE 3 indicates EDS results of the worn sur-
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Figure 7 and TABLE 4 indicate SEM images and
EDS results of the worn surfaces in the P/M steels with
the wear test of 120 minutes, respectively.

The degree of pores in the worn surface is not sig-
nificantly changed with the prolonging wear test time. But,
some big pores appear in the worn surfaces, Figure 7(a).
Figure 7(b) is a higher-magnification SEM image of the
area A of Figure 7(a). With a longer wear time, a lot of
fine granular M

6
C carbides (point a of Figure 7(b),

TABLE 4 still remain in the matrix. However, as shown
in Figure 7(c), a higher-magnification SEM image of the
area B of Figure 7(a), almost all of the white needle M

2
C

carbides (point b of Figure 7(c), TABLE 4) have sepa-
rated from the matrix. Therefore, the matrix (point c of
Figure 7(c), TABLE 4, which is isolated by the needle
carbides, peels off of the worn surfaces and leaves pore.
In this type of wear process, large pores will result in
higher plastic strains in the matrix, which in turn lead to a
higher probability of crack formation, and consequently
to a higher tendency of wear.

faces in the P/M steels with the wear test of 60 minutes,
respectively.

TABLE 3 : EDS results of the P/M steels worn surfaces
with the wear test of 60 minutes

Point Type Element content (at %) 
Mo Fe C 

Figure 6(b), a M6C 53.69 35.84 10.47 

Figure 6(c), b M2C 77.52 13.65 8.83 

Figure 6(c), c Matrix 4.09 88.57 7.34 

According to EDS results, high molybdenum con-
tents of white block carbides, point a of Figure 6(b),
and of white needle carbides, point b of Figure 6(c),
are observed at 53.69at% and 77.52at% respectively.
However, iron content (35.84at%) of white block car-
bides are obviously different from those of white needle
carbides (13.65at%). According to the XRD pattern
and EDS results, the carbide types can be identified
that white needle carbides are M

2
C carbides and white

block carbides are M
6
C carbides. Molybdenum ele-

ment diffuses in the matrix, point c of Figure 6(c).

Figure 7 : SEM images of the P/M steels worn surfaces with the wear test of 120 minutes

TABLE 4 : EDS results of the P/M steels worn surfaces
with the wear test of 120 minutes

Point Type 
Element content (at %) 

Mo Fe C 
Figure 7(b), a M6C 54.28 36.55 9.17 

Figure 7(c), b M2C 73.92 16.33 9.75 

Figure 7(c), c Matrix 2.51 91.89 5.60 

Figure 8 displays SEM images of the worn sur-
faces in the cast irons with the different wear test time,
respectively.

There are clearly homogeneous and unidirectional
grooves, parallel appearing in the surface. The micro-
structure is uniform and even, so no phase makes major
influence on the wear behavior of the cast irons. With the
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friction pair materials changes as a function of in-
creasing wear test time. The dominant wear mecha-
nism acting in the P/M steel changes from abrasion
to adhesion whereas that acting in the cast iron is
always abrasion.

(4) The different types of carbides play significant vari-
ous roles on the wear-resisting property of the P/
M steels. The white block carbides (M

6
C) are useful

to the wear-resistance of the materials. The white
needle carbides (M

2
C) decrease the wear-resis-

tance of the materials.
(5) The microstructure of the cast iron is uniform and

even, so no phase makes major influence on the
wear behavior of the material.

ACKNOWLEDGEMENTS

The authors acknowledge the financial support from
the National Natural Science Fund for Innovation Group
of China (No. 50721003) and the National High-Tech
Research and Development Program of China (No.
2008AA030501). The authors also would like to thank
Mr. Zhang, Mr. Tian and Mr. Chu for their help in ma-
terial preparation and characterization.

REFERENCES

[1] W.D.Yuan, T.M.Shao, E.Fleury; 185, 99 (2004).
[2] A.Fischer; 194, 238 (1996).
[3] C.Claudin; J.Rech., 209, 5152 (2009).
[4] Y.Matsubara, N.Sasaguri, K.Shimizu; 250, 502

(2001).
[5] L.Ceschini, G.Palombarini, G.Sambogna; 39, 748

(2006).
[6] A.S.Chaus, M.Hudkov; 267, 1051 (2009).
[7] F.Bergman, P.Hedenqvist, S.Hogmark; 30, 183

(1997).
[8] F.E.Kennedy, D.Lidhagen, A.Erdemir; 255, 854

(2003).
[9] A.Molinari, G.Straffelin; 181, 334 (1995).
[10] E.Ergun, K.Aslantas, S.Tasgetiren; 35, 209 (2008).
[11] A.Hauert, A.Rossoll, A.Mortensen; 57, 473 (2009).
[12] J.A.Wang, H.Danninger; 222, 49 (1998).
[13] E.Badisch, C.Mitterer; 36, 765 (2003).
[14] Priit Kulu, Renno Veinthal, Mart Saarna; 263, 463

(2007).
[15] A.Babakhani, A.Haerian, M.Ghambri; 204, 192

(2008).

prolonging wear test time, the dimensions of the grooves
present in the cast irons seem to be wider and deeper.

(c) wear test of 120 minutes

(a) wear test of 30 minutes

(b) wear test of 60 minutes

Figure 8 : SEM images of the cast irons worn surfaces

CONCLUSION

(1) The time to reach the steady-state regime in the
friction system is shorter than 50 seconds.

(2) The two friction pair materials in the friction system
have low and quite similar wear ratio, showing that
these two materials have high wear-resistance and
good matching ability.

(3) The dominant wear mechanism acting in the two


