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Fe-1.5Mo-0.7C steels with different porosity can successfully be prepared by using traditional compacting,
vacuum sintering, and in part Hot Isostatically Pressing (HIPing). Their dry sliding wear behavior in both
as-sintered and heat treated states were investigated. When porosity is lower than 6.2%, further decreases
of porosity have less influence on the wear coefficient of both as-sintered and heat treated steels. Pores in
the sintered steels collect the debris during the rubbing process, and therefore the disadvantage in wear
process due to the poor hardness and mechanical strength caused by high porosity is partly compensated
for. During dry sliding the as-sintered steels have three types of wear mechanisms (i.e., oxidational wear,
abrasive wear, and delamination wear), while oxidational wear and delamination wear are the main
regimes in heat treated steels. Oxidation leads to the wear of sintered steels and in the meantime the oxides
attached to the rubbing surface further lower intense wear of the rubbing system. Abrasive wear and
delamination wear, which result in flake debris, are responsible for high wear coefficients.
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1. Introduction

Porosity is the most representative feature of sintered steels
compared with other intrinsic physical or mechanical proper-
ties, such as hardness, impact energy, and transverse rupture
strength. Because porosity strongly influences the properties
and determines the applications of sintered steels, it draws
much attention of the powder metallurgist.[1-3] Higher porosity
results in lower values in all mechanical properties of sintered
steels.[1] It has been proved that the total porosity lowers the
fatigue limit of Mo alloyed sintered steels.[3] In comparison
with the numerous studies concerned with other mechanical
properties, the influence of porosity on wear behavior of sin-
tered steels has not been extensively investigated.

The volume fraction of porosity and the pore size have
considerable effect on the sliding wear behavior of sintered
steels. The beneficial and detrimental roles of porosity in wear
resistance strongly depend on wear conditions. In lubricated
wear process, porosity provides a considerable advantage be-
cause the pores act as lubricant reservoirs and/or lubricating
channels. In contrast, while in dry sliding wear condition, the
influence of porosity on the wear resistance does not appear to
be monotonic and transition stages introducing modifications
in wear resistance have been proposed.[4,5] The latter case is
based on the pores on the worn surface that not only supply the
possibility to bring about severe wear as large metallic wear
debris could be worn out, but also supply the sites to collect the
wear debris, especially oxides, which greatly lighten the wear

and therefore obviously compensate their negative effect in
wear resistance.[6] For different sintered steels those effects
alternate depending on factors such as the composition and heat
treating condition. Therefore, until now, it has been hard to
make a universal conclusion about the influence of pores on
various sintered steels, especially for the series of sintered Fe-
Mo-C steels, the dry sliding wear behavior is always associated
with the state of the sinter and wear condition beyond the
porosity inside. For successful sinters, it is still necessary to
evaluate their wear behavior before practical application.

In this paper, the influence of porosity on the dry sliding
wear behavior of sintered Fe-1.5Mo-0.7C steels was investi-
gated.

2. Experimental Details

Two powders (i.e., Astaloy1.5Mo that is a pre-alloyed pow-
der of iron and molybdenum with particle size less than 160
�m and natural graphite UF4 [Kropfmuehl]), were used to
produce sintered steels with the composition of 0.7 wt.% C and
Astaloy1.5Mo base. A 0.25 wt.% HWC was used to be a press-
ing lubricant. Specimens were pressed at 250, 400, 700 MPa,
and double pressed at 700 MPa, respectively, and were sintered
at 1270 °C in vacuum for 2 h. Some specimens that were
double pressed at 700 MPa and then sintered in vacuum were
Hot Isostatically Pressed (HIPed). Parts of the specimens were
quenched in oil after soaking in a tube nitrogen furnace at 890 °C
for 45 min and then were further tempered in air at 300 °C for 60
min. The basic properties of sintered Fe-1.5Mo-0.7C steels pre-
pared at different compacting pressures are listed in Table 1.

The wear behavior of sintered Fe-1.5Mo-0.7C steels was
evaluated on a pin-on-disk test-bed, which is based on ASTM
standard G99-95a[7] except that the disk material was replaced
by 100Cr6 with a hardness of HRC62. The 6 mm diameter pins
were machined from sintered and heat treated steels. Based on
the consideration of wear test stability and practical applica-
tion, the wear test condition was chosen as a sliding speed of 3
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m/s and load of 30 N after the optimization of the wear test
conditions.[8]

The wear was evaluated by measuring the mass loss of the
steels in regular intervals during the wear testing process. The
wear coefficient of sintered steels (k) was defined after the
following formula,

k = �V��FN�s� = �m����FN�s� �mm3�N*m�

where �V is the worn volume which was calculated from mass
loss (�m) and density (�) of sintered steels, FN load, and s the
sliding distance which is calculated from the formula, s �
2�·r·n, where r is the radius of the worn circle (50 mm) and n
the rotation speed of the motor.

Throughout each test, the mass loss in a period of test time
was measured to construct plots of wear against sliding dis-
tance. By using linear regression analysis, the slope (a) of a line
(i.e., Wmass loss � a·s + b) was obtained. The wear coefficient
in terms of volume loss per unit load and sliding distance,
mm3/(N·m), can be easily calculated by the following formula,

k =
a

� � FN

Worn surfaces of pins and wear debris were SEM analyzed on
a JEOL JSM-6400 Scanning Microscope (JEOL Ltd., Tokyo,
Japan).

3. Results and Discussion

3.1 Pores

The size, shape, and distribution of pores are largely depen-
dent on processing. As all the specimens were sintered under
the same sintering parameters (i.e., sintering at 1270 °C in
vacuum for 2 h), the compacting pressure plays the decisive
role in pore size, shape, and distribution. With the decrease of
porosity the pore shape changes from large irregular angular
form to a small, rounder shape, which is same result reported
in Ref. 2. Although the pores have different shapes, they are
almost evenly distributed in all specimens.

For either as-sintered or heat treated specimens, the size of
pores decreases with the decrease of porosity (Table 2). Heat
treating does not lead to any appreciable changes in the pore
shape and size. Specimens compacted at 250 MPa have the
largest pores, while the specimens that were HIPped have the
fewest and smallest pores. Double pressing for compacts
slightly decreases the pore size of specimens and makes the
pores rounder as well as decreases the porosity in specimens.

3.2 Frictional Coefficient

Figure 1 shows the frictional coefficient of the sintered
steels as the pins sliding against 100Cr6 disks. It can be seen
that all the sintered steels have almost the same lowest (about
0.4) and highest (about 0.6) frictional coefficient except those
with highest porosity, which have relatively low highest fric-
tional coefficient. This indicates that the processing methods
and heat treating have little influence on the frictional coeffi-
cient under the given wear test condition. In this case the for-
mation and worn away of oxides on the surface of sintered
steels during the sliding process contribute significantly to the
frictional coefficient. When much oxide is formed on the slid-
ing surface the frictional coefficient will reach the value of
oxides (i.e., about 0.4 or lower as reported).[8] Under this con-
dition the oxides act as solid lubricant and reduce the friction
and wear of the matched steels. After a period of sliding and all
of the oxides are worn away the two steels will contact directly.
In this case the frictional coefficient will rise above 0.6.

Usually frictional coefficient remain high for only a short
time because under the wear condition used, friction heat raises
the surface temperature of the sintered steels to their critical
oxidation temperature in a short time and new oxides form on
the surface in the meantime.[9] Therefore, most of the time
during sliding the frictional system maintains a lower frictional
coefficient. The friction process is controlled by the formation
of oxides, worn away of oxides layers, and the contact of fresh
metal area; therefore, the frictional coefficients alternate be-
tween the lower limit (when contact surfaces are separated by
oxide layers) and upper limit (when metals direct contact).

Sintered steels have many large pores, which are exposed in
the frictional process. These pores may collect the debris, usu-
ally oxides. The collected oxides not only increase the real
contact area between the pin and disk but also act as the solid

Table 1 Basic Properties of Sintered Fe-1.5Mo–0.7C Steels

Specimens

Density, × 103 kg/m3 Porosity, % HV30

AS/Q + T(a) AS/Q + T AS Q + T

Pressed at 250 MPa 6.41 18.5 112 222
Pressed at 400 MPa 6.90 12.4 154 417
Pressed at 700 MPa 7.22 8.3 210 447
Double pressed at 700 MPa 7.38 6.2 237 568
Double pressed at 700 MPa and HIPed 7.81 0.8 305 739

(a) AS: as-sintered steels; Q + T: quenched and tempered steels

Table 2 Dimensions of the Pores in Specimens(a)

Porosity, %

Dimension (µm), AS Dimension (µm), Q + T

Max Average Max Average

18.5 100 30–35 92 25–32
12.4 84 20–25 80 20–25
8.3 60 15–20 55 10–20
6.2 45 15–20 40 10–15
0.8 6 4 6 4

(a) The pores were measured in the largest diagonal direction for irregular
shape.
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lubricant source when the non-pore areas have metallic con-
tacts with the disk. In this sense the high porosity sintered
steels have relatively low upper-frictional-coefficient limit be-
cause oxides always exist on the contact area even in the case
of so-called metal-metal contact. On the other hand, as there
are many pores on the frictional surface, this type of sintered
steel has a high wear coefficient, which will be discussed later.

3.3 Wear of Sintered Fe-1.5Mo-0.7C Steels

The mass loss variation with sliding distance for sintered
Fe-1.5Mo-0.7C steels with different porosity is plotted in Fig.
2. As-sintered steels with high porosity have high mass loss
and those with low porosity have low mass loss after both 10.8
km and 64.8 km sliding. This indicates that during the whole
sliding wear testing, the mass loss of the as-sintered steels
decreases with decrease of porosity.

With the decrease of porosity the mass loss of quenched and
tempered Fe-1.5Mo-0.7C steels significantly decreases for both
10.8 km and 64.8 km sliding. The steels with highest porosity
have highest mass loss and the ones with the lowest porosity
have the lowest mass loss. Compared to as-sintered steels,
quenched and tempered steels have lower mass loss at the same
porosity, and the function of porosity in the first hour of sliding
becomes more evident for the quenched and tempered speci-
mens. All of this indicates that there must be other factors that
also influence the wear resistance of sintered Fe-1.5Mo-0.7C
steels.

Figure 3 gives the wear coefficient of sintered Fe-1.5Mo-
0.7C steels as a function of the porosity. It can be seen that with
the increase of porosity, the wear coefficient of sintered Fe-
1.5Mo-0.7C steels slightly increases when the porosity is lower
than 6.2%. When the porosity is between 6.2 and 12.4% the
wear coefficient increases obviously and then once more
slightly with the further increase of porosity. Compared to
as-sintered steels, the Q+T steels have obviously lower wear
coefficient at correspondent porosity. It means that the heat
treated steels not only obtain high hardness but also get high
wear resistance. In average, after heat treating the wear coef-

ficient decreases by a factor of 1/3. From the above experi-
mental results it can be concluded that the mass loss and wear
coefficient of sintered Fe-1.5Mo-0.7C steels increase with the
increase of porosity.

The wear coefficient of sintered Fe-1.5Mo-0.7C steels can
also be linked to their load bearing cross section (Ac) as seen
in Fig. 4. With the increase of Ac the wear coefficient de-
creases for both as-sintered and heat treated steels. Especially,
when Ac increases from 47.8-55.7%, the wear coefficient falls
down rapidly. This trend of wear coefficient with Ac supported
the idea that under a given test condition the wear coefficient
decreases with the decrease of contact pressure between the
frictional pairs, as well as that only from the point of view of
friction and wear, a fairly high load bearing cross section is
enough to achieve good tribological properties. The “jump” in
the curves shown in Fig. 4 also indicates that isolated porosity
is apparently beneficial for the wear resistance compared to the
interconnected one.[3,10]

Porosity and hardness of sintered steels, especially
quenched and tempered steels, have significant difference on
wear resistance during the first hour of testing, i.e., the running-
in period as seen in Fig 5. At high porosity, quenched and

Fig. 1 Frictional coefficient of the specimens as pin sliding against
100Cr6 disk

Fig. 2 Mass loss variation with sliding distance of as-sintered Fe-
1.5Mo-0.7C steels. D means double pressed at 700 MPa. (a) as-
sintered; (b) Q + T.
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tempered steels have even higher wear coefficient than as-
sintered ones. But at lowest porosity, the wear coefficient after
heat treatment is much lower than that of as-sintered. As-
sintered steels with high porosity deform easily because of their
low hardness. Under the force of normal load, the pore area on
the surface will be filled by the plastically deformed materials
and therefore the real contact area increases, which results in
decreased contact pressure and therefore low wear coefficient.
When these steels are in the heat treated state, the deformation
becomes difficult owing to the increase in hardness. In this
case, the real contact area is smaller and the high contact pres-
sure makes the thin connected area between pores easily worn
off. Usually these worn materials are in a metallic state and
coarse, which can be verified through SEM analysis for the
debris. These hard metallic debris may plow or cut the pin
surface as abrasives or plow the disk surface when they were
inserted in surface pores. At low porosity there is a large con-
tact area between the pores, and the pores are very small and

isolated, so the real contact area is much larger than that at the
situation of high porosity. Under the same wear test condition,
owing to high hardness and low porosity, the wear coefficient
becomes much smaller. This implies that low porosity and high
hardness are mainly responsible for the low wear coefficient in
the running-in process. Within this work, when porosity de-
creases from 17.6%-0.8%, the wear coefficient of heat treated
steels decreases by over 80%, while the as-sintered steels de-
crease by only 50%.

3.4 Wear Mechanism

To identify the wear mechanisms of the sintered steels rub-
bing against the 100Cr6 disks, the worn surfaces of the pins
and wear debris were observed by SEM. Fine oxides are on all
the specimen surfaces, the size of the oxides does not consid-
erably change with the different porosity specimens, and the
amount of oxides increases with the decrease of the porosity
(Fig. 6). It follows that during wear testing oxidational wear
occurred in all sintered steels and the lower porosity specimens
are much more prone to form oxides. The formation of oxides
consumes some of the pin material and induces the oxidational
wear, and on the other hand these oxides do lubricate the rub-
bing system and therefore reduce the further wear of the sys-
tem.

Pits are also seen on the worn surfaces of sintered steels.
The pits on the surface of high porosity steels come mainly
from the inherent pores, which are on the surface of sintered
steels or were disclosed when the material above was worn
away during the wear test. At lower porosity, the size of pits
decreases and which are mainly caused by the surface fatigue
(Fig. 6e), i.e., delamination wear happened; and the wear debris
as abrasive plow both the oxide layer (Fig. 6c) and metallic
area (Fig. 6f) and therefore induce the abrasive wear. So as-
sintered steels underwent oxidational wear, delamination wear
and abrasive wear.

As the high porosity as-sintered steels have more intercon-
nected pores, they have lower strength and are much easier to

Fig. 3 Wear coefficient of sintered Fe-1.5Mo-0.7C steels with dif-
ferent porosity

Fig. 4 Relationship between wear coefficient and load bearing cross
section (Ac)

Fig. 5 Wear coefficient of the specimens during the first hour of
testing (running-in period)
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deform and to be torn off, esp. at the beginning of the wear
process. So high porosity steels have high mass loss and, there-
fore, high wear coefficient as shown in Fig. 3 and 4. After long
periods of sliding, due to the largely reduced pits and smoother
worn surfaces contributed by the debris filled into the pits as

well as the surface hardening by the friction heating,[11] the
difference in mass loss caused by porosity becomes very small
although the average wear coefficient of high porosity steels is
still higher than that of the more dense ones, which mainly
happened in the running-in process.

Fig. 6 Worn surfaces of sintered Fe-1.5Mo-0.7C steels and wear debris. (a) pressed at 250 MPa, AS; (b) pressed at 250 MPa, Q + T; (c) double
pressed at 700 MPa and HIPed, AS; (d) double pressed at 700 MPa and HIPed, Q + T; (e) double pressed at 700 MPa, AS; (f) double pressed at
700 MPa, AS, under high magnification
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Like the as-sintered steels, oxidational wear has also taken
place on all surfaces of the heat treated steels during the wear
test. Besides delamination wear also occurred because pores
serve as the origin of fatigue crack generation and the end of
fatigue crack propagation. In this case the materials were worn
away in flake as seen in the collected debris. Steels with high
porosity and interconnected pores (Fig. 6b) have a large
amount of debris around the pores, which were peeled away
along the cracks between pores. It can be supposed that this
type of tear-off takes place easily, especially when subsurface
layers contain pores. For the lower porosity steels (Fig. 6d),
the cracks causing delamination wear can only be found un-
der even higher magnification. With the decrease of porosity,
the delamination wear apparently decreases. Markedly for
all the quenched and tempered steels, abrasive wear becomes
less important, which is to a large extent due to the increased
hardness. Heat treating process not only increases the hardness
of the high porosity steels, but also makes the steels more
brittle and enhances the damage of steels in delamination wear
regime. This may explain why quenched and tempered high
porosity steels have higher wear coefficient than the as-sintered
ones during the running-in process.

All the wear debris collected from the as-sintered steels
rubbing against 100Cr6 disks is a brownish-red mixture, which
contains iron oxides and Fe-1.5Mo-0.7C metallic materials.
The size of most debris is about 4 �m, which was characterized
by Fe2O3, Fe3O4, and FeO.[12] These fine oxides act as solid
lubricants reducing friction and therefore reducing wear. De-
bris collected from high porosity as-sintered steels contain the
largest particles ranging between 20 and 200 �m which is
demonstrated to be the metallic materials from the sinters,
while the debris from the steels with less or nearly no porosity
range between 20 and 60 �m. All the larger debris is in the
form of flakes, which is the feature of delamination wear. On
the surface of large debris there are some oxides. These indi-
cate that oxides had already formed on the surfaces of large
flake debris before the large flake debris detached from the
bulk steels. In addition the plowing can be clearly seen on the
surface of flake debris under high magnification (Fig. 6f),
which shows that abrasive wear has already happened before
the flake debris detached. Combined with the result of the worn
pin surface, it can be concluded that during the wear process,
oxidational wear, abrasive wear, and delamination wear coex-
ist.

Wear debris collected from quenched and tempered steels
rubbing against 100Cr6 are the mixture of fine oxides and
flakes as are the debris from as-sintered ones. The oxides in
debris increase with the lowering of porosity, which can be
demonstrated by the interference of the debris on SEM analy-
sis. The number and size of the flakes apparently decreases
with the decrease of porosity. The debris collected from tem-
pered HIPed steels contains fewer and smaller (about 30 �m
flakes). It seems that with the lowering of porosity the oxida-
tional wear becomes predominant and the delamination wear
decreases. For this reason, the wear coefficient of sintered
steels decreases as porosity decreases.

4. Summary

Porosity strongly influences the dry sliding wear behavior
of sintered steels. In principle, sintered steels with high poros-
ity have poor wear resistance. When the porosity is lower than
6.2%, further decreases in porosity play a smaller role on the
wear coefficient of both as-sintered and Q + T steels. Because
disclosed pores can collect the debris and oxides during the
rubbing process, the disadvantage due to the poor hardness and
mechanical strength caused by high porosity can be in part
compensated for. As-sintered steels have three types of wear
mechanisms (oxidational wear, abrasive wear, and delamina-
tion wear), while the quenched and tempered steels two wear
mechanisms (oxidational wear and delamination wear). Oxida-
tion makes the sintered steels lose some material; in the mean-
time, the oxides attach to the surface of the rubbing pairs and
lower further intense wear. Abrasive wear and delamination
wear are responsible for high wear coefficients.
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