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Abstract—Dry sliding wear test specimens of high-carbon powder metallurgy steels were performed in accor-
dance with the ASTM G99-05 standard. Heat treatment of sintered specimens was carried out by the austen-
itization process at 950°C for 4 min, next quenching in a salt bath at 210, 350 and 400°C for 60–360 s. Wear
performances of the specimens were carried out with a constant load of 10 N, at a sliding speed of 1.00 m s–1

and up to a sliding distance of 1000 m. Scanning electron microscopy (SEM) and X-ray diffraction (XRD)
were used for microstructure analysis and phase identification. It was seen that the friction coefficient of the
specimen was not directly related to the hardness. The friction coefficient of the specimen with the lowest
hardness, which was treated isothermal at 400°C, is lower than the specimen with higher hardness. However,
even though the friction coefficient is low in this sample, the increase in the wear rate was remarkable. In
other specimens, the coefficient of friction and wear rate decreased proportionally with the increase in their
hardness. The wear rate of the specimens was reduced by the decrease in isothermal holding temperature
and time.

Keywords: ferrous powder metallurgy, isothermal quenching, wear, friction, martensitic and bainitic trans-
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INTRODUCTION
The ferrous alloys containing 2 wt % C are used in

various industrial applications that require high
strength and excellent wear resistance [1–3]. Primary
cementite surrounding pearlite colonies in the micro-
structure of steels with hypereutectoid composition
damage the ductility and mechanical properties of
these steels [4, 5]. While the increase in carbon con-
tent causes the martensite transformation start (Ms)
and martensite transformation finish (Mf) tempera-
tures to decrease, the probability of retained austenite
formation between martensite plates increases when
quenching is applied for hardening. The retained aus-
tenite increases by the quenching rate and alloying ele-
ments [6, 7]. As these contain more dislocations and
other crystal defects, they cause increased internal
stresses. Hence it is an undesirable micro-formation
since it can cause cracks and fractures during the use
of steel containing retained austenite. In order to pre-
vent this adverse situation, austempering and martem-
pering processes can be offered especially for high-
carbon steels [8–10]. A typical austempering is simply

to produce a bainitic structure by keeping it at a con-
stant temperature above the Ms temperature until the
bainite transformation finish (Bf) time, according to
the temperature-time-transformation (TTT) diagram
of the steel. According to the TTT diagram, martem-
pering is used to produce unstressed martensite by
holding it at a constant temperature just above the Ms
temperature until the bainite transformation start time
(Bs) [6].

Material production by powder metallurgy is
among important manufacturing methods. Typically,
for the desired alloy design, powders of different
chemical compositions are mixed into the main pow-
der and sintered at high temperatures to form diffusion
bonds and dissolve the alloying elements [11–13].
Nowadays powder metallurgy materials are used in
many fields such as mechanical manufacturing, auto-
motive, and aerospace industries etc. [14–18]. Power
transmission and bearing materials produced by pow-
der metallurgy have an important place. Also, heat
treatments are applied to produced parts in order to
improve mechanical and wear properties [19–22]
1433
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Fig. 1. As-sintered SEM microstructure with primary
cementite (PC) phase plus pearlitic (P) structure.
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Since parts produced by the conventional powder
metallurgy method contain pores, heat treatments
should be applied carefully. In order to reduce the heat
treatment quenching rate, it is mostly preferred to
increase the additions of alloying elements [23, 24].
However, such a method can significantly increase the
cost of production.

In the present study, high-carbon powder metal-
lurgy steel specimens were produced without adding
alloying elements. By the different isothermal holding
temperature and time, austempering and martemper-
ing heat treatments, which can be safer for mechani-
cal/wear properties, were applied instead of traditional
quenching heat treatment. Thus, dry sliding wear
properties of powder metallurgy steels martempered
heat treatment, which had not been applied before
were investigated in comparison with the austemper-
ing processes.

EXPERIMENTAL

To produce high C powder metallurgy steel, 1.5 wt %
natural graphite powder was added to pure iron pow-
der (ATOMET 1001-Höganäs). Green wear test spec-
imens with a diameter of 10 mm and a height of 15 mm
in accordance with ASTM G99-05 standards were
produced from mixed powders by cold compaction
under 700 MPa pressure in a die. Compacted wear
specimens were sintered under 99.99% purity Argon
gas atmosphere at 1200°C for 20 min. Green and sin-
tered densities of the specimens were achieved with an
Archimedes density meter and found to be 6.9 and
7.2 g cm–3, respectively. For the heat treatment of sin-
tered specimens, the first austenitization process was
carried out at 950°C for 4 min, then quenched in a salt
bath at 210, 350 and 400°C, isothermal annealing for
60–360 s and quenched again in water at room tem-
perature. According to these procedures, the speci-
mens were coded with the “IQ” symbol indicating iso-
thermal annealed plus quenched, the first three-digit
PHYSICS OF METAL
number representing the temperature and the next
number representing the holding time. As explained in
the example, according to the IQ210-180 coding, it
was annealed and quenched at 210°C for 180 s.

Specimens were conventionally sandpapered, pol-
ished, and then etched in 3% nital solution to reveal
microstructures. JEOL JSM-6060LV SEM was used
to image the microstructures. APD 2000 PRO-XRD
brand X-ray diffraction (XRD) Instrument in order to
identify phases in specimens and has been carried out
using CuKα radiation (λ = 1.5418 Å) and scans in 2θ
between 20° and 90° with 0.02 steps.

The HV1 Vickers hardness values of the specimens
were determined with the SHIMADZU HVM2 hard-
ness tester. The mean values were calculated by mea-
suring the hardness from at least five different points
in each specimen. The dry sliding wear tests of the
specimens were carried out on the TRIBOMETER
T10/20 wear tester in accordance with the ASTM
G99-05 standard. The disc used as abrasive surface is
steel having a hardness of 55 HRC. All dry sliding wear
tests were carried out under a constant load of 10 N, at
a sliding speed of 1.00 m s–1 and up to a sliding dis-
tance of 1000 m. As a result of the wear test, average
weight losses of the specimens were determined on a
0.1 mg precision scale. Then, the volume ratio (m3)
was calculated from the mass loss and the wear rate in
m3 (N m)–1 was determined by considering the applied
load (N) and the sliding distance (m). In addition, the
friction coefficient was automatically recorded by the
software to which the system was connected. Worn
surfaces of the specimens were imaged by SEM.

RESULTS AND DISCUSSION
In Fig. 1, the microstructure obtained after the sin-

tering process is given. As expected, primary cementite
(PC) networks formed continuously at grain boundar-
ies of pearlite colonies since it has a hypereutectoid
carbon composition. It was observed that perlite colo-
nies containing the secondary cementite phase were
formed in divorced morphology. In alloys having
hypereutectoid carbon composition, the network dis-
persion of the PC phase in the structure damages
many mechanical properties of the steel, such as duc-
tility, ultimate tensile strength, and toughness. One of
the other hardness increasing methods to improve
wear properties is to produce a martensitic phase by
quenching. The plate type fully martensitic micro-
structure was achieved when quenched directly. How-
ever, internal cracks (IC) were caused when the high-
C specimens were rapidly quenched after austenitizing
at 950°C as seen in Fig. 2.

Austenite grain size and C content cooling rate
before quenching was important consideration in mar-
tensite cracking. Coarse austenite grain size has been
reported to induce quenching cracking [25]. In addi-
tion, long and wide martensite plates are prone to
S AND METALLOGRAPHY  Vol. 124  No. 13  2023
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Fig. 2. As-quenched SEM microstructure having high car-
bon plate type martensitic with internal cracking (IC) sub-
sequent sintering process.
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cracking has been reported. There may be micro-
cracks at the interface during the distortion of the
plates [26]. Retained austenite may also be responsible
for this situation.

In order to prevent internal microcracks in marten-
site plates during quenching in high-carbon steels as
seen in Fig. 2, martempering heat treatments are rec-
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1

Fig. 3. Microstructure evaluations depending on isothermal holdin
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ommended. This process is used to produce the mar-
tensite phase by quenching below Ms and Mf tempera-
tures before isothermal holding above the Ms transfor-
mation temperatures of the austenitized steel and
before the bainitic transformation begins. By this way,
residual stress is avoided [6, 27].

In Fig. 3, microstructures of the specimens, which
were subjected to martempering according to different
holding times at 210°C, are presented. When martem-
pering is performed at 210°C for 30 s, the presence of
quenching cracks is still observed (Fig. 3a). The pres-
ence of a typical tempered martensite structure in the
IQ210-30 and IQ210-90 specimens can be noted up to
30 and 90 s isothermal holding time (Figs. 3a and 3b).
The process performed on the IQ210-90 specimen was
verified as martempering process. When the TTT dia-
gram of a plain C steel with a high C hypereutectoid is
examined as shown in Fig. 4, it can be observed that
martensitic transformation can be achieved in mar-
tempering processes performed at 210°C for up to
100 s (red line in Fig. 4). When the holding time at this
temperature exceeds 100 s, the presence of partial
martensite phases and bainitic transformations can be
formed in the IQ210-180 specimen as seen in Fig. 3c.
Probably, the holding time of the IQ210-180 specimen
with martensitic plus bainitic microstructures is
24  No. 13  2023
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Fig. 4. TTT diagram of hypereutectoid carbon steel [28].
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between bainite transformation (Bs) and bainite finish
(Bf) in the TTT diagram shown in Fig. 4. In the IQ210-
360 specimen, when the isothermal holding time at
210°C was 360 s, a complete bainitic transformation
occurred in the microstructure (Fig. 3d).

In Fig. 5, microstructures of the specimens kept
isothermal at 350°C for different periods are shown. It
can be seen that the bainitic transformation begins
PHYSICS OF METAL

Fig. 5. Microstructure evaluations depending on isothermal h
(c) M350-180 specimens.

2 �m(a)

(c)
when it is kept at this temperature for 30 s in the
IQ350-30 specimen (Fig. 5a). As shown by the green
line on the TTT diagram in Fig. 4, the bainitic trans-
formation starts in 10 s at 350°C. Bainitic plus lamellar
pearlitic structures are formed when the holding time
is increased in the IQ350-90 and IQ350-180 speci-
mens (Figs. 5b and 5c). According to the TTT dia-
gram, the martempering time is shortened even more
when isothermal processes are applied at 400°C (blue
line). It is the upper bainitic structure of the micro-
structure in the IQ400-60 and IQ400-90 specimens
obtained by 60 and 90 s isothermal treatment applied
at this temperature (Figs. 6a and 6b). Upper bainite
region characterized by parallel aligned ferrite laths are
shown in Fig. 6. In the typical upper bainite micro-
structure, ferrite laths are characterized by being sepa-
rated by cementite precipitates [29].

The process, known as martempering, can both
prevent the formation of residual austenite formed
during severe quenching, and reduce the risk of distor-
tion and cracking. In powder metallurgy materials, it is
inevitable that internal pores also have a notch effect.
This, in particular, plays a role in accelerating quench-
ing cracks used for hardening. Therefore, martemper-
ing in high-carbon powder metallurgy steels is recom-
mended to improve many mechanical and tribological
properties of the material.
S AND METALLOGRAPHY  Vol. 124  No. 13  2023
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Fig. 6. Microstructure evaluations depending on isothermal holding time at 400°C of the (a) IQ400-60 and (b) IQ400-90 specimens.
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Fig. 7. XRD pattern analyses of the specimens.
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Retained austenite can cause serious problems,
especially in high C steels. It increases internal stresses
in mechanical or tribological working conditions and
it can cause tempering embrittlement. XRD pattern
analyses of the specimens are given in Fig. 7. In the
XRD analysis of the as-quenched specimen, the pres-
ence of untransformed austenite peaks in the (111),
(200), and (220) planes can be clearly seen (Fig. 7a). It
can be understood from the XRD patterns that these
intensities have decreased significantly in specimens
that were kept isothermal and quenched at different
temperatures and times specimens (Figs. 7b–7f). As
the amount of C increases, the Ms and Mf tempera-
tures required for martensite transformation decrease
further. This situation leads to a further increase in the
amount of retained austenite. It is reported that the
residual amount of directly quenched austenite can be
eliminated by tempering or secondary tempering [6].
As seen Figs. 7b–7f, it has been clearly demonstrated
that marquenching and austempering treatment con-
tributes to the reduction of retained austenite in high C
powder metallurgy materials. By transforming the
retained austenite to martensite, the dimensional sta-
bility of the steel is ensured and the hardness and wear
properties are improved in a precisely way [30].
According to the XRD pattern of the IQ210-60 speci-
men in Fig. 7b, the amount of retained austenite has
decreased significantly even with the martempering at
a low temperature of 210°C for 60 s. The presence of
residual austenite was similarly eliminated by increas-
ing the isothermal holding and quenching tempera-
ture for a shorter time in the IQ350-30 and IQ350-60
specimens (Figs. 7c, 7d). XRD analysis results of the
IQ400-30 and IQ400-60 specimens revealed that Fe3C
(cementite) formations occurred by increasing the
high temperature (350–400°C) for longer isothermal
holding time (60 s) by austempering processes
(Figs. 7d–7f). This reason is explained as follows, as
can be seen in Fig. 4, Fe3C micro formation starts in
addition to austenite at 350 and 400°C in a longer time
(when the Bs time is exceeded). When quenched, Fe3C
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
formation can be expected as bainitic transformation
takes place with martensite.

In Fig. 8, the HV1 hardness value graph is pre-
sented depending on different isothermal tempera-
tures and times. As the isothermal temperatures
decreased, the hardness value increased as expected.
While the hardness value was 370 HV1 in the IQ210-
90 specimen, which was annealed 90 s at 210°C, it
decreased to 340 HV1 in the IQ210-360 specimen,
where the isothermal holding time was 360 s. It can be
understood that the Bs time is approximately 100 s, as
indicated by the red straight arrow at 210°C in the
schematically TTT diagram of 1.2% C steel in Fig. 4.
Therefore, it can be understood that this treatment of
the IQ210-90 specimen is completely in martempering
conditions. In the IQ210-180 and IQ210-360 speci-
mens, the Bs time is exceeded since the isothermal
holding time is 180 and 360 s. As indicated by the
dashed red arrow in Fig. 4, when quenching occurs
during this time interval, a decrease in hardness values
is expected since the formation of bainitic structures
24  No. 13  2023
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Fig. 8. HV1 hardness graph of isothermally annealed and
quenched specimens at different temperatures and times.
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with martensite in the microstructure occurs. Since
the isothermal holding time of 360 s in the IQ210-360
specimen could not reach the Bf time at this tempera-
ture, the hardness value decreased due to the presence
of bainite structure and less martensite phase in the
microstructure. With the increase of isothermal hold-
ing temperatures in IQ350 and IQ400 specimens, the
Bs conversion time decreased to about 10 s and below.
Therefore, since bainitic transformation took place
earlier in these specimens, the HV1 hardness values
were lower than the IQ210 series specimen. While the
hardness values obtained in IQ 350-60 and IQ400-60
specimens, which were kept isothermal for 60 s, were
360 HV1 and 320 HV1, respectively, it was determined
that they were 330 and 315 HV1, respectively, at the
PHYSICS OF METAL

Fig. 9. Friction coefficient variation depending on the iso-
thermal holding time and temperature of the specimens.

0.4

0.5

0.6

0.7

0.8

0.9

1.0

60 90 120 150 180

Isothermal temperature, �C
210
350
400

210 240 270 300 330 360
Isothermal holding time, s

Fr
ic

tio
n 

co
effi

ci
en

t �

end of 180 s holding time at the same temperatures in
the IQ350-180 and IQ400-180 specimens. It is a typi-
cal austempering process to produce upper bainite at
the end of the temperature and time treatment applied
on IQ350 and IQ400 specimens. The microstructure
essentially has more toughness properties, especially
under dynamic loads, with a partial decrease in hard-
ness and a significant increase in ductility. On the
other hand, martempering heat treatment can be pre-
ferred by minimizing internal stresses, as in the IQ210-
90 specimen, which exhibits more hardness, especially
in order to improve wear resistance in static loads such
as bearing materials. The main purpose of the study is
to provide as high a hardness value as possible without
residual stresses or quenching cracks.

In Figs. 9 and 10, the friction coefficient (μ) and
wear rates of the specimens depending on the isother-
mal holding time and temperatures are given, respec-
tively. As seen in Fig. 9, there is an increase in friction
coefficient values with the increase in isothermal
holding time. This situation can be associated with
hardness values of the specimens. When the hardness
values decrease, it can be noted that the adhesive fric-
tion mechanism is more effective under dry friction
conditions. On the other hand, it is noteworthy that
the coefficient of friction decreases when the isother-
mal holding temperature is 400°C.

It is thought that this situation reduces the contact
area in the counter material where Fe3C precipitates in
the microstructure come into contact, as upper bainite
formation occurs at the end of the isothermal holding
time at this temperature, as shown schematically in
Fig. 11. In the case of the upper bainite microstruc-
ture, the slightly coarsened Fe3C material may pro-
trude slightly on the outer surface due to its high hard-
ness. Because the soft ferritic matrix initially moves
S AND METALLOGRAPHY  Vol. 124  No. 13  2023

Fig. 10. Wear rate variation depending on the isothermal
holding time and temperature of the specimens.
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Fig. 11. Schematically the contact status of (a) martensitic, (b) finer bainitic and (c) coarser bainitic microstructures to the
counter material disc.
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away from the material during friction. Then the pro-
truding Fe3C phase can reduce the contact surface
ratio. Thus, it can be noted that the coefficient of fric-
tion decreases. Since the more homogeneous lower
bainite and martensite microstructures have more sur-
face contact area, the friction coefficient is controlled
by the hardness of the material in this case.

While the lowest friction coefficient was 0.51–0.59
in IQ400-60 and IQ400-90 specimens, the highest
friction coefficient values were 0.65 and 0.85 in
IQ350-60 and IQ350-180 specimens, respectively. It
can be noted that the coefficient of friction in these
specimens increases more effectively with the isother-
mal holding time. The friction coefficient was 0.63
and 0.71 in IQ210-60 and IQ210-180 specimens,
respectively. The rate of increase in the coefficient of
friction in these specimens slowed down with increas-
ing isothermal holding time. This may be due to the
fact that the soft ferrite phase is more dominant in the
microstructure with the growth of the precipitated
carbides after the bainite transformation is completed.
Since the ferrite phase in the microstructure has an
adhesive effect on the sliding counter material, it has
led to an increase in the friction coefficient.

The wear rate graph of the specimens is given in
Fig. 10. The wear rate increased with the isothermal
holding time and temperature. It can be noted that the
wear rate variations are not related to the hardness val-
ues of all specimens. The wear rate increased with
increasing isothermal temperature and holding time.
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
The least wear rate was obtained in the IQ210-90 spec-
imen by applying mar-quenching process. With the
initiation of the lower bainitic transformation at
210°C, the wear rate increased relatively. With the pro-
cesses performed at 350 and 400°C, where the upper
bainitic transformation took place, the hardness value
of the specimens decreased significantly, resulting in
an increase in the wear rate. As expected, the wear rate
increased higher in the specimens with the lowest
hardness IQ400-90 and IQ400-180. Frequently, while
the friction coefficient decreases, the wear rate
decreases, although the friction coefficient is low in
the specimens annealed at 400°C, the wear rate
increases. As a possible reason for this, while the
coarser precipitated Fe3C particles decreased the fric-
tion coefficient, they could be broken during friction
with the encounter material, increasing the wear rate.

In Fig. 12, worn SEM surface images of the speci-
mens are given. As seen in Fig. 12a, the wear tracks on
the worn surface of the IQ210-90 specimen annealed
at low isothermal temperature appear very thin, shal-
low and smoother.

By the martempering process, it is understood that
in this specimen, which has the highest hardness value
and the lowest wear rate, less wear debris is removed
from the worn surface. When the holding time is
increased at this temperature, partial adhesive wear
tracks indicated by orange arrow on SEM image are
observed on wear surfaces due to the relative decrease
in hardness as a result of bainitic transformation, as in
24  No. 13  2023
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Fig. 12. Worn surface SEM images of (a) IQ210-90, (b) IQ210-360, (c) IQ350-60 and (d) IQ400-60 specimens.
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the IQ210-360 specimen (Fig. 12b). As seen in
Figs. 12c and 12d, respectively, in the IQ350-60 and
IQ400-60 specimens, adhesive wear tracks are much
more evident on the wear surfaces due to the much
lower hardness value. When upper bainite is produced
in the microstructure, traces of delamination resulted
in a higher wear rate which can be seen on wear sur-
faces as a result of the adhesive effect indicate by blue
arrows.

CONCLUSIONS
(1) As quenched P/M sample, while the typical

plate martensitic microstructure was produced. Inter-
nal cracks were formed in the martensite plates due to
the high carbon content. In addition, according to
XRD analysis, the presence of retained austenite was
observed in the directly quenched samples. With the
increase of isothermal annealing time and tempera-
ture, retained austenite peaks disappeared.

(2) The hardness values of the samples decreased
with the increase of isothermal annealing temperature
and holding time. While the highest hardness value
was 370 HV1 in the specimen, which was annealed
90 s at 210°C, the hardness decreased to 340 HV1 by
isothermal holding time for 360 s. When the isother-
PHYSICS OF METAL
mal annealing temperatures were increased for the
austempering process, the hardness values decreased
and the lowest hardness was achieved at the end of the
60 s isothermal holding time at 400°C with 315 HV1
value. The possible reason is the increase in the bain-
itic transformation with the decrease of the martensite
volume ratio with the increase of both the annealing
temperature and the holding time.

(3) The increase in the isothermal holding time of
the samples increased both the friction coefficient and
the wear rate. However, it was seen that the friction
coefficient of the specimens was not directly related to
the hardness. The friction coefficient of the specimen
with the lowest hardness, which was treated isother-
mal at 400°C, is lower than the specimens with higher
hardness. The reason for this is thought to decrease the
wear disc contact area of hard Fe3C particles precipi-
tated due to the formation of upper bainite at 400°C.
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