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Abstract
Microstructure and toughness properties of high carbon powder metal steels, to which
spheroidizing heat treatments were applied by using three diﬀerent methods, were investigated.
For this purpose, 1.4 wt.% natural graphite was added to NC100.24 pure iron powders. They
were compacted under 700 MPa pressure in the dimensions of 5 × 10 × 55 mm3 at room
temperature in a mold in accordance with ASTM E-23 standard, and then they were sintered
at 1180 ◦C under shielding argon gas atmosphere. In sintered samples, primary cementite
+ lamellar pearlitic structures were produced. After sintering process, spheroidizing process
was applied by using three diﬀerent methods. First one of these methods was to expose
samples to conventional spheroidizing heat treatment for 5–40 h at 705 ◦C below Ac1 eutectoid
temperature. By using the second method, the samples were subjected to spheroidizing process
repetitively for 5 and 40 h in the temperature range of 705 and 735 ◦C below and above the
Ac1 eutectoid temperature. Thirdly, the samples quenched at 950 ◦C were over-tempered for
0.5–5 h at 505 and 705 ◦C. It was understood that at the end of the spheroidizing process, there
was no direct correlation between toughness and hardness but toughness was more correlated
with the cementite distribution and morphology in the microstructure. After quenching, the
spheroidized samples showed more superior toughness and hardness properties by using the
over-tempering method.
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1. Introduction
Porosity is commonly seen in materials produced
by conventional powder metallurgy. However, it is well
known that the pores adversely aﬀect the mechanical
properties because they cause a notch eﬀect. Numerous properties of PM materials especially such as ductility, tensile strength, impact and fatigue are directly
related to their pores, alloy elements and microstructure [1, 2]. To increase the mechanical performance of
the metal parts in porous structure produced by powder metallurgy (PM), quenching heat treatments are
commonly used [2, 3]. However, while these processes
bring considerable hardness in steels, their pores cause
a serious decrease in ductility [4]. On the other hand,
it is known that ductility and strength properties of
*Corresponding author: e-mail address: agural@gazi.edu.tr

high carbon steels are signiﬁcantly developed by the
spheroidizing heat treatment [5]. The purpose of this
heat treatment is to spheroidize the lamellar or continuously precipitated cementite phases in ferrite matrix
structure. Spheroidizing heat treatment includes the
conversion process of carbides into a spheroidal shape
by annealing the carbon steels for a long time at about
Ac1 temperature line [6]. In the steels with an initial
microstructure as primary ferrite-pearlite or primary
cementite-pearlite, it takes a long time considerably to
spheroidize cementite. Additionally, over-tempering of
steels with an initial martensitic microstructure provides the precipitation of spherical cementite particles
[7].
Spheroidized cementite particles can improve the
strength, ductility and toughness of high carbon steels.
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Fig. 1a, b. Schematic heat treatment cycle graphics of (a) DS and (b) CS.

More homogeneous dispersed spherical cementite in
the ﬁne ferrite grains brings excellent formability [8].
The spheroidizing process of cementite has been investigated by many researchers [9–11]. Plastic warm
deformation can improve cementite spheroidizing in
high carbon steel [9]. In their study, the spheroidizing process of cementite in commercial Fe–0.8C steel
during cyclic heat treatment between 1173 and 923 ◦C
was investigated. Elongation values of commercial
Fe-0.8C steel were improved by the spheroidizing process of cementite [10]. It is well known that conventional subcritical isothermal annealing takes a long
time to spheroidize cementite [12, 13]. Some inves-

tigation results [14–20] have shown the potential of
cyclic heat treatment techniques to accelerate cementite process [14]. Martensitic, bainitic, or ﬁne pearlitic
initial microstructures for acceleration of spheroidizing process were suggested by Hwang and Cooman
[15]. It is noted that warm deformation accelerates the
spheroidization of cementite [16]. In an annealed 0.6
wt.% C steel, ﬁne ferrite grains and spheroidized cementite could be produced by annealing at 810 ◦C and
subsequently exposing to air cooling [5]. Ultra-ﬁnegrained spherical cementite particles were produced
by ECAP and multiple laser shock processing [17–19].
In this study, spheroidizing heat treatments were
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Fig. 1c, d. Schematic heat treatment cycle graphics of (c) QS-505 and (d) QS-705 samples.

applied to high carbon powder metallurgy steels according to diﬀerent initial microstructures to develop
especially their toughness resistance, and hardness-toughness relationships were established according to
the spheroidization behavior of cementite phases.

2. Experimental studies
In the experimental study, 1.4 wt.% natural

graphite was added to HöganäsTM NC 100.24 pure
iron powder to produce high carbon powder metal
steel. These mixed powders were compacted in accordance with an ASTM-E23 standard via uniaxial pressing at room temperature under 700 MPa to obtain
5 × 10 × 55 mm3 impact test sample.These samples
were sintered in an argon gas atmosphere controlled
furnace at 1180 ◦C and powder metal samples with a
density of 7.08 g cm−3 were produced.
In the sintered samples, three diﬀerent spheroidiz-
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ing heat treatment cycles were applied. The ﬁrst application was the conventional spheroidizing process;
the isothermal spheroidizing annealing was applied to
the sintered samples directly at 705 ◦C for 5–40 h as
schematically shown in Fig. 1a and these samples were
coded as DS. The second group of sintered samples
was spheroidized cyclically for a total period of 5 h
by being kept for 1 hour in the temperature range
of 705 and 735 ◦C below and above the Ac1 eutectoid temperature as schematically shown in Fig. 1b
and similarly for a total period of 40 h by being kept
for 8 h in this temperature interval. The samples to
which this process was applied were coded as CS. The
last group of samples was austenitized at 950 ◦C for
6 min, a martensitic structure formed by quenching
and then they were isothermally annealed at 505 ◦C
for 0.5–5 h (Fig. 1c) and they were coded as QS-505.
Similarly, as schematically shown in Fig. 1d, the samples were austenitized at 950 ◦C for 6 min, and after
the quenching process, spheroidizing process was applied at 705 ◦C for 0.5–5 h and the samples were coded
as QS-705.
To reveal the microstructures in all the samples,
exemplary metallographic processes were applied, and
they were etched with 2 % Nital solution. In imaging of microstructure, JEOL JSM-6060LV Scanning
Electron Microscope (SEM) was used selecting secondary electron imaging mode. Vickers hardness measurements of the samples were determined by using a
2-kg load in Shimadzu HMV-2 hardness device, and
the HV2 mean values were found by taking a hardness
value from at least 5 diﬀerent points for each sample.
For tests of Charpy impact samples that were prepared in accordance with ASTM E-23 standard were
performed at room temperature in Instron-Wolpert
Impact testing device with anvil capacity of 150 J.
In impact toughness experiment, at least 3 samples
were used for each heat treatment. The mean of the
data obtained was calculated, and the impact toughness graphics were obtained.

3. Experimental results and discussion
As seen in Fig. 2, initial microstructures of DS and
CS samples were primary cementite plus pearlite. Initial microstructures of QS samples were completely
martensitic (Fig. 3). In Fig. 2, the presence of typical
dense pearlite colonies and primary cementite (shown
with an arrow) is clearly seen. Figure 3 shows the plate
martensitic structure in the microstructure that was
obtained by quenching from the austenite phase. For
the spheroidizing process to be applied, there were
pores (dark regions as seen in Figs. 2 and 3), which
were natural properties of the powder metal samples,
in both initial microstructures.
Figures 4 and 5 show the microstructures of DS and

Fig. 2. SEM microstructure image of the sintered sample.

Fig. 3. SEM microstructure image of the quenched sample.

CS samples, respectively. As is seen in Figs. 4a,b it is
obvious that the cementite lamellas in the pearlitic
structure were not completely spheroidized yet at
the end of 5 and 40 h spheroidizing period. However,
Fig. 4a shows the presence of spheroidized cementite
particles as well as the areas that were not aﬀected by
spheroidization. As can be understood from these microstructures, spheroidization trends of cementite in
powder metal steels having simple carbon composition
in ferrite matrix did not start at an equal rate in every
area. This result showed that there could be diﬀerent
driving force areas within the structure in DS sample in order to spheroidize the cementite phases. The
possible reason can be the diﬀerence in accumulated
(stored) energy due to the density diﬀerence caused
by the single-acting press process. Previous studies revealed that cementite was required to be isothermally
annealed for a long time such as 72 h at 680–700 ◦C
for spheroidization in steels having a eutectoid carbon
composition [12, 13].
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Fig. 4. SEM microstructure images of DS samples obtained
at the end of (a) 5 h and (b) 40 h spheroidization time.

Fig. 5. SEM microstructure images of CS samples obtained
at the end of (a) 5 h and (b) 40 h spheroidization time.

Figures 5a,b show microstructures of CS samples
spheroidized for 5 and 40 h, respectively. As is seen
in Fig. 5a, cementite phases were not completely
spheroidized at the end of 5 h isothermal holding in
CS samples; however, in Fig. 5b it can be observed
that lamellar cementite started to break down in the
microstructure at the end of 40 h, but spheroidization
was not totally completed. When the spheroidized microstructure results of DS and CS samples are examined, it can be asserted that the time required
for an eﬃcient spheroidization was longer than 40 h.
The possible reason for this can be associated with
the fact that a great part of the energy required for
spheroidization of cementite in the sample kept at
spheroidizing temperature was consumed for ongoing
sintering. Thus it was thought that the time required
for the spheroidization of cementite might remain insuﬃcient.
Figures 6 and 7 show microstructures of QS-505
and QS-705 samples, respectively. In Fig. 6, when the
microstructure of QS-505 sample was examined after
isothermal annealing at 505 ◦C for 0.5 and 5 h, it was

understood that acicular shapes of martensite plates
started to degrade partially, but cementite particles
did not occur signiﬁcantly. However, it was clearly
seen that spherical cementite started to form as a result of 5 h isothermal annealing. Figures 7a,b show the
microstructures of QS-705 samples spheroidized by
isothermal annealing at 705 ◦C for 0.5 and 5 h, respectively. It was observed that in these samples, martensite plates completely disappeared after quenching and
very thin and relatively spherical cementite particles
formed in a ferritic matrix. It is known that dislocation
intensity of high amount is found between martensite
plates, which increases potential nucleation number
required for cementite. Furthermore, the formation of
many ﬁne cementite particles accelerates due to an
excess free energy diﬀerence between martensite and
cementite phases [20].
Depending on the increasing spheroidization time,
it was observed that spherical cementite particles lost
their ﬁne-grained structure and they became coarse.
It could be thought that nucleation and growth mechanisms in spherical cementite particles produced in
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Fig. 6. SEM microstructure images of the spheroidized QS-505 series samples with diﬀerent holding time (a) 0.5 h,
(b) 5 h.

Fig. 7. SEM microstructure images of the spheroidized QS-705 series samples with diﬀerent holding time (a) 0.5 h,
(b) 5 h.

QS-series materials were diﬀerent for DS and CS series materials. As in these samples, cementite nucleates mostly between the martensite plates having high
dislocation density, whereas spheroidization of cementite under balance conditions in DS and CS samples
was realized by reducing ferrite/cementite interfacial
tension without nucleation. Thus, it is seen that a long
time was required for spheroidization of cementite in
DS samples. At the same time, in QS series samples,
the activation energy in the formation of cementite
was relatively low which accelerated the formation of
cementite from the martensitic phase. On the other
hand, another factor that increased the reaction rate
was temperature. Therefore, the formation of spherical cementite particles was observed as a result of 5 h
isothermal annealing in QS sample. Also, it was essential to have the surface tension energy higher than the
main structure to spheroidize the cementite. Because
lower activation energy was required for cementite
formation in QS sample, spheroidization forms more
and faster cementite phases. Additionally, balanced
primary cementite phases after sintering in DS sam-

ple precipitated as an allotriomorphic grain boundary.
Then, since the heat energy given during isothermal
annealing applied for spheroidization of cementite was
possibly spent for the interface energy, wetting angle
increased, and secondary cementite particles within
the grain precipitated in the form of a spheroid. However, the energy and time required for this formation
reached high values. Thus spheroidization took quite
a long time in DS and CS series samples.
Figure 8 shows the hardness of the samples graphically. Numerous properties of the materials such as
their macro hardness values are directly correlated
with their microstructural properties. In this study,
it can be asserted that general hardness values of the
samples were lower than expected. However, as especially in powder metal materials, the porosity causes
to obtain lower values than the real values. Among the
samples, the signiﬁcant superiority of QS-505 sample
regarding hardness was observed when compared to
others. However, this was caused by the initial martensitic structure of the sample as a result of quenching.
Hardness values decreased in QS-series materials as a
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an approximate value of 2.5 J cm−2 , the highest impact toughness value was obtained in DS sample after 40 h spheroidizing heat treatment (24 J cm−2 ).
This was followed by the QS-705 sample in which
an ideal spheroidization was provided with the value
of 20 J cm−2 . On the other hand, it was observed
that QS-505 sample was superior regarding high hardness/toughness ratio. It was observed that unrelated
spherical cementite particles obtained at the end of 5 h
in QS samples made a positive contribution to the optimization of hardness/toughness properties. As a result of the present study, in high carbon powder metal
steel, it was found that the spheric cementite size and
morphology were important parameters in controlling
the hardness and impact toughness properties.
Fig. 8. Hardness graphic of QS-505, QS-705, CS and DS
samples.

Fig. 9. Toughness graphic of QS-505, QS-705, CS and DS
samples.

result of increased isothermal annealing temperature
and annealing period.
When 5 h spheroidization period was considered
in all the samples, it can be clearly understood from
the hardness graphics in Fig. 8 that the hardness of
QS-705 sample that was completely spheroidized was
higher than that of DS and CS samples.
In this study, it is intended to provide discontinuity of solid secondary phases such as cementite in
the microstructure to reduce the brittleness of materials. Due to spheroidization of cementite phases without connection between them, the toughness of the
material could be developed without signiﬁcant decrease of the hardness of the material. Figure 9 shows
impact toughness graphics of QS, DS and CS series
samples. Whereas minimum impact toughness was obtained after 0.5 h annealing in QS-505 sample with

4. Conclusions
In this study, high carbon PM steels were produced
by using powder metallurgy method. Three diﬀerent
spheroidizing heat treatment cycles were applied. Following results were obtained:
1. Cementite lamellas in the pearlitic structure of
the high carbon powder metal steels were not completely spheroidized at the end of 5 and 40 h current
spheroidizing period. However, it can be concluded
that using spheroidization time below 40 h may be
better.
2. Spheroidization trends of cementite in powder
metal specimens having carbon composition in ferrite
matrix did not start at an equal rate in every area.
This result showed that there could be diﬀerent driving force areas within the structure in the sintered
sample to spheroidize the cementite phase.
3. The microstructure of QS-505 sample with acicular shapes of martensite plates started to degrade
partially for 0.5 h holding time, but cementite formation was not signiﬁcant. However, it was clearly seen
that spherical cementite started to form as a result of
5 h isothermal annealing.
4. In microstructures of QS-705 samples, the
martensite plates completely disappeared and very
thin and relatively spherical cementite particles formed and distributed uniformly in the ferritic matrix.
5. It was observed that QS-505 sample was superior in terms of high hardness/toughness ratio. It
was observed that unrelated spherical cementite particles obtained at the end of 5 h in QS samples made
a positive contribution to the optimization of hardness/toughness properties.
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