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Abstract—The aim of this study was to compare the influence of intercritical quenching (IQ), step quenching
(SQ) and quenching plus tempering (QT) heat treatments on the microstructure and tensile properties of
1.7Ni–1.5Cu–0.5Mo–0.2C pre-alloyed powder metallurgy (P/M) steels. In the microstructures of the IQ
and SQ specimens partial martensite having Ni-rich phases formed up in the soft ferritic matrix. It was
observed that unlike Mo, a Cu alloying element dissolved homogeneously in the specimens. The martensite
volume fraction (MVF) in the SQ specimens was higher than that in the IQ specimens. It was found that mac-
rohardness, yield and tensile strengths increased, whereas microhardness of ferrite and elongation decreased
with increasing MVF. However, with this increase, microhardness values of martensite phases decreased in
the IQ specimen, while they increased in SQ specimens. It was observed that the yield, tensile, and elongation
values of the QT specimens were lower than those of all intercritically annealed specimens having the same
hardness values.
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INTRODUCTION
Alloying elements have been widely used to

improve the mechanical properties of powder metal-
lurgy (P/M) parts [1–3]. However, alloying elements
added by conventional P/M production routes may
not disperse and solve homogeneously in the matrix
structure during sintering process. A microstructure of
P/M steels could exhibit a heterogeneous distribution
due to the density, particle morphology, and dimen-
sion variety of alloying powders admixed to the main
powder. The use of diffusion bonded or master alloyed
powders are much more suitable for homogenizing of
a microstructure in P/M steels.

It is well known that many mechanical properties
of P/M steels can be improved by various heat treat-
ments [5–7]. The quenching and tempering process is
commonly applied to improve mechanical properties
of P/M steels [3]. Therefore, coexistence of soft and
hard phases in the microstructure is significant for
optimization of tensile strength and ductility [1–4]. In
earlier studies, intercritical annealing (ICA) and aus-

tempering heat treatments [8, 9] were applied to P/M
steels, as well as quenching plus tempering heat treat-
ments. In addition, the tensile [10, 11], impact tough-
ness [12, 13], and wear [14] properties of the plain car-
bon P/M steels that had undergone different heat
treatments were also investigated.

Dual-phase microstructures containing mainly the
ferrite plus martensite constituent produced by ICA
heat treatments are materials that have better ultimate
strength, ductility, toughness, and higher strain hard-
ening and deformability than conventional low carbon
steels [15, 16]. Low-alloy hypoeutectoid steels are
intercritically annealed between the Ac1 and Ac3 tem-
peratures to produce a mixture of ferrite and austenite.
After that, a ferrite plus martensite dual-phase struc-
ture is produced by quenching from ICA region. The
mechanical performance of dual-phase steels contain-
ing ferrite plus martensite can be optimized by con-
trolling the shape, size, amount, and distribution of
the martensite in the ferritic matrix [2, 17–21].

In the present study, microstructural and tensile
properties of 1.7N–1.5Cu–0.5Mo diffusion bonded
pre-alloyed iron based P/M steels that had passed1 The article is published in the original.
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through conventional quenching-tempering and ICA
heat treatment processes were examined and compared.

EXPERIMENTAL
The specimens were prepared by adding the graph-

ite (UF4) by weight of 0.2% used as the carbon source
and the amide wax by weight of 0.91% as the lubricant
to diffusion bonded alloy powder of composition
1.5Cu–1.74Ni–0.5Mo (ferrous based Höganäs Dis-
taloy AB). After the powders were homogeneously
mixed, the mixed powders was shaped under 670 MPa
pressing pressure at room temperature in a mould in
accordance with the requirements of ASTM-E 8M
tensile test standard [22]. The specimens removed
from the mould were sintered at 1250°C under an
atmosphere of high purity argon gas for 30 minutes.

The IQ heat treatment of the first group of sintered
specimens was carried out by directly applying an
intercritical annealing at different temperatures (705–
735–765°C) with the subsequent rapid oil-quenching.
The specimens subjected to this heat treatment cycle
were marked as IQ705, IQ735 and IQ765, respectively
according to the ICA temperatures (Fig. 1a).

The SQ heat treatment was applied to another
group of sintered specimens. After austenization at
890°C, these specimens were cooled down at three dif-
ferent inctercritical annealing temperatures (705–
735–765°C) and oil quenched subsequently (Fig. 1b).
The specimens produced in this way were mark-
labelled as SQ705, SQ735, and SQ765, respectively
according to the applied temperatures. The ferrite plus
martensite microstructure combination was aimed for
the specimens of both IQ and SQ series.

Finally, in order to compare the tensile properties,
the quenching + tempering (QT) heat treatments
were applied to the third group of specimens. These
specimens were austenitized at 890°C for 10 minutes
and then rapidly oil quenched. Some of these speci-
mens were tempered at 180°C for 2 hours and the
others were tempered at 250°C for 3 hours (Fig. 1c).
The specimens were labelled as QT180 and QT250,
respectively.

The specimens were etched with the 2% nital solu-
tion after the grinding and polishing processes for the
microstructural analyses. JEOL JSM-6060LV scan-
ning electron microscopy (SEM) was used for these
analyses. To determine the dispersion of the Ni, Cu,
and Mo elements in the microstructure, elemental
mapping analysis was performed using SEM with an
energy dispersive X-ray spectrometry (EDS) attach-
ment. After IQ and SQ heat treatments, the linear
intercept method was used to calculate the MVF in the
microstructure. Hardness Rockwell C (HRC) values
were measured by using an Instron-Wolpert 7551
hardness tester. Microhardness values of the ferrite
and martensite phases in the dual phase microstruc-
ture were determined with the help of a Vickers tester

(Shimadzu HMV-2) using 10 g load. Tensile tests were
carried out at a crosshead speed of 5 mm min–1 using
a universal Shimadzu testing machine with 5 kN ten-
sile test capacity, at room temperature.

RESULTS AND DISCUSSION

SEM microstructure images of the sintered P/M
specimens are given in Fig. 2. In Fig. 2a, the pearlitic
structures (white regions), the ferrite matrix, and the
internal pores in the low magnification microstructure
are seen. As can be obviously seen in a high-magnifi-
cation microstructure in Fig. 2b, the pearlitic struc-
tures had a divorced morphology. This formation is a
general characteristic of Ni-containing ferrous sin-
tered P/M steels [23]. It can be speculated that a con-
siderable amount of C from added graphite dissolved
in Ni-rich austenitic zones of concentration while the
remaining C formed the divorced pearlitic zones.

After IQ and SQ heat treatments, Ni-rich marten-
site islands in the ferritic matrix were obtained as seen
in Figure 3 and 4, respectively. It was surprising that
even at 705°C, partial Ni-rich martensite phases in the
ferritic matrix occurred in the IQ and SQ specimens.
The Ac1 temperature in the P/M specimens was 692°C
in the preliminary studies. Whereas, Ac1 and Ac3 tem-
peratures in these specimens were determined as 711
and 808°C, respectively according to Andrew’s empir-
ical formula [24].

Due to their high Ni content, Ni-rich regions were
primarily austenitized in at ICA temperature. There-
fore, the zones with lower Ni around the Ni-rich
regions were partially austenitized into ferrite until
they reach equilibrium at the constant ICA tempera-
ture. After the quenching process, while Ni-Rich
regions remained austenitic at room temperature, aus-
tenite phases with lower Ni concentration around the
Ni-rich austenitic areas transformed into martensitic
phases in the ferritic matrix.

The microstructure images of the QT180 and
QT250 specimens are shown in Figs. 5a, 5b, respec-
tively. Typically tempered martensitic matrix struc-
tures occurred in both specimens. Ni-rich regions
occurred in the martensitic matrix in the QT specimens
(Fig. 5). It was observed that the amount of the marten-
site plates decreased in the microstructure of QT250
specimens. The martensitic transformation didn’t
occurred because these zones remained austenitic after
quenching due to the high concentration of Ni.

Figure 6 provides the relationship between ICA
temperature and MVF in dual phase P/M specimens
containing ferrite plus martensite microstructures
produced through both methods. MVF also increased
with the increase in ICA temperature in the speci-
mens. While the MVF was ~30% in the IQ705 and
SQ705 specimens, in the IQ765 and SQ765 specimens
quenched at 765°C, it was 62 and 67%, respectively.



62

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 119  No. 1  2018

AHMET GÜRAL et al.

The holding period of the SQ specimens at the ICA
region was shorter than that of the IQ specimens.
Thus, a higher MVF fraction was obtained in the SQ
specimens in comparison to the IQ specimens when
quenched.

EDS element mapping analysis of the dispersion of
alloying elements in the IQ765, SQ765, and QT180
specimens are given in Figs. 7a–7c, respectively. It can
be seen in Figs. 7a, 7b that although undissolved Mo
existed in the pores among sintered particles in all

Fig. 1. Schematic illustrations of applied different heat treatment cycles; (a) intercritical quenching (IQ), (b) step quenching (SQ),
(c) quenching and tempering (QT).
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specimens, Cu and Ni dispersed particularly within
the martensite phases. In the SQ765 and IQ765 spec-
imens, it was also observed that Cu was dispersed
more homogeneously in the microstructure than Ni.

It can be seen in the Fig. 7c that in the QT180 spec-
imen, Ni-rich regions were dispersed in martensitic
microstructures. Ni-rich regions didn’t transform into
martensitic structures and remained austenitic in the
martensitic matrix.

The sintered density was 7.2 g cm–3 and the relative
densification fraction was 0.92. When the densifica-
tion values of the specimens to which heat treatemnts
were applied increased more than the densities of the
specimens that were only sintered (Table 1), it can be
speculated that the expansion in the volume of the
martensite during transformation from austenite to
martensite led the pores to shrink, which in turn
caused the density to increase. This effect was stronger
in QT specimens. In this study, it was seen that pores
occurred in two different zones. The first one, as is
seen in Fig. 3a, it is when the chemical bonds were
formed among filings during the sintering process and
the pores are isolated.

As for the other pore formation, they are pores or
cavities that occur in the middle of the martensite
phases (light grey zones) indicated by the arrow in the
microstructure images in Figs. 3b, 3c. The pores in
Fig. 3c are different from the ones in Fig. 3b. The
pores (in the middle of the martensite) in the Fig. 3c
are thought to have occurred as a result of the diffusion

Fig. 2. Microstructures of sintered specimens: magnifica-
tions are (a) 250× and (b) 2000×.
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(a) 15 kV ×250
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Fig. 3. Microstructures of IQ series specimens formed at
different intercritical annealing temperatures. (In the
images: light grey, grey, and black areas are martensite, fer-
rite, and pores, respectively.)

50 μm

50 μm

50 μm

(a)

(b)

(c)

25 kV ×500

25 kV ×500

25 kV ×500

IQ705

IQ735

IQ765



64

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 119  No. 1  2018

AHMET GÜRAL et al.

of the nickel element towards the austenite phase
formed during the ICA.

Macro- and micro-hardness values of specimens
are given in Table 1. The macro-hardness values of the
IQ and SQ specimens increased with the increase in
ICA temperature. It was observed that the hardness of

Fig. 4. Microstructures of SQ series specimens formed at
different intercritically annealing temperatures, after ful
austenization. (In the images: light grey, grey, and black
areas are martensite, ferrite, and pores, respectively).
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SQ specimens at a constant ICA temperature was
higher than that of the IQ specimens due to the SQ
specimens’ higher MVF. The micro-hardness of the
ferrite phases of the IQ and SQ specimens increased as
ICA temperature increased. However, the hardness of
the ferrite phase in the SQ specimens were lower than
those of the IQ specimens. While the micro-hardness
of martensite phases decreased in the IQ specimens, it
increased in the SQ specimens as the ICA temperature
increased. This can be attributed to the amount of dis-
solved nickel in the martensite phase increased in the
SQ specimens with the increase in ICA temperature.

Tensile values of the specimens are given in Table 1.
Yield and tensile values of the sintered specimens were
low because their microstructure had a ferrite plus
pearlite structure. While the tensile strengths of the
specimens to which IQ and SQ heat treatments were
applied increased depending on the increasing MFV,
their ductility values decreased. An increase in the
ICA temperature leads to an increase in MVF as well
as to a decrease in the C content of martensite. Due to
increasing MVF, the yield and tensile strengths of the
intercritically annealed specimens increased, but con-
sequently their ductility decreased. Tensile load

Fig. 7. Distributions of Ni, Cu, and Mo elements in the microstructures of (a) IQ765, (b) SQ765, and (c) QT180 specimens,
respectively mapped by EDS analysis.
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Table 1. The density, hardness and tensile properties of the specimens

* Hardness of sintered specimen is 74 HRB.

Specimens
Density,
g cm–3 

Hardness, 
HRC

Microhadness, HV0.01 Yield strength, 
MPa

Ultimate tensile 
strength, MPa

Relative 
ultimate 

elongation, %ferrite martensite

Sintered 7.19 * – – 292 383 3.14
IQ705 7.25 24 235 758 322 459 2.82
IQ735 7.26 25 195 600 403 520 2.10
IQ765 7.25 32 185 535 408 541 1.59
SQ705 7.28 24 173 264 405 555 3,56
SQ735 7.26 29 165 310 453 624 3.42
SQ765 7.26 34 155 338 476 710 3,38
QT180 7.31 33 – – 394 659 2.54
QT250 7.42 22 – – 336 498 3.31
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applied to the P/M materials that do not have high
density is experienced by the necks of the sintered
powder particles. This reduces the effective load bear-
ing capacity. Micro-plastic dimple morphologies seen
in the sintering necks (Fig. 8) confirm this case.

SQ specimens were of more yield and tensile
strength compared to IQ specimens at the constant
ICA temperature. When IQ705, SQ705, and QT250
specimens, which had the lowest hardness value of
~22–24 HRC, were analysed, the yield and tensile
stress and fracture elongation of the SQ705 specimens
were greater than in the case of the IQ705 and QT250
specimens. On the other hand, the SQ765 specimen
had the highest yield, tensile stress and fracture elon-
gation values among the specimens which had ~33–
34 HRC hardness value. According to these results,
the yield, tensile stress properties and fracture elonga-
tion properties were improved further through the SQ
heat treatments in comparison to the QT and IQ heat
treatments. The presence of the ferrite phase at the
grain boundaries in the SQ specimens can be consid-
ered as the most important feature affecting the tensile
properties.

After tensile testing analyses, localized dimple frac-
ture modes were observed in the soft ferritic matrix in
the sintered specimen (Fig. 8). These ductile fractures
have occurred locally in small quantities in the sinter-
ing neck bonds (in the dashed circle in the Fig. 8b).
The fracture surface images of the IQ, SQ, and QT
specimens are given in the Figs. 9–11, respectively.
Dimple-type and cleavage-type fractures occurred in
the specimens that went through IQ and SQ heat
treatments (Figs. 9 and 10). The SQ specimens were
observed to have more cleavage-type fracture facets
than the other specimens and to show further ten-
dency to increase with high MVF. It can be speculated
that this was the result of the martensite islands forma-
tion of connectivity with the increase of martensite
phase (Figs. 3, 4). The fractures occurred in the form
of cleavage because the network that shaped hard mar-
tensite phase limited the ductility. While the cleavage
fracture zones in the IQ specimens increased with the
increase in MFV, these zones tended to decrease in the
SQ specimens. In the QT180 and QT250 heat treatment
specimens, completely dimple-type fractures occurred
in their microstructures instead of cleavage-type frac-
tures (Fig. 11). At the same time, micro dimple-type

Fig. 8. Fracture surface morphologies of sintered speci-
mens: Magnifications are (a) 250×, (b) 1000×.
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Fig. 9. Fracture surface morphologies of directly interciti-
cal annealed specimens; (a) IQ705, (b) IQ735.
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fracture modes were observed owing to the fact that
the carbon content of the martensite produced in QT
specimens was lower than the carbon content of the
martensite produced in IQ and SQ specimens.

CONCLUSIONS
The divorced pearlitic microstructure was pro-

duced around the Ni-rich areas in the ferritic matrix
under sintering conditions. Ni-rich areas in the mar-
tensitic matrix was formed in the quenched and tem-
pered specimens. Ni-rich martensite phases in the fer-
ritic matrix were produced through ICA heat treat-
ments.

The macrohardness values of the P/M specimens
and the volume fraction of martensite increased with
increasing ICA temperature. While the micro-hardness
of the martensite phase in the IQ specimens decreased
with the increase in ICA temperature, this value showed
an increase in the SQ specimens. The microhardness
values of the martensite phase were higher in the IQ
specimens in comparison with the other specimens.
The microhardness of the ferrite phase decreased with
ICA temperature in all specimens.

When IQ705, SQ705, and QT250 specimens,
which had the lowest hardness value of ~22–24 HRC
were analysed, the yield and tensile stress and fracture
elongation of the SQ705 specimens were higher than
in the case of the IQ705 and QT250 specimens. On the
other hand, the SQ765 specimen had the highest
yield, tensile stress and fracture elongation values
among the specimens that had ~33–34 HRC hardness
value. According to these results, the yield, tensile
stress properties and fracture elongation properties
were improved further through the SQ heat treatments
in comparison with the QT and IQ heat treatments.
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