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Abstract: Induction hardening of dense Fe–Cr/Mo alloys processed via the powder-metallurgy route was studied. The Fe−3Cr−0.5Mo, 
Fe−1.5Cr−0.2Mo, and Fe−0.85Mo pre-alloyed powders were mixed with 0.4wt%, 0.6wt%, and 0.8wt% C and compacted at 500, 600, and 
700 MPa, respectively. The compacts were sintered at 1473 K for 1 h and then cooled at 6 K/min. Ferrite with pearlite was mostly observed 
in the sintered alloys with 0.4wt% C, whereas a carbide network was also present in the alloys with 0.8wt% C. Graphite at prior particle 
boundaries led to deterioration of the mechanical properties of alloys with 0.8wt% C, whereas no significant induction hardening was 
achieved in alloys with 0.4wt% C. Among the investigated samples, alloys with 0.6wt% C exhibited the highest strength and ductility and 
were found to be suitable for induction hardening. The hardening was carried out at a frequency of 2.0 kHz for 2–3 s. A case depth of 2.5 mm 
was achieved while maintaining the bulk (interior) hardness of approximately HV 230. A martensitic structure was observed on the outer pe-
riphery of the samples. The hardness varied from HV 600 to HV 375 from the sample surface to the interior of the case hardened region. The 
best combination of properties and hardening depth was achieved in case of the Fe−1.5Cr−0.2Mo alloy with 0.6wt% C. 
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1. Introduction 

Powder metallurgy (P/M) is an efficient processing tech-
nique because of its unique advantage of producing densi-
fied alloy steels with improved mechanical properties. It 
produces near-net-shape components and is used for making 
high-performance components in automotive industry [1−2]. 
Even brittle Ni3Al intermetallic compounds can be fabricated 
by the P/M technology [3]. Alloying elements and P/M 
process parameters affect the structure and properties of P/M 
steels. Cr–Mo alloy steels are used in high-temperature ap-
plications because of their excellent creep resistance at high 
temperatures. High-temperature sintering of Cr–Mo steels 
results in better mechanical properties. 

Yu explained the diffusion behavior of Cr and Mo during 
sintering of Fe−3Cr−0.5Mo alloy on the basis of continuous 
cooling transformation diagrams. The Fe−Cr−Mo alloys 
containing 0.3wt%−0.5wt% C were sintered at 1393 K with 
heating and cooling rates ranging from 0.8 to 2 K/s; he ob-

served a bainitic and martensitic microstructure [4]. Kanda-
vel et al. processed an Fe−0.5C alloy at various loads and at 
a sintering temperature of (1273 ± 10) K, which was main-
tained for 2 h in a nitrogen-purged 3.5-kW muffle furnace. 
The maximum density of 97% was obtained in the sintered 
samples prepared at a cold upset of 550 kN at a high aspect 
ratio of 1.3 [5]. Sandeep et al. processed Fe–C alloy steel 
under optimum conditions of a compaction load of 700 MPa 
and a sintering temperature of 1373 K for 1 h. The low den-
sity of the processed alloy was attributed to the low com-
pressibility of powder constituents [6]. 

Different alloying constituents have been used in alloy 
steels to improve their physical and mechanical properties. The 
addition of 0.5wt% Cr to the Fe−4Ni−1.5Cu−0.5Mo−0.5C 
sintered steel results in improved mechanical properties, as 
reported by Wu et al. [7]. The steel was compacted using a 
500-MPa load and was sintered at 1523 K. An increase of 
38% in ultimate tensile strength and a decrease of 15% in 
impact energy were observed. Amador et al. [8] added Mo, 
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a ferrite stabilizer, to alloy steel and found that it induces 
solid–solution strengthening and enhances the hardenability 
of steel. These effects were confirmed by Engstrom et al. 
and by Shigeru et al. [9−10]. Kremel et al. [11] processed 
the sintered Cr–Mo alloy containing 0.2wt%−0.5wt% C at 
1393 and 1473 K and found strong interparticle bonding at 
1473 K that resulted in high hardness. Marcu et al. [12] 
processed the Fe−3Cr−0.5Mo alloy with 0.6wt% C com-
pacted at 700 MPa and sintered at 1393 and 1523 K with a 
cooling rate of 40 K/min and achieved an improvement of 
37% in tensile strength upon increasing the sintering tem-
perature from 1393 to 1523 K. Hrubovcakova et al. [13] 
studied sintering of the Fe–Cr–Mo pre-alloyed powder with 
additions of 0.5wt%, 0.6wt% and 0.8wt% C in 90%N2–10%H2 
sintering atmosphere using continuous monitoring of the 
exhaust gas composition (CO, CO2, and H2O) and eluci-
dated the relationships between the density (6.5–7.4 g/cm3), 
sintering temperature (1393 and 1473 K), and the heating 
and cooling rates (10 and 50 K/min). Specifically, the higher 
sintering temperature (1473 K) and a density of 7.0 g/cm3 
resulted in a greater than 80% decrease in the relative oxy-
gen content. Complete reduction of chromium oxides was 
not observed for the Fe–Cr–Mo alloy with 0.4wt% C sin-
tered at 1393 K for 1 h [14]. 

The aforementioned literatures show that various re-
searchers have attempted to improve the properties of alloy 
steel by adding different alloying elements and varying the 
P/M process parameters. We noted that faster cooling rates 
were used during sintering of Fe–Cr/Mo alloys. In the 
present work, we processed Fe–Cr/Mo alloys using slower 
cooling rates and investigated the properties of the obtained 
samples. 

Induction hardening is one of the best methods to further 
enhance the surface hardness of Fe–Cr/Mo alloys, thereby 
improving their performance. In induction hardening, the 
surface is hardened to a required depth within a short time 
using high-temperature heating and water quenching, thus 
avoiding scaling [15]. Also, the inner core of the P/M prod-
uct remains unaffected, allowing the samples to retain their 
toughness, thereby restricting crack propagation. Induction 
hardening utilizes the principle of electromagnetic induction 
to heat the surface layer of a workpiece. More than 70% of 
the current generated by the electromagnetic induction flows 
in a thin surface layer. Induction hardening enables control 
of the mechanical properties of metal parts by imparting 
surface hardness while the core retains the original structure, 
resulting in high hardness [15]. Palaniradja et al. [16] car-
ried out induction hardening on specimens of wrought steel 
materials—grades AISI 1040, AISI 4140, AISI 4340, AISI 

1055, AISI 6150, and AISI 9255, with carbon contents from 
0.35wt% to 6.0wt%, and studied the microstructures of the 
products. Their results showed that the microstructure 
transformed from austenite to martensite and that the speci-
mens achieved hardness in the range of HRC 55–HRC 65 
when the power potential was 0.85 kW/cm2, the scan speed 
was 1.34 m/min, and the quenching flow rate was 15 L/min. 
Kusmoko et al. [17] achieved a high surface hardness value of 
HV 685 for AISI 1045 wrought steel whose surface was heated 
at 1473 K for 2 s before the specimen was quenched in water. 

A survey of literatures indicates that induction hardening 
studies have been carried out mostly on wrought steel, whe-
reas literatures regarding induction hardening of the P/M 
processed alloy steel are limited. The prevailing porosity in 
the P/M-processed samples may restrict effective hardening 
because proper heating and cooling parameters must be used 
to achieve the desired hardness and effective case depth 
during the induction hardening process of alloy steel [18]. In 
the case of porous samples, a higher power setting is nor-
mally required to achieve a given depth of hardening com-
pared to that used for a wrought material with similar com-
position. Furthermore, because heat dissipates rapidly and 
more carbon diffusion occurs, rapid water quenching is ne-
cessary to achieve the required case depth and hardness [19]. 
In the present work, we attempted to induce induction har-
dening in the P/M-processed Fe–Cr/Mo alloy steel. 

2. Experimental  

Water-atomized powders of Fe–Cr/Mo alloys were sup-
plied by Hoganas India. Three alloy compositions, 
Fe−3Cr−0.5Mo, Fe−1.5Cr−0.2Mo, and Fe−0.85Mo, were 
used in this study. The pre-alloyed powders exhibited an 
average particle size between 110 and 130 μm. Ultra-fine 
graphite powder with a particle size ranging from 2 to 3 µm 
was added to the selected compositions. The alloy powders 
were mixed with 0.4wt%, 0.6wt%, and 0.8wt% C for 1 h in 
a ball mill (10:1 ratio of ball to metal). The mixed powders 
were compacted at 500, 600, and 700 MPa using the die 
shown in Fig. 1. A mixture of acetone and stearic acid was 
used for die wall lubrication. The green compacts of 
dog-bone shape were sintered at 1473 K for 1 h in a tubular 
furnace under a gas mixture of (90vol%N2 + 10vol%H2). 
The diameter of the tube where the samples were placed for 
sintering in the tube furnace was 50 mm, and the effective 
heating length was approximately 200 mm. The sintered 
compacts were cooled to room temperature at a cooling rate 
of 6 K/min. These compacts conform to ASTM E8-04 for 
P/M tensile samples. 
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Fig. 1.  Dog-bone shape: (a) die; (b) dimensional details. 

The density of the green and sintered samples was meas-
ured by weight and volume measurements. The carbon con-
tent of the sintered compacts was determined using a Leco 
carbon and sulfur analyzer. Transverse sections were cut 
from the sintered samples, mechanically polished to a 
1-μm-grade alumina powder finish, and etched with 2vol% 
nital solution for observation by optical microscopy using a 
Leica 5000M microscope. Their surfaces were further ex-
amined using a Quanta 200 FEI scanning electron micro-
scope. Hardness measurements were carried out on polished 
sample sections using a 49-N load in a FIE VM50 Vickers 
hardness testing machine. Tensile tests were performed on 
the sintered dog-bone-shaped samples at a strain rate 0.5 
mm/min using a computer-controlled Hounsfield test in-
strument (H25KS) with a 25-kN capacity. 

The alloys with 0.4wt% and 0.6wt% C were selected for 
induction hardening studies. The cylindrical samples of 32 
mm in diameter and 50 mm in height were also prepared in 
a circular die using the alloy with 0.6wt% C and a 700-MPa 
load. These samples were similarly sintered and then sub-
jected to induction hardening in a 75-kW A.B. Electricals 
induction hardening unit. The induction hardening was car-
ried out using a 2.0 kHz frequency for 2–3 s on alloy steel 
specimens, which raised its outer periphery surface temper-
ature to approximately 1223 K; further quenching was car-
ried out using water spray to increase the case depth and 

hardness. Transverse sections were cut from the center of 
the hardened samples. The sectioned samples were polished, 
and the case depth was examined using an Omnitech 
(MVH-II) microhardness tester. The polished sections were 
subsequently etched for optical microscopy and scanning 
electron microscopy (SEM) studies. A Rigaku Smartlab 
X-Ray diffractometer (G8, Bruker, Germany) was used for 
phase identification. 

3. Results and discussion 

3.1. X-ray diffraction and density measurements 

The Fe–Cr/Mo alloy steel specimens with specific com-
positions Fe−3Cr−0.5Mo, Fe−1.5Cr−0.2Mo, and Fe−0.85Mo 
were processed via the P/M route. The density of the 
dog-bone-shaped sintered compacts ranged from 6.8 to 
7.25 g/cm3. The carbon content of the sintered compacts 
was found to range from 0.30wt% to 0.68wt%. These 
results are summarized in Table 1. An N2–H2 atmos-
phere enables the successful sintering of Cr-alloyed P/M 
steels [20]. The highest density was observed in samples 
prepared using the compaction pressure of 700 MPa. Fer-
rite (λ) and cementite (µ) peaks are observed in the XRD 
patterns of the sintered samples (Fig. 2(a)). The patterns of 
the induction-hardened samples reveal the martensite (α) 
peaks (Fig. 2(b)). 

Table 1.  Density of green and sintered Fe−3Cr−0.5Mo, Fe−1.5Cr−0.2Mo, and Fe−0.85Mo dog-bone-shaped compacts 

Graphite 
content / 

wt% 

Compaction load / 
MPa 

Green density / (g⋅cm−3) Sintered density / (g⋅cm−3) 

Fe−3Cr−0.5Mo Fe−1.5Cr−0.2Mo Fe−0.85Mo Fe−3Cr−0.5Mo Fe−1.5Cr−0.2Mo Fe−0.85Mo

0.4 

500 6.81 6.83 6.80 6.84 6.87 6.82 

600 7.12 7.13 6.98 7.14 7.14 7.02 

700 7.18 7.20 7.08 7.18 7.22 7.10 

0.6 

500 6.82 6.84 6.80 6.83 6.88 6.81 

600 7.14 7.14 7.01 7.15 7.17 7.04 

700 7.20 7.22 7.10 7.21 7.25 7.12 

0.8 

500 6.81 6.86 6.80 6.82 6.87 6.81 

600 7.15 7.16 7.04 7.17 7.18 7.06 

700 7.18 7.20 7.11 7.20 7.22 7.14 
 



S. Chauhan et al., Studies on induction hardening of powder-metallurgy-processed Fe–Cr/Mo alloys 921 

 

 

 

Fig. 2.  XRD patterns of the Fe−1.5Cr−0.2Mo alloys with 
0.6wt% C: (a) after sintering; (b) after induction hardening. 

3.2. Microstructure and mechanical behavior of sintered 
alloys 

Observations of the microstructure of the samples with 
0.8wt% C reveal the presence of graphite at prior particle 
boundaries (Fig. 3). Ferrite and pearlite are observed in the 
microstructure of sintered alloys, whereas Cr/Mo carbides 

are observed at ferrite boundaries (Fig. 4). The microstruc-
ture of Fe–Cr/Mo–0.6C consists of the mixture of ferrite and 
pearlite with some carbides at the boundaries, whereas rela-
tively more pearlite and carbide are observed in the 
Fe–Cr/Mo alloy with 0.8wt% C because of the higher car-
bon content of the alloy. Also, some graphite is observed at 
the boundary, which weakens the bonds among grains and 
lowers the strength in the case of 0.8wt% C. 

 

Fig. 3.  Microstructure of the sintered Fe−0.85Mo alloy with 
0.8wt% C. 

 
 

The regions near ferrite boundaries observed in SEM mi-
crographs of the sintered Fe−3Cr−0.5Mo alloy specimens 
were examined in conjunction with energy-dispersive X-ray 
spectroscopy (EDS) analysis. The EDS results indicate the 
presence of alloyed carbides at these boundaries (Fig. 5). 

The mechanical properties of the Fe–Cr/Mo alloy are 
strongly influenced by the carbon addition, compaction load, 

and sintering temperature. The results of hardness and ten-
sile tests of the processed Fe−3Cr−0.5Mo, Fe−1.5Cr−0.2Mo, 
and Fe−0.85Mo alloy steel specimens with different carbon 
contents are summarized in Table 2. The carbon content also 
affects the hardness and tensile strength. The hardness and 
tensile strength were lower in the alloys with 0.8wt% C as a 
consequence of graphite particles at prior particle bounda-

Fig. 4.  Micrographs of the sintered alloys 
with 0.6wt% C: (a) Fe−3Cr−0.5Mo; (b) 
Fe−1.5Cr−0.2Mo; (c) Fe−0.85Mo. 
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ries. Thus, the samples with 0.4wt% and 0.6wt% C were se-
lected for subsequent induction hardening studies. A higher 
volume fraction of pearlite and the absence of graphite or 
presence of very little graphite at prior particle boundaries in 
Fe−1.5Cr−0.2Mo alloys resulted in a higher hardness and a 
higher ultimate tensile strength (Table 2). In the case of al-
loys with 0.8wt% C, graphite is present at prior particle 
boundaries, which decreases the mechanical properties of 
the sintered alloy. Chauhan et al. [21] analyzed the 
Fe−3Cr−0.5Mo alloys with 0.4wt% and 0.8wt% C after 
compaction under a 650-MPa load and sintering at 1393 or 
1473 K for 1 h with a cooling rate of 3.5 or 6 K/min; they 
found that the increase in carbon content adversely affected 

the mechanical properties. In the present work, the hardness 
(HV 233), ultimate tensile strength (457.7 MPa), and percentage 
elongation (6.4%) are maximum for the Fe−1.5Cr−0.2Mo−0.6C 
alloy compacted at 700 MPa and sintered at 1473 K. Such a 
high sintering temperature may also facilitate carbide disso-
lution and is responsible for the higher pearlite/carbide con-
tents in alloys sintered at 1473 K [14]. The higher pear-
lite/carbide contents, in turn, also improve the mechanical 
properties. At higher Cr/Mo contents, more alloy carbide 
formation is observed at ferrite boundaries. Thus, both 
Fe−3Cr−0.5Mo and Fe−0.85Mo alloys exhibit lower 
strength and ductility compared to the Fe−1.5Cr−Mo alloy 
with 0.6wt% C. 

 

Fig. 5.  SEM image showing the spot analyzed by EDS (a) and a typical EDS spectrum of alloy carbides at the ferrite boundary in 
Fe−3Cr−0.5Mo alloy (b).  

Table 2.  Mechanical properties of sintered alloys 

Graphite 
content / 

wt% 

Compaction 
load / MPa 

Hardness, HV Tensile strength / MPa Elongation / % 

Fe−3Cr−
0.5Mo 

Fe−1.5Cr− 
0.2Mo 

Fe− 
0.85Mo

Fe−3Cr−
0.5Mo

Fe−1.5Cr−
0.2Mo 

Fe− 
0.85Mo

Fe−3Cr− 
0.5Mo 

Fe−1.5Cr−
0.2Mo 

Fe− 
0.85Mo

0.4 

500 189 145 152 280.2 289.3 277.2 1.4 1.8 1.6 

600 215 190 185 310.1 360.7 305.1 2.4 3.1 2.8 

700 230 195 194 340.5 392.1 324.1 3.0 3.5 3.1 

0.6 

500 202 191 188 339.5 343.4 231.6 1.3 2.3 1.9 

600 223 225 210 382.1 432.9 388.2 1.9 4.1 2.9 

700 231 233 220 418.2 457.7 401.0 2.2 6.4 3.5 

0.8 

500 182 186 190 252.6 270.3 239.7 1.2 1.8 1.6 

600 195 209 212 288.6 325.8 299.7 1.5 2.1 1.9 

700 201 218 217 298.9 352.3 312.2 1.8 2.8 2.3 

 
3.3. Induction-hardened sintered Fe–Cr/Mo alloys  

Decarburization occurs during sintering, which leads to a 
lower carbon content of sintered samples, as confirmed by 
the Leco carbon and sulfur analyzer. The 0.6wt% C com-
pacts contain approximately 0.5wt% C after sintering, whe-

reas the 0.4wt% C compacts contain approximately 0.3wt% 
carbon after sintering. The decarburization tendency of sin-
tered samples is due to exposure to elevated temperatures 
during sintering for relatively longer times. Induction har-
dening at 2.0 kHz for 2–3 s on alloy steel specimens in-
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creased their outer periphery surface temperature to ap-
proximately 1223 K; further quenching using water spray 
resulted in high case-depth and hardness. A martensitic 
structure could not be obtained after induction hardening in 
alloys with 0.4wt% C because of the low carbon content 
(Fig. 6). After sintering, the sample contained only 
0.3wt% C. A martensitic structure was observed on the 
outer periphery of the samples containing 0.6wt% C (Fig. 
7). The effective case depth (ECD) for Fe−1.5Cr−0.2Mo 
alloy steel was 2 mm, whereas the ECD for 
Fe−3.0Cr−0.5Mo and Fe−0.85Mo alloys was 1.5 and 1.75 
mm, respectively. This difference may be due to larger 
amounts of Cr/Mo in these alloys. 

 

Fig. 6.  Micrograph of the induction-hardened Fe−1.5Cr−0.2Mo 
alloy with 0.4wt% C, comprising ferrite and pearlite, but no 
martensite, indicating insufficient hardenability. 

 

Fig. 7.  Micrographs of the induction-hardened Fe−1.5Cr−0.2Mo alloy with 0.6wt% C: (a) low-magnification image of the polished 
sample (sample diameter = 32 mm); (b) transition zone showing the core and the outer periphery; (c) SEM micrograph of the peri-
phery, showing the martensitic structure; (d) optical micrograph of the core of the sample, showing ferrite and pearlite. 

In all of the samples, a transition from martensitic (effec-
tive case depth) to ferritic + martensitic structure (total case 
depth) from the surface to the core of the samples was ob-
served (Fig. 8). This transition leads to a decrease of hard-
ness, as shown in Fig. 9. The constant induction parameters 
used resulted in a difference in ECD, as observed for the 
specimens of different compositions. The ECD is the lowest 
when both Cr and Mo are high (i.e., in the case of 
Fe−3Cr−0.5Mo). The ECD is the highest when the Mo and 
Cr contents are low (i.e., in the case of Fe−1.5Cr−0.2Mo). 
Mo and Cr both are ferrite stabilizers; however, Mo is more 

effective in raising the eutectoid temperature [22]. The ECD 
is lower in the Fe−0.85Mo alloy than in the Fe−1.5Cr−0.2Mo 
alloy. Increasing the Mo content from 0.2wt% to 0.85wt% 
may overcome the effect of eliminating Cr. A variation in 
hardness (HV 600 to HV 375) was observed from the sam-
ple surface to the interior of the case-hardened region (Fig. 
9), whereas the bulk (interior) hardness remained approx-
imately HV 230. This difference in behavior may be due to 
variation of the cooling rate from the periphery to the inte-
rior of the samples during hardening. The sintered 
Fe−1.5Cr−0.2Mo alloy with 0.6wt% C exhibits a high ten-
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sile strength of 457.7 MPa, an elongation of 6.4%, and a 
hardness of HV 233. After induction hardening, the alloy 
exhibits a maximum hardness of HV 600 and a case depth of 
2.5 mm. Thus, among the studied alloys, the Fe−1.5Cr−0.2Mo 
alloy with 0.6wt% C is the best suitable for automobile 
gears and engine parts. 

 

Fig. 8.  Micrograph of the region near the transition zone, 
showing the ferritic and martensitic structure. 

 

Fig. 9.  Surface hardness variations from the surface to the 
core of Fe−3Cr−0.5Mo, Fe−1.5Cr−0.2Mo, and Fe−0.85Mo al-
loys, showing the sharp decrease in hardness after 2-mm case 
depth. 

4. Conclusions 

(1) A high density was observed in the samples prepared 
using a compaction pressure of 700 MPa. 

(2) Ferrite and pearlite were observed in the microstruc-
ture and Cr/Mo carbides were observed at ferrite boundaries 
of the sintered alloys. In addition, the presence of graphite at 
prior particle boundaries was also observed in the sintered 
alloys with 0.8wt% C. 

(3) At higher Cr/Mo contents, increased alloy carbide 
formation was observed at ferrite boundaries. Thus, both the 
Fe−3Cr−0.5Mo and Fe−0.85Mo alloys exhibit lower 

strength and lower ductility compared to the Fe−1.5Cr−Mo 
alloy with 0.6wt% C. 

(4) Martensitic structure was not observed after induction 
hardening in alloys with 0.4wt% C. This lack of hardening 
is attributed to the low hardenability and the decrease in 
carbon content (>0.4wt% C) after sintering.  

(5) Induction hardening of the Fe−1.5Cr−0.2Mo alloy 
with 0.6wt% C results in a maximum hardness of HV 600 
and a maximum case depth of 2.5 mm. 

(6) The ECD of the Fe−1.5Cr−0.2Mo alloy steel is 2 mm, 
whereas the ECD of the Fe−3.0Cr−0.5Mo and Fe−0.85Mo 
alloys is 1.5 and 1.75 mm, respectively. This difference may 
be due to the greater amounts of Cr/Mo in these alloys. 
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