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The microstructure and hardness of a nitrogen-containing martensitic stainless steel were investigated as a
function of heat treatment using optical microscopy, electron microscopy, amount of retained austenite, and
hardness measurement. The steel was subjected to three heat treatments: hardening, cryo treatment, and
tempering. The hardness of the steel in different heat-treated conditions ranged within 446-620 HV. The
constituents of microstructure in hardened condition were lath martensite, retained austenite, M23C6,
M7C3, MC carbides, and M(C,N) carbonitrides. Upon tempering at 500 �C, two new phases have pre-
cipitated: fine spherical Mo2C carbides and needle-shaped Cr2N particles.

Keywords carbides, hardness, heat treatment, martensitic
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1. Introduction

High-carbon martensitic stainless steels (MSSs) find appli-
cations in the aerospace industry as bearings because of high
hardness and good corrosion resistance (Ref 1). Stainless steels
based on Fe-Cr-C-Mo system are widely used for such
application for following reasons: (i) Carbon imparts solid
solution strengthening and dispersion strengthening by forma-
tion of carbides; (ii) 12% Cr makes steel stainless by forming a
thin, coherent film of chromium oxide on the surface and (iii)
Mo improves the pitting corrosion resistance of the steel
(Ref 2). Currently, AISI 440C (Fe-17%Cr-1%C-1.2%Mo) steel
is being used as cryogenic bearings because of inherent high
hardness coupled with enhanced wear and corrosion resistance
(Ref 3, 4). Nevertheless, the presence of high carbon leads to
formation of large eutectic carbides (M23C6 and M7C3) which
are detrimental to the fatigue life of the bearings (Ref 5).

Efforts have gone into the design of new grades of stainless
steel with refined carbides and retaining the corrosion resistance
to improve fatigue life. The outcome of the research is series of
steels like Cronidur 30, Pyrowear 675, CSS-42L, XD15NW,
13Cr-SS (Ref 6, 7). All the listed steels have hardness in the
range of 54-60 HRC at room temperature in hardened and
tempered condition. However, steels with nitrogen showed
microstructure with finer carbides aiding to better fatigue life
(Ref 7). Even though it is advantageous to have nitrogen, it is
rather difficult to add nitrogen in MSS due to its low solubility
(Ref 8). Several special techniques were used for producing
nitrogen MSS like pressure electro slag melting, induction

melting by injecting nitrogen gas, powder metallurgy etc.
(Ref 8, 9). With this background, a nitrogen-containing MSS
was designed, melted, and processed. The aim of the present
study is to establish relationship between microstructure and
hardness of the steel after different heat treatments.

2. Experimental Procedure

A 15 kg melt of the steel was taken by vacuum induction
melting under positive pressure of nitrogen as the nitrogen
content aimed is higher than 0.1 wt.%. High carbon fer-
rochrome and high nitrogen ferrochrome were used as a source
of nitrogen and carbon, respectively. The remaining elements
were added as pure metals. The melting was done in a magnesia
crucible and poured into a mild steel mold. The chemical
composition of the steel was Fe-17Cr-0.17 N-0.43C-1.7Mo-
0.12Nb-0.20 V (wt.%). The cast ingot was homogenized at
1080 �C for 8 h followed by air cooling. This ingot was
subsequently hot worked (forging and rolling) in the tem-
perature range (1080-950 �C) to produce a plate of 6 mm
thickness. Samples cut from plate were subjected to hardening,
cryo treatment, and tempering. Hardening was performed in the
temperature range of 950-1100 �C for 0.5 h and air cooled.
Cryo treatment was performed using a cryo chamber at �80 �C
for holding time of 2 h and warmed in the same chamber to
reach ambient temperature. This was followed by tempering at
four temperatures for 2 h viz., 180, 250, 500, and 525 �C. The
hardness of the heat-treated samples was measured using a
universal hardness tester with a test load and dwell time of
31.25 kgf and 15 s, respectively. An average of eight readings
has been reported here. Retained austenite content in the heat-
treated samples was measured by PROTO iXRD retained
austenite measuring system using Cr Ka radiation. The (211)
and (200) reflections of martensite, and (220) and (200)
reflections of austenite were used for retained austenite
estimation. Metallography was performed on heat-treated
samples using two etchants to selectively etch matrix and
carbides. Etchant-1: 1 g CrO3, 100 mL H2O, and 10 g picric
acid (Electrolytic etch: 2-3 V, 30 �C, 30 s); and etchant-2: 5

S. ChennaKrishna, Narendra Kumar Gangwar, Abhay K. Jha,
Bhanu Pant, and Koshy M. George, Materials and Mechanical Entity,
Vikram Sarabhai Space Centre, Trivandrum 695022, India. Contact
e-mail: chenna.sk@gmail.com.

JMEPEG (2015) 24:1656–1662 �ASM International
DOI: 10.1007/s11665-015-1431-3 1059-9495/$19.00

1656—Volume 24(4) April 2015 Journal of Materials Engineering and Performance



drops HCl and 100 mL methanol (Immersion: 15-60 s, 30 �C)
were used to etch carbides as dark and colored, respectively.
Duly etched samples were examined under an optical micro-
scope and scanning electron microscope equipped with an
energy dispersive x-ray spectroscope (EDS). Thin foils for
transmission electron microscopy (TEM) were prepared by
cutting 300 lm slices which were reduced to about 100 lm by
mechanical polishing. Disks of 3 mm diameter were punched,
and one side of the 3 mm disk was dimpled followed by ion
milling with an incident beam angle of 4� using GATAN PIPS
system. The ion-milled thin foils were examined under a JEOL
transmission electron microscope equipped with EDS operated
at 200 kV.

3. Results

3.1 Hardness

The effect of hardening temperature on the hardness of the
steel is shown in Fig. 1a. The hardness of the samples was in
the range of 577-620 HV. Peak hardness of 620 HV was
observed at 1000 �C which decreased thereafter with a
minimum of 577 HV at 1100 �C. Therefore, 1000 �C was
chosen as optimum hardening temperature and subsequent heat
treatments were performed on these samples. Figure 1b shows
the influence of cryo treatment and tempering on the hardness
on the hardened samples. The as-hardened sample showed the
maximum hardness of 620 HV. Cryo treatment at �80 �C for
2 h has shown reduction in hardness with a value of 580 HV.
Cryo treatment and tempering of the hardened samples resulted
hardness in the range of 446-595 HV. Tempering at 180 �C for
2 h has shown slightly lower hardness with a value of 570 HV.
Further, drop in hardness was observed at 250 �C with hardness
of 554 HV. An increase in hardness was observed with a value
of 577 and 595 HV at 500 and 525 �C, respectively. At higher
tempering temperature (550-575 �C), a decrease in hardness
was observed with minimum of 446 HV at 575 �C. The reason
for this variation in hardness with cryo treatment and tempering
will be discussed in the sections to follow.

3.2 Retained Austenite (RA)

The influence of different heat treatments (cryo treatment
and tempering) on the amount of the retained austenite in the
steel is shown in Fig. 2. The hardened sample showed a
retained austenite of 9.2%. Upon cryo treatment, the RA%
reduced to 8.2% due to transformation of retained austenite to
martensite. Tempering of hardened and cryo-treated sample has
led to increase in RA%. Tempering at 250 �C has slightly
increased the RA% with a value of 10.48%. At 500 and 575 �C,
the RA% has significantly increased to 14 and 17%, respec-
tively. Increase in RA% at higher tempering temperature is
attributed to formation of reversed austenite as reported for
MSSs (Ref 10, 11).

3.3 Optical Microscopy

Figure 3 shows the optical micrographs of the steel in three
heat treatment conditions. The optical micrograph shown in
Fig. 3a was obtained from hardened sample which comprises

Fig. 1 Effect of heat treatment on the hardness of the steel: (a)
hardened, and (b) hardened, cryo treated, and tempered

Fig. 2 Influence of hardening, cryo treatment, and tempering on
the amount of retained austenite in the steel
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martensite and carbides. The carbides were observed as
stringers and indicated by arrows. Even though cryo treatment
at �80 �C for 2 h is expected to change the morphology of the
martensite, no changes were observed in the optical micrograph
as shown in Fig. 3b. On tempering at 500 �C for 2 h, the
structure has altered to tempered martensite (Fig. 3c). Selective
etching was performed to reveal the carbides in the steel.
Figure 3d shows the morphology and distribution of carbides in
the martensite matrix at higher magnification. In addition to
large spherical primary carbides with thick dark outlines, fine
secondary carbides were also observed as gray particles. In
order to analyze the phases which were beyond the resolution
of optical microscope, electron microscopy was employed.

3.4 Scanning Electron Microscopy

Figure 4 shows the SEM micrograph of the hardened and
tempered (500 �C for 2 h) sample selectively etched to reveal
carbides. Figure 4a depicts the primary carbides with
average size of 3± 1 lm in the martensite matrix. The EDS
spectra obtained from the matrix and carbides are shown in
Fig. 4b and c, respectively. Prominent peaks of Fe with peaks
of Cr and Mo were observed, confirming to the composition of
the matrix as shown in Fig. 4b. On the other hand, EDS
spectrum from the carbides showed prominent peaks of Cr and
Fe along with peaks of Mo and C. The quantitative analysis
result confirms that the carbides are M7C3 type with the
chemical formula (Fe,Cr,Mo)7C3.

3.5 Transmission Electron Microscopy

TEM micrographs obtained from the hardened sample are
shown in Fig. 5. The bright field (BF) image shows the lath
martensite with high dislocation density, fine carbonitrides
(M(C,N)), and M23C6 carbides (Fig. 5a). The retained austenite
is seen as thin films at the lath boundaries as indicated by the
arrows in Fig. 5b. In addition to martensite and retained
austenite, coarse carbides with an average size of 1.3± 0.2 lm
were observed as shown in Fig. 5c. The typical energy
dispersive x-ray spectrum (EDS) obtained from the carbide
shows prominent peaks of Nb and V, confirming to MC type of
carbides (where M is Nb, V) (Fig. 5d). Cryo treatment and low-
temperature tempering did not cause any significant change in
the microstructure.

After cryo treatment and high-temperature tempering (HTT)
at 500 �C for 2 h, precipitation of new phases was observed, in
addition to primary carbides. Two types of phases were
observed: (i) needle-type precipitates, and (ii) fine spherical
precipitates. The needle-type precipitates are mostly seen at the
austenite boundaries. The BF image and corresponding selected
area diffraction (SAD) pattern from the needle-type precipitates
are shown in Fig. 6a and b, respectively. The solved SAD
pattern with distinct spot reflections from both martensite
matrix and precipitate is shown in Fig. 6c. The precipitates
were identified as Cr2N with HCP crystal structure in the BCC
martensite matrix. Figure 7a shows fine spherical particles in
the matrix with an average size of 7± 2 nm. The SAD pattern

Fig. 3 Effect of heat treatment on the microstructure of the steel (a) hardened (etchant-1), (b) cryo treated (etchant-1), (c) tempered at 500�C
(etchant-1), and (d) tempered at 500 �C at higher magnification (etchant-2)
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obtained from the spherical particles is shown in Fig. 7b. The
spot reflections from the particles and matrix are indicated by
�P� and �M,� respectively. The particles were identified as Mo2C
carbides with HCP crystal structure.

4. Discussion

The main constituents of the microstructure in the
hardened condition as characterized by optical and electron
microscopy were martensite, retained austenite, coarse MC
and M7C3 carbides, fine carbonitrides of Nb and V, and
M23C6 carbides. The average size of the primary carbides as
measured from SEM micrographs was 3± 1 lm which is
finer than carbides observed in AISI 440C steel (Ref 12).
This difference in carbide size between present steel and
AISI 440C steel can be attributed to variation in the carbide
content in the steel. Higher carbon content of 1 wt.% as
observed in the AISI 440C steel, from an isothermal section
of Fe-Cr-C phase diagram will result in martensite and large
M7C3 carbides (Ref 12). On the other hand, medium carbon
content (0.38 wt.%) will yield in martensite and fine M7C3

carbides as observed in the present steel (Ref 13, 14). In the
present steel, the carbon content was 0.45 wt.%, and the rest
of the carbon was replaced with nitrogen (0.17 wt.%N) to
meet the requirement of high hardness. Upon tempering at
500 �C, two types of fine particles were observed in the
martensite matrix: fine spherical Mo2C carbides and needle-
shaped Cr2N nitrides. Similar type of carbides and nitrides
has been reported for stainless steels containing N, Mo, and
C (Ref 15-18).

From Fig. 1, it can be ascertained that hardening, cryo
treatment, and tempering temperature will influence the hard-
ness of the steel. The reason for the variation in the hardness
with hardening temperature is due to change in the volume
fraction of carbides and retained austenite. It is reported that
M23C6 carbides dissolve in the temperature range of 950-
1050 �C, whereas M7C3 carbides dissolve much high tem-
perature (1050-1150 �C) (Ref 13). Increase in the hardening
temperature results in dissolution of carbides increasing the
alloy content of the austenite and reduces the martensite
transformation range (Ref 10, 15). For the present steel,
maximum hardness of 620 HV was observed in the sample
hardened at 1000 �C which is attributed to partial dissolution of
the carbides and carbonitrides, resulting in a minimal amount of

Fig.4 Scanning electron micrographs and energy dispersive spectroscopy spectrum of the steel in the hardened and tempered condition
(etchant-2): (a) SEM image, (b) EDS spectrum of the matrix, and (c) EDS spectrum of the carbides
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retained austenite (9.2%). At the temperature above 1000 �C,
the carbide dissolution might have led to increase in the content
of retained austenite resulting in an effective decrease in
hardness. Our result agrees with the hardness trend reported for
a medium carbon steel (AISI 420) with increasing hardening
temperature (Ref 13).

The high hardness of 620 HV observed in the hardened
condition is due to solid solution strengthening (Cr, C, and N),
dispersion strengthening (carbides and carbonitrides), internal
stresses, and high dislocation density. Cryo treatment of the
hardened steel led to minor decrease (�6%) in hardness.
Similarly, decreasing trend was reported for 815M17 steel in

Fig. 5 Transmission electron microscopy images of the steel in hardened condition: (a) bright field image showing carbides and carbonitrides,
(b) bright field image showing carbides and retained austenite, (c) bright field image showing large carbide, and (d) EDS spectrum from the
large carbide

Fig. 6 TEM image and selected area diffraction pattern of the steel in the hardened and tempered (500 �C) condition: (a) bright field image, (b)
selected area diffraction (SAD) pattern, and (c) solved SAD pattern
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tensile strength after cryo treatment (Ref 19). Nevertheless, the
reason for such behavior was not discussed. In addition, most of
the studies on cryo treatment of steels reported properties after
cryo treatment and tempering (Ref 20, 21). The possible reasons
for minor decrease in hardness after cryo treatment are reduction
in residual stresses (Ref 20), decomposition of the primary
martensite and nucleation of fine carbides (Ref 21),migration and
segregation of carbon, nitrogen, and alloying elements at the
defects due to lattice distortion, and thermodynamic instability
(Ref 22). Nucleation of carbides and migration of carbon and
nitrogen are expected to reduce the amount of C and N in
martensite matrix with resultant decrease in hardness. Cryo
treatment and low-temperature tempering (180 and 250 �C) have
resulted in further reduction in hardness (557-570 HV) which
may be attributed to (i) increase in the amount of retained
austenite (10.4%) compared to hardened (9.2%) and cryo-treated
(8.2%) samples, (ii) decrease in internal stresses and dislocation
density. HTTat 500 and 525 �C improved the hardness compared
to low-temperature tempered samples. The improvement in
hardness is due to precipitation of nitrides (Cr2N) and fine
carbides (Mo2C) as shown in Fig. 6 and 7, respectively. Even
though higher retained austenite (14%) is expected to reduce the
hardness, fine precipitates are believed to significantly contribute
to hardness. Fine carbides and nitrides will contribute to hardness
by acting as barriers for dislocation motion and induce secondary
hardening resulting in an increased hardness (595 HV). Further,
increase in tempering temperature (575 �C) led to decrease in
hardness (446 HV) which may be attributed to coarsening of the
fine carbides and nitrides, and increase in the volume fraction of
retained austenite (17%).

5. Conclusions

1. The main constituents of the steel in hardened condition
at 1000 �C for 0.5 h and air cooled were lath martensite,
retained austenite, M23C6, M7C3, MC carbides, and
M(C,N) carbonitrides.

2. Upon cryo treatment (�80 �C for 2 h) and tempering
(500 �C for 2 h), two new phases have precipitated fine
spherical Mo2C, and needle-shaped Cr2N.

3. The hardened steel showed a hardness of 620 HV, where-

as cryo treatment and tempering in the temperature range
of 180-250 �C imparted softening and showed hardness
in the range of 557-570 HV.

4. Hardening, cryo treatment, and tempering in the tem-
perature range of 500–525 �C have resulted in improved
hardness (577–595 HV) due to secondary hardening by
precipitation of Mo2C and Cr2N particles.

5. The reduction in hardness after tempering at 575 �C may
be attributed to formation of reversed austenite and coars-
ening of carbides and nitrides.
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