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Effect of retained austenite on the microstructure
and mechanical properties of martensitic
precipitation hardening stainless steel

H. NAKAGAWA∗, T. MIYAZAKI
Department of Materials Science and Engineering, Nagoya Institute of Technology,
Nagoya 466-8555, Japan

The effect of retained austenite (γ ) on the microstructure and mechanical properties of a
martensitic precipitation hardening stainless steel was experimentally investigated, whose
chemical composition was Fe-1.8Cu-15.9Cr-7.3Ni-1.2Mo-0.08Nb-low C, N (mass %).
The microstructures of all specimens consist of a typical lath martensite with interlath
films of the retained γ , which is not reverted with aging. Cu-rich precipitates which may
contribute to precipitation hardening can not clearly be observed. The tensile properties
and Charpy absorbed energy are linearly approximated to the amount of retained γ as
follows: 0.2% Y.S. (MPa) = 1192.3 − 13.6 × γ%, T.S. (MPa) = 1250.1 − 9.3 × γ%, El. (%) =
12.16 + 0.43 × γ%, R.A. (%) = 64.25 + 0.14 × γ%, and A.E. (J) = 72.5 + 0.8 × γ%. The
introduction of retained γ is not beneficial to the fatigue limit. An excellent combinations
of strength, ductility and toughness obtained in the present work is attributed to the
introduction of retained γ and also to the chemical composition of the specimen used.
C© 1999 Kluwer Academic Publishers

1. Introduction
The improvement of the combinations of strength, duc-
tility and toughness is one of the most important sub-
jects on the development of steels. Moreover, high cor-
rosion resistance is demanded for stainless steel.

High strength stainless steels of 1000 MPa grade
tensile strength are mainly classified into the follow-
ing four types: (1) martensitic precipitation harden-
ing stainless steel, (2) low carbon martensitic stainless
steel, (3) work hardening austenitic stainless steel, and
(4) microduplex stainless steel. As for (1), many stain-
less steels such as 17-4 PH and PH 13-8 Mo stainless
steels have been developed. These steels are usually
aged at high temperature so as to have optimum combi-
nations of strength, ductility and toughness. However,
such heat treatment results in the lack of corrosion re-
sistance. As for (2), some stainless steels having good
toughness have been developed, however, these steels
have lower corrosion resistance than others [1], since
the additional amounts of Cr and Mo must be limited
for the formation of a complete martensitic structure
without δ-ferrite phase. The (3) and (4) steels have ex-
cellent ductility and toughness [2]. However, the manu-
factured form of the steels is limited to plate shape due
to the necessity of cold working, so that the (3) and (4)
steels can not be utilized for shafts and bolts. On the
basis of these conditions, the martensitic precipitation
hardening stainless steel is considered to have a high
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possibility for a better combination of strength, duc-
tility, toughness and corrosion resistance without cold
working.

The introduction of retained austenite (γ ) into
martensitic steel is known to be one of the effective
means for the improvements of toughness and ductility.
The retainedγ is effectively utilized in many kinds of
steels, for example TRIP steel, 9% Ni steel and marag-
ing steel. However, it is also known that the retained
γ is not always effective and its validity has been of-
ten discussed. There are a few investigation about the
effect of retainedγ on martensitic precipitation hard-
ening stainless steels [3–5], and there are fewer investi-
gations on the positive use. The purpose of this study is
to clarify the effect of retainedγ on the microstructure
and mechanical properties of martensitic precipitation
hardening stainless steel.

2. Specimen and experimental procedure
2.1. Specimen
The chemical composition of the specimen used in
the present work is shown in Table I. This composi-
tion was determined on the basis of some references
[1, 6–10], and its detail will be described in Section 4.1.
Fig. 1 shows the phase diagram calculated by the
Thermo-Calc software [11]. When compared to Fe-Cr-
Ni ternary phase diagram [12], Fig. 1 is found to have

0022–2461 C© 1999 Kluwer Academic Publishers 3901



TABLE I Chemical composition of the specimen (mass %)

C Cu Ni Cr Mo Nb N Fe

0.008 1.78 7.29 15.91 1.16 0.08 0.017 Bal.

Figure 1 Phase diagram calculated by Thermo-Calc software.

Laves phase andε-Cu phase regions as a result of Mo
and Cu additions, respectively.

The specimen was melted by using the multistage
steelmaking process, and produced as rolled bars
80 mm in diameter by Aichi Steel Corporation for the
purpose of minimizing non-metallic inclusions and im-
purities which affect its mechanical properties. Then
they were hot forged as bars 15 mm in diameter. These
bars were solution treated at 1373 K for 4.8 ks,
quenched to various temperatures and then aged at
753 K for 14.4 ks. Three kinds of specimens contain-
ing about 10, 15 and 30% retainedγ , respectively, were
prepared by controlling the quenching temperature af-
ter solution treatment. Its detail will be described in
Section 3.1.

2.2. Experimental
The heat treated specimens were examined by means
of hardness test, X-ray diffraction technique, optical
microscopy, transmission electron microscopy (TEM),
and mechanical tests. The hardness test was performed
on the tester set to the Rockwell C scale. The quanti-
tative measurements ofγ were determined by X-ray
diffraction technique, where CuKα in Rigaku X-ray
diffractometer (Rint 1100) was used. The amounts
of γ were estimated by the comparison of three
peaks ((200)bcc, (211)bcc, (220)bccand (200)fcc, (220)fcc,
(311)fcc) for each phase so as not to be affected by the
preferred crystallographic orientation [13]. A reagent
containing of 5 ml of hydrochloric acid, 4 g of picric
acid and 100 ml of ethyl alcohol was used as the etchant
for optical microscopy. For transmission electron mi-
croscopy the specimens were initially ground to a thick-

ness of 0.1 mm and were then electropolished at 288 K
and at 15 V in an electrolyte containing 50 ml of per-
chloric acid and 450 ml of acetic acid. The thin foils
were examined in a JEM 2000FX operating at 200 kV.
The mechanical properties were evaluated by means
of tensile test, Charpy impact test and rotating bend-
ing fatigue test. The tensile tests were performed on
the round specimens with 40 mm in gauge length and
8 mm in gauge diameter. The crosshead speeds were
2 mm/min in the elastic range and 5 mm/min in the
plastic range. The impact tests were performed on sub-
size (10 by 5 mm) Charpy U-notch specimens (JIS
Z 2202). The rotating bending fatigue tests were per-
formed on unnotched round specimens with a diameter
of 8 mm. After polishing the surface of the fatigue spec-
imen by #800 emerypaper the fatigue test was carried
out at a cycle speed of 3400 rpm. All mechanical tests
were carried out at room temperature. Fractographic
features were examined by means of scanning electron
microscopy.

3. Experimental results
3.1. Control of the amount of

retained austenite
In the present work, the amount of retainedγ in-
volved in specimens were adjusted by controlling the
quenching temperature after solution treatment. Fig. 2
shows a process of the heat treatment. Specimens were
quenched at various temperatures after solution treat-
ment, and then aged at 753 K for 14.4 ks without cool-
ing below each quenching temperature. Fig. 3 shows
the effects of the quenching temperature on hardness
and amount ofγ . The specimens show same hardness
of 38 HRC for quenching at 193 and 278 K but show
the lower 35 HRC for quenching at higher tempera-
ture 333 K. On the retainedγ , the specimens show
just inverse behavior for the hardness; A good correla-
tion between the hardness and the amount ofγ is easily
recognized. Consequently, the amount of retainedγ in-
volved in specimens were adjusted to about 10, 15 and
30% by controlling the quenching temperature at 278,
313 and 333 K, respectively.

The specimen as-quenched at 278 K had a hardness
of 26 HRC and about 10% retainedγ . Therefore, it
is found that a hardness increment of 12 HRC was
obtained with aging and also that the retainedγ is not

Figure 2 A process of the heat treatment. The specimens were
water-quenched at each temperature after solution treatment. On quench-
ing at 193 K the specimen was water-quenched, followed by the subzero
treatment at 193 K. Each specimen was aged without cooling below each
quenching temperature after solution treatment.
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Figure 3 Effects of the quenching temperature on hardness and amount
of austenite after aging at 753 K for 14.4 ks.

reverted with aging. Moreover, Fig. 3 reveals that the
progress of martensitic transformation is delayed below
278 K, and about 10%γ remains even after subzero
treatment at 193 K.

3.2. Observation of microstructure
Fig. 4 shows an optical micrograph of the specimen con-
taining about 15% retainedγ . The typical lath marten-
sitic structure is recognized to be formed in a priorγ

grain whose size is about 200µm in diameter. The
difference of microstructure among the three kinds of
specimens containing variousγ -content can not be re-
solved by optical microscopy. Theδ-ferrite which exer-
cises harmful influence on toughness was not observed,
although Fig. 1 shows that the specimen should contain
theδ-ferrite after casting. Suchδ-ferrite may have been
dissolved during the heating, rolling and forging.

The transmission electron micrographs of the spec-
imen containing about 10% retainedγ are shown in
Fig. 5. The bright field image (Fig. 5a) shows a typ-

Figure 4 Microstructure of the specimen quenched at 313 K after solution treatment and then aged at 753 K for 14.4 ks.

ical lath morphology of martensite containing a very
high density of dislocation. The width of the laths
is found to be 100–500 nm which is the same as
some other experimental results [14, 15]. The dark
field image (Fig. 5b) taken fromγ reflection reveals
the interlath films of retainedγ . The selected area
diffraction pattern (Fig. 5c) consists of two recip-
rocal lattice sections corresponding to bcc marten-
site and fccγ as illustrated in Fig. 5d. This is con-
sistent with the Nishiyama-Wassermann orientation
relationship ((011)bcc//(11̄1̄)fcc, [100]bcc//[110]fcc)
[16–18]. However, it is difficult only from this result
to determine the orientation relationship between the
martensite and theγ . It is necessary to perform the ac-
curate measurement of orientation relationship by tilt-
ing the specimen to the orientation [011]bcc//[111]fcc
as indicated by Sandviket al. [18]. The microstructures
of the specimens containing about 15 and 30% retained
γ were also observed by TEM. The retainedγ between
martensite laths were found to increase in amount and
size with increasing retainedγ . The twins formed on
{112}bccplate were observed in all specimens, however,
such the twins was very low in density.

Fig. 6 represents the transmission electron micro-
graph of the martensite lath shown in Fig. 5a. The
precipitation hardening caused by Cu-rich precipitates,
which transforms to incoherentε-Cu phase by pro-
longed aging, was expected to occur in the present steel
as same as in 17-4 PH stainless steel [19]. The precip-
itate particles can not clearly be observed because of
a high density of dislocation in lath. However, many
smaller precipitates are recognized to exist on the dis-
locations. Though Fig. 1 shows thatε-Cu, Laves and
σ phases can exist at 753 K on equilibrium condition,
the obtained precipitation hardening can be caused by
Cu-rich precipitates, because Laves andσ phases were
observed after long aging time [6], moreover, carbides
and nitrides were not observed in all specimens.

3.3. Mechanical properties
Fig. 7 shows the effect of retainedγ on the tensile
properties. The 0.2% yield strength and tensile strength
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Figure 5 Transmission electron micrographs of the specimen quenched at 278 K after solution treatment and then aged at 753 K for 14.4 ks: (a) bright
field image, (b) dark field image of retained austenite, (c) selected area diffraction pattern, and (d) schematic selected area diffraction pattern of(c).

Figure 6 Transmission electron micrograph of the martensite lath shown in Fig. 5a.
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Figure 7 Effects of the amount of retained austenite on (a) the 0.2%
yield and tensile strengths and (b) the elongation and reduction of area.

linearly decrease with increasing retainedγ , while
the elongation and reduction of area linearly increase.
These behavior are approximately formulated to the
amount of retainedγ as follows:

0.2% Yield Strength (MPa)= 1192.3− 13.6× γ%

Tensile Strength (MPa)= 1250.1− 9.3× γ%

Elongation (%)= 12.16+ 0.43× γ%

Reduction of Area (%)= 64.25+ 0.14× γ%

X-ray diffraction just under the fracture surface of the
tensile specimens proved that the retainedγ in all spec-
imens were completely transformed to martensite dur-
ing tensile deformation.

Fig. 8 shows the effect of retainedγ on the Charpy
absorbed energy. The Charpy absorbed energy linearly
rises with increasing retainedγ , and the following lin-
ear approximation is obtained.

Absorbed Energy (J)= 72.5+ 0.8× γ%

Figure 8 Effect of the amount of retained austenite on the Charpy ab-
sorbed energy.

The retainedγ can be transformed to martensite around
a crack-tip with stress concentration. In spite of the sub-
size specimens, the obtained Charpy absorbed energies
are very high values in the range 80–100 J. The frac-
tographic feature of the impact specimen containing
about 10% retainedγ is shown in Fig. 9. Ductile dim-
pled fracture is observed with some aluminum oxides
at the bottom of dimple. Similar dimpled fractures were
observed in other specimens containing about 15 and
30% retainedγ .

Fig. 10 shows the effect of retainedγ on the fatigue
limit evaluated by rotating bending fatigue test. The
fatigue limit gradually decreases with increasing re-
tainedγ . The ratios between the fatigue limit and the
tensile strength (fatigue limit/tensile strength) are 0.45,
0.46 and 0.50 for the specimen containing 10, 15 and
30% retainedγ , respectively.

4. Discussion
4.1. Composition of specimen
For improving the ductility, toughness and corrosion
resistance, the chemical composition of the specimen
used in the present work was determined with the fol-
lowing three intentions: the reduction of carbides and
nitrides, the reduction ofδ-ferrite content and the in-
troduction of retainedγ . In order to accomplish these
intentions, it is necessary to lower C and N contents,
to adjust the balance between the Cr-equivalent and the
Ni-equivalent and to adjust Ms temperature.

Servantet al., have reported that PH 17.4 Mo stain-
less steel (0.05C-15.95Cr-4.65Ni-1.24Mo steel, Z6
CND 17.04.02) consists of lath martensite with 18%
δ-ferrite after solution treatment and also that its Ms
and Mf temperatures are 423 K and slightly higher than
293 K, respectively [6]. Nakazawaet al., have reported
that 0.5–2.0 mass % Mo addition improves the tough-
ness of low carbon martensitic stainless steel [1]. The
Mo addition is also generally known to be effective
for corrosion resistance. In PH 17.4 Mo stainless steel
lowering C content results in an increase inδ-ferrite
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Figure 9 Fractographic feature of the Charpy impact specimen containing about 10% retained austenite.

Figure 10 Effect of the amount of retained austenite on the fatigue limit.

content and a rise in Ms temperature. Therefore, proper
amount of Ni, which isγ former and stabilizer in the
same manner as C, was added for the purposes of reduc-
ing δ-ferrite content and introducing retainedγ on the
basis of some references [7–10]. Moreover, 1.8 mass %
Cu was added as a element for precipitation harden-
ing. Finally, the chemical composition shown in Table I
was determined. As a result of experiment, the speci-
men have noδ-ferrite after solution treatment, and the
amount of retainedγ varied with the quenching tem-
perature shown in Fig. 3.

4.2. Stabilization of retained austenite
Two kinds of γ stabilization were observed in the
present work. One is that the specimen quenched at
193 K has about 10% retainedγ which is the same
amount involved in the specimen quenched at 278 K.
In the present work, the specimen containing low C and
N contents was solution treated at high temperature for
enough time, water quenched, and then immediately
cooled to 193 K. Consequently, this stabilization of re-

tainedγ may be attributed to the compression stress
caused by the formation of 90% martensite during cool-
ing [20, 21].

Anotherγ stabilization is that theγ introduced by
quenching above room temperature, 313 and 333 K, do
not transform to martensite during cooling after aging.
However, since thoseγ contents before aging were not
measured, it can not be confirmed that those retained
γ did not transform at all during cooling. In the tem-
pered martensitic steel containing Ni, the concentration
of Ni content in revertedγ is known to chemically sta-
bilize theγ [22, 23]. Though the reversion ofγ with
aging in the specimen quenched at 278 K could not
be detected by X-ray diffraction technique as shown
above, the possibility of concentration of Ni content
in γ with aging can not be denied. Hence, the compo-
sition analyses of both martensite andγ phases were
performed by using the specimen quenched at 333 K
and then aged which had about 30% retainedγ . The
concentrations of main four elements, Fe, Cr, Ni and
Mo, were analyzed by means of energy dispersive X-
ray spectroscopy equipped in TEM. The concentration
of Cu was not analyzed, because the error become larger
due to the precipitation in the martensite. The total of
concentrations of four elements was estimated to be
100 mass %. The results of composition analyses for
both phases are presented in Table II. Though there
are some scattering in measured values, there are no
composition difference between the martensite and the
γ , and the concentration of Ni content in theγ is not
found. This result reveals that the chemical stabiliza-
tion of γ does not occur. Consequently, the cause of
this second stabilization of retainedγ is considered to
be the formation of atmospheres with interstitial atoms
around lattice defects and the precipitation hardening
of martensite [24].

4.3. The effect of retained austenite on
mechanical properties

As described in Section 3.3, the tensile properties were
linearly approximated to the amount of retainedγ , and
the retainedγ was found to be completely transformed
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TABLE I I Chemical compositions of the martensite and the retained
austenite phases in the specimen quenched at 333 K after solution treat-
ment and then aged at 753 K for 14.4 ks (mass %)

Element Fe Cr Ni Mo

Martensite phase 72.11 18.42 7.60 1.87
75.00 16.43 7.63 0.94
73.20 17.47 7.93 1.40

Retained austenite 74.02 16.85 7.85 1.28
phase 72.87 17.13 7.74 2.26

to martensite during tensile deformation. Since the re-
tainedγ is shown to be mechanically unstable [5, 14],
0.2% yield strength may appear due to the stress in-
duced martensitic transformation of retainedγ . On the
other hand, tensile strength may depend on the phase
ratio of the aging hardened martensite to the martensite
formed with deformation. In addition, the martensitic
transformation of retainedγ during deformation may
contribute to the improvement of elongation. Though
this is explained as the TRIP effect in a wide sense,
these specimens are inferior to the TRIP steel in a point
of the effective use of retainedγ . The product of ten-
sile strength by elongation (T.S.× El.) is often utilized
as the index of the balance between the strength and
the ductility. Its values are 18505, 21091 and 24353
(MPa%) for specimens containing about 10, 15 and
30% retainedγ , respectively. The balance is found to
be improved with increasing retainedγ . It is in the same
level as microduplex stainless steel [2] and low carbon
martensitic stainless steels having good toughness [1],
although inferior to work hardening austenitic stainless
steel such as 301 type stainless steel.

The obtained high Charpy absorbed energies and ob-
served ductile dimpled fractures may prove the attrac-
tive toughness of these specimens. The improvement
of Charpy absorbed energy with increasing retainedγ

corresponds to the decrease of strength. In addition, the
martensitic transformation of retainedγ with a crack
propagation may also contribute to the improvement of
the toughness.

These results support that the introduction of retained
γ is effective means for the improvements of ductility
and toughness of martensitic precipitation hardening
stainless steel. Moreover, the chemical composition of
the specimen used in this work is also attributed to those
improvements.

There are many investigations about the effect of re-
tainedγ on the fatigue property of many steels [25–27].
However, there is no agreed point of view whether re-
tainedγ is effective for fatigue property or not. The
result of fatigue tests shown in Fig. 10 suggests that
the introduction of retainedγ is not beneficial to the
fatigue limit.

5. Conclusion
The effect of retainedγ on the microstructure and me-
chanical properties was investigated for a martensitic
precipitation hardening stainless steel, whose chem-
ical composition was Fe-1.8Cu-15.9Cr-7.3Ni-1.2Mo-
0.08Nb-low C, N (mass%). The amount of retainedγ

was adjusted by controlling the quenching temperature
after solution treatment. The main results obtained are
as follows:

1. Microstructures of all specimens consist of a typ-
ical lath martensite with interlath films of the retained
γ , which is not reverted with aging. Cu-rich precipi-
tates which may contribute to precipitation hardening
can not clearly be observed.

2. The tensile properties and Charpy absorbed en-
ergy are linearly approximated to the amount of retained
γ as follows:

0.2% Yield Strength (MPa)= 1192.3− 13.6× γ%

Tensile Strength (MPa)= 1250.1− 9.3× γ%

Elongation (%)= 12.16+ 0.43× γ%

Reduction of Area (%)= 64.25+ 0.14× γ%

Absorbed Energy (J)= 72.5+ 0.8× γ%

The introduction of retainedγ is not beneficial to the
fatigue limit.

3. The balance between the strength and the ductil-
ity is improved with increasing retainedγ . It is in the
same level as microduplex stainless steel and low car-
bon martensitic stainless steels having good toughness,
although inferior to work hardening austenitic stainless
steel. An excellent combinations of strength, ductility
and toughness obtained in the present work is attributed
to the introduction of retainedγ and also to the chem-
ical composition of the specimen used.
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