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Structural refinement of 00Cr13Ni5Mo2 supermartensitic stainless steel dur-
ing single-stage intercritical tempering
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Abstract: The 00Cr13Ni5Mo2 supermartensitic stainless steel was first tempered at 570-730°C for 2 h to observe the microstructure and
hardness changes. The tempering temperature was set to 600, 650, and 700°C, which is below, equal to, and above the austenite transforma-
tion start temperature, respectively, for each holding period to investigate the effects of tempering time on the structure and properties of the
steel. The microstructure of the specimens was examined by optical microscopy and transmission electronic microscopy, and the phase
composition was detected by X-ray diffraction. As expected, lath refinement was observed in the steel tempered at 700°C, and the refinement
degree significantly depended on the tempering time. Contrary to normal steel softening by tempering, the hardness performance of the steel
was significantly enhanced primarily because of the refinement of martensite laths after single-stage intercritical tempering. It is believed that

the reverse transformation of martensite (o) to austenite (y) is responsible for the refinement.
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1. Introduction

In view of its unique combination of weldability, strength,
toughness, and corrosion resistance [1], low-carbon marten-
sitic stainless steel, also known as supermartensitic stainless
steel (SMSS), was considered as an economical alternative
for duplex stainless steel [2]. Nowadays, SMSS has dis-
played an ever-growing application value as a pipeline
source material for use in the oil and gas industry, especially
in CO,- and H,S-containing environments. SMSS is devel-
oped on the basis of a Fe—Cr—Ni—Mo alloying system with
significantly reduced carbon content (< 0.02wt%), by vary-
ing microalloying and nitrogen addition [3]. The micro-
structure of SMSS commonly consists of tempered lath
martensite and a certain amount of retained austenite de-
pending on the carbon content, austenite-stabilizing ele-
ments, and heat treatment parameters [4]. To achieve the
ideal microstructure, the steel is generally subjected to solu-
tion treatment at 1000-1100°C followed by air/water
guenching to room temperature and single- or two-stage
tempering [1, 5].

For promoting the partial reverse transformation of
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martensite (o) to austenite (y), the tempering of 13Cr SMSS
is often imposed at a temperature slightly above the austen-
ite transformation start (As) temperature, and the process is
called intercritical tempering [6]. The reversed austenite
normally forms along martensite interlath boundaries and
prior austenite grain boundaries, and during subsequent
cooling to room temperature, it is retained in the form of
thin islands dispersed between the boundaries and reaches a
certain volume fraction [6—8]. Previous studies reported that
the tempering temperature and time have an important effect
on the strength, toughness, and pitting corrosion resistance
of 13Cr SMSS by adjusting the amount of retained austenite
at room temperature and the precipitating behavior of sec-
ond-phase particles [9-12].

Qin et al. [3] found that in SMSS, the hardness value
showed a steady decrease with increasing tempering tem-
perature because of a combined effect of secondary harden-
ing and formation of reversed austenite during tempering. In
the study of Liu et al. [13], the hardness of 13Cr SMSS ini-
tially reduced and then increased as the tempering tempera-
ture upgraded from 550°C to 750°C, and the researchers as-
cribed this variation to the fluctuation of the retained austen-
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ite content, which increased first and then decreased with
the increase of the tempering temperature. Zou et al. [11]
extensively investigated the influence of the tempering
process on the mechanical properties of 00Cr13Ni4Mo
SMSS by tempering the steel at various temperatures and
for various periods at 600°C. The hardness steadily in-
creased as the tempering temperature elevated from 520°C
to 720°C and the martensitic structure exhibited refined
characteristics up to 600°C, while martensite laths coarsened
after tempering in the range of 600—720°C [11]. In a number
of other investigations, a refined martensitic matrix contain-
ing a certain amount of retained austenite was obtained after
two-stage tempering [2, 8, 14]. However, there are only a
few studies focusing on the refinement of martensitic steel
and its influence on the mechanical properties of SMSS
subjected to single-stage tempering.

In this study, the microstructural evolution of
00Cr13Ni5Mo2 SMSS undergoing various tempering con-
ditions was investigated to clarify the correlation between
the refinement of martensitic steel and reverse austenite
transformation in the intercritical region.

2. Experimental

The steel for this study, whose chemical composition is
listed in Table 1, was provided by Tianjin Pipe Corporation.
The material was machined into a block with dimensions of
100 mm x 50 mm x 20 mm for solution treatment. The aus-
tenite transformation start (As) temperature and finish (Ay)
temperature were measured by using a high-precision dif-
ferential thermal analysis (DTA) apparatus by heating a
specimen of size $5 mm x 2 mm to 1050°C at a constant
rate of 60°C/min; the measured As (650°C) and As tempera-
ture (800°C) are denoted by arrows in the acquired DTA
curve shown in Fig. 1. The experimental steel was solu-
tion-treated at 1050°C for 1 h, followed by water quenching
to room temperature to obtain a full martensitic structure.
The quenched steel block was then machined into small
chips with dimensions of 20 mm x10 mm x10 mm, which

were tempered at 570, 600, 630, 650, 700, and 730°C for 2 h.

With respect to the A temperature of the steel, another
group of quenched specimens were tempered at three se-
lected temperatures (i.e., 600, 650, and 700°C) for various
periods (i.e., at 600°C for 2, 4, 6, 8 h; at 650°C for 0.5, 1, 2,
4, 6, 8 h; and at 700°C for 5, 10, 20, 30 min).

Table 1. Chemical composition of the steel investigated wt%

C Si Mn Mo Cr Ni Ti Cu Al N
0.015 0.200 0.700 2.200 12.700 5.800 0.140 0.100 0.070 0.012
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Fig. 1. DTA curve of the specimen heated to 1050°C at
60°C/min.

To characterize the microstructure of the heat-treated
steel by optical microscopy (OM), the specimens were pre-
pared by standard grinding and polishing procedures fol-
lowed by etching with Kalling’s reagent (CuCl, 1.5 g + HCI
33 mL + ethanol 33 mL + H,0O 33 mL). The morphology of
the specimens was observed with a C—35A Olympus optical
microscope. To further characterize martensite laths, trans-
mission electronic microscopy (TEM; JEOL-100CX-II)
was employed. For TEM observations, the specimens were
first cut into 300-pum-thick slices, then mechanically pol-
ished to about 50-pum-thick foils, and finally electrochemical
thinned by a twin-jet polisher in a 5vol% perchloric acid +
95vol% ethanol solution.

X-ray diffraction (XRD) analysis was carried out with a
Bruker D8 Advance diffractometer using Cu K, radiation.
The volume fraction of the retained austenite at room tem-
perature was estimated by the following equations [15]:

V,+ V=1 @)
1.41
V,=— L @)
| +1.41,

where V, and V,, are the volume fractions of austenite and
martensite, respectively, and I, and I, represent the inte-
grated intensities of the (111), and (110), peaks, respec-
tively. Vickers microhardness values were obtained by av-
eraging the values of 10 random measurements obtained
using an Everone Mh-6L hardness tester with a load of 0.49
N and a dwell time of 5 s.

3. Results and discussion

3.1. The quenched specimen

Fig. 2(a) shows the optical microstructure of the experi-
mental steel solution-treated at 1050°C and subsequently
water-quenched to room temperature. The specimen dem-
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onstrated typical low-carbon martensite morphology with
the original austenite grains divided into packets and blocks
containing similarly oriented martensite laths, which was
further characterized by TEM (see Fig. 2(b)). As shown in

the TEM image, the steel completely consists of martensite
laths paralleled to each other, while no retained austenite is
recognized, which is in agreement with the XRD pattern
shown in Fig. 3.

0.5 pm

Fig. 2. Microstructures of the specimen subjected to solution treatment at 1050°C and subsequent water quenching to room tem-

perature: (a) OM image and (b) TEM image.
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Fig. 3. XRD pattern of the specimen subjected to solution

treatment at 1050°C and subsequent water quenching to room
temperature.

3.2. Tempering at various temperatures

The OM images of the specimens tempered at 570-
730°C are shown in Fig. 4. When the specimens were tem-
pered in the range of 570-630°C, the packets and blocks of
martensite laths had intensive contrast and the etching depth
became stronger as the tempering temperature escalated.
Surprisingly, starting from 650°C (see Fig. 4(d)), the mor-
phology showed a very sharp change. For the specimens
tempered at and above 650°C, although the block-like
structure remained, significant refinement of the martensite
lath was apparent, which was characterized in detail by
TEM (see Fig. 5). The martensite lath of the specimen tem-
pered at 650°C was notably narrowed compared with that of
the quenched one, and a further reduction of the martensite
lath width was observed when the specimen was tempered

at 730°C. It should be also noted that no retained austenite
or precipitates were detected by TEM and XRD analysis.
Fig. 6 shows the variation of the Vickers microhardness
value with the temperature for the specimens tempered at
different temperatures. The hardness initially decreases in
the temperature range from 570 to 630°C, and this decrease
is attributed to the increase of the retained austenite volume
fraction [16]. Since no retained austenite was proved to be
present in the specimens, the variation of hardness was
unlikely to be associated with the softening of the retained
austenite, but was due to the release of internal stress and
elimination of dislocations in the martensitic structure
[17-18]. Moreover, there was a steep increase of hardness
after 650°C, which was consistent with the refinement of
martensite. According to the results reported by Lee et al.
[19], secondary hardening effect in tempering only occurred
up to 450°C; therefore, the refining of martensite was con-
sidered as the reason of hardness enhancement. Refined
martensite laths lead to the increase of hardness/strength by
introducing more boundaries that can obstruct the move-
ment of dislocations [20]. Blimes et al. [8] reported that, for
13Cr SMSS, the retained austenite generated after reverse
transformation during intercritical tempering is often ac-
companied by lath refinement at room temperature. Consid-
ering that the refined martensite was observed only for
specimens subjected to intercritical tempering, it is reason-
able to infer that the reverse transformation, which occurs at
temperatures above A, temperature, led to lath refinement:
the martensite lath width was reduced as a result of unstable
reverse austenite re-transformation to fresh martensite dur-
ing the cooling process.
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Fig. 4. OM images of the specimens tempered at various temperatures: (a) 570°C; (b) 600°C; (c) 630°C; (d) 650°C; () 700°C; (f) 730°C.

three groups of experiments were conducted, in which
specimens were tempered for various periods around the A
temperature of the steel, at 600°C, 650°C, and 700°C.

To further explore the cause of lath refinement, another (1) Tempering at 600°C.

3.3. Tempering at selected temperatures for various
periods
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Fig. 6. Variation of Vickers microhardness with tempering
temperature for specimens tempered at different tempera-
tures.

In the first group, specimens were tempered at 600°C,
which is below Agtemperature, for 2, 4, 6, and 8 h. OM im-
ages of the specimens are shown in Fig. 7. As expected, the
microstructure remained approximately the same and
largely retained the martensite laths. Fig. 8 shows the varia-
tion of Vickers microhardness with tempering time for the
specimens tempered at 600°C for 2 h, where 0 on the hori-
zontal axis represents the quenched specimen without tem-
pering treatment. The hardness of the specimens decreased
steadily as the tempering time prolonged, confirming that no
lath refinement occurred during tempering.

(2) Tempering at 650°C.

There are two main mechanisms for the o’ to y reverse
transformation depending on the heating rate: diffusional
and diffusionless [21]. It is demonstrated [21-24] that, be-
low a certain heating rate, the reverse transformation in a
number of stainless steels takes place by a thermal-activated
diffusional mechanism. In particular, Lee et al. [25] found
that for a Fe-3Si—13Cr—7Ni (wt%) martensitic stainless
steel, the reverse transformation of o’ to y occurs by diffu-
sion when the heating rate is below 600°C/min; otherwise, it
occurs by a diffusionless shear mechanism. Considering that
all the specimens were heated at a rate of 50—70°C/min, in the
current experiment, the reverse transformation of the present
steel is of diffusional nature. With the purpose of a better un-
derstanding how the diffusional nature of reverse transforma-
tion affects the structural refinement and thus, the mechanical
properties, a second group of experiments was performed, in
which the specimens were tempered at As temperature (i.e.,
650°C) for 0.5, 1, 2, 4, 6, and 8 h. The OM images of the
specimens tempered at 650°C for various periods are shown
in Fig. 9. The microstructure of the specimens tempered for
0.5 h and 1 h did not change much, but the martensite laths
began to refine and the structure became denser when the
steel was tempered for 2 h. As the tempering time increased
from 2 h to 8 h, further lath refinement was observed. Simi-
larly, XRD examination was performed on this group of

T a %
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Fig. 7. OM images of the specimens tempered at 600°C for various periods: (a) 2 h; (b) 4 h; (c) 6 h; (d) 8 h.
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Fig. 8. Variation of Vickers microhardness with tempering
temperature for the specimens tempered at 600°C for different
periods.
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specimens to detect retained austenite in the microstructure.
XRD results revealed that retained austenite was present in
the specimens tempered for 4 h or longer (Fig. 10). Consid-
ering that the volume fraction of the retained austenite was
not as large as that of the martensite, the principal peak of
the y phase is barely apparent in the pattern. The retained
austenite content calculated according to the previously
mentioned equations was plotted against the tempering time
(Fig. 11). No austenite phase was detected in the specimens
tempered at 650°C for 2 h or shorter. When the tempering
time increased to 4 h, the retained austenite became detect-
able (5.0vol%) and the austenite content increased to
5.3vol% at 6 h and 5.7vol% at 8 h. The variation of the re-
tained austenite content with the tempering time was similar
to the results reported by Zou et al. [11] and Shirazi et al.

Fig. 9. OM images of the specimens tempered at 650°C for various periods: (a) 0.5 h; (b) 1 h; (c) 2 h; (d) 4 h; (e) 6 h; (f) 8 h.
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Fig. 10. XRD patterns of the specimens tempered at 650°C
for various periods.
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Fig. 11. Variation of austenite content with tempering time
for the specimens tempered at 650°C for various periods.

[21], according to which the content of retained austenite at
room temperature depends on the stability of reverse austen-
ite [6]. Ni, Si, and Mn enrichment is commonly considered
as the major cause of reversed austenite stabilization be-
cause these alloying elements significantly decrease the
martensite transformation start (M) temperature, [26—30].
Fig. 12 shows the variation of Vickers microhardness
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Fig. 12. Variation of Vickers microhardness with tempering
temperature for the specimens tempered at 650°C for various
periods.

with tempering time for the specimens tempered at 650°C
for various periods. The hardness of the specimens tempered
for less than 2 h drops in contrast with the previous high
value of the quenched specimen, owing to internal stress re-
lease and decrease of dislocation density [17—18]. However,
there is another increase when the specimen is tempered for
2 h and 4 h, mainly due to martensite refinement. When the
tempering time exceeds 4 h, the hardness shows a slight
drop, as the content of retained austenite, which is softer
than martensite, increases.

(3) Tempering at 700°C.

Because reverse transformation is driven by the diffu-
sional mechanism, the lath refinement can be assumed to
proceed faster. Therefore, the tempering temperature was
increased to 700°C and the specimens were isothermally
held for shorter time than at 650°C to investigate the influ-
ence of reverse transformation occurring at a higher tem-
perature on the microstructural evolution. The OM images
of the specimens tempered at 700°C for 5, 10, 20, and 30
min are presented in Fig. 13. Packets and blocks of marten-
site laths within prior austenite grains are still observed with
contrast to the specimens tempered for 5 and 10 min. As the
tempering time reaches 20 and 30 min, a well-refined mi-
crostructure mainly consisting of narrow martensite laths
forms. Since reverse transformation takes place following a
thermal-activated mechanism, lath refinement is observed in
the specimen tempered for only 20 min at 700°C, whereas it
occurs at least after 2 h when tempered at 650°C. The varia-
tion of Vickers microhardness with tempering time for the
specimens tempered at 700°C for various periods is shown
in Fig. 14. There is a slight decrease for the specimen tem-
pered for 5 min compared with the quenched specimen; then,
different from the specimens tempered at 650°C (Fig. 9), the
hardness increases steadily to values higher than that of the
original quenched specimen with the tempering time pro-
longed. The high hardness value was attributed to three rea-
sons. First, Smith et al. [31] pointed out that high dislocation
density in the reversed austenite, as well as the presence of
stacking faults and twins, led to the strength/hardness en-
hancement of reversed austenite, and thus the newly trans-
formed martensite after cooling. Second, the specimens
were tempered for relatively short time at 700°C and, there-
fore, dislocation recovery and stress release did not take
place on a large scale. The resulting hardness decrease,
compared to the specimens tempered for long time at 650°C,
was thus minimal, although the previous two factors did
cause a slight hardness drop for the specimen tempered for 5
min (see Fig. 14). Third, the refined martensite was respon-
sible for about 20 HV hardness increase for the specimen
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tempered for 20 min from the original hardness value of 310
HV. As the laths were further refined with the increased

Int. J. Miner. Metall. Mater., Vol. 21, No. 3, Mar. 2014

temperature, the hardness of the specimen tempered for 30
min jumped to about 340 HV.

Fig. 13. OM images of the specimens tempered at 700°C for various periods: (a) 5 min; (b) 10 min; (c) 20 min; (d) 30 min.
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Fig. 14. Variation of Vickers microhardness with tempering
temperature for the specimens tempered at 700°C for various
periods.

3.4. Explanation of the structural refinement

Based on other descriptions concerning two-stage tem-
pering of SMSS [8, 14], a schematic diagram was proposed
for the martensite lath refinement after intercritical temper-
ing in the present steel. During intercritical tempering, re-
verse austenite starts to form along the interlath boundaries
and grow horizontally at the expense of martensite laths,
leading to the reduced width of the original martensite laths;

moreover, the original quenched martensite transforms into
tempered martensite. In short time tempering, the o’ phase is
unlikely to completely transform into the y phase, and the
reversed austenite is thus restrained to narrow stringers be-
tween laths [14]. Metastable reversed austenite will
re-transform into fresh martensite as the specimen is cooled
down to room temperature. Confined by the shape of the
reversed austenite, the width of the newly formed martensite
laths will be smaller than that of the original ones, thus
leading to a structure containing refined martensite. If the
tempering time is sufficient for stabilizing elements such as
Ni to diffuse and concentrate within part of the reversed aus-
tenite, the stabilized part of the reversed austenite will be
retained at room temperature in the form of grains between
martensite laths after the subsequent cooling [7, 27]. The
schematic diagram of the structural refinement due to inter-
critical tempering is shown in Fig. 15.

4. Conclusions

In the present work, tempering treatment with varying
temperature and duration was performed on 00Cr13Ni5Mo2
supermartensitic stainless steel. Specifically, one group of
specimens was tempered for 2 h at 570-730°C and another
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group was tempered for various periods at 600, 650, and
700°C. Based on the acquired results, the following conclu-
sions were achieved.

1050°C/1h
after cooling

(h

Intercritical tempering
during heating

Intercritical tempering
after cooling

Fig. 15. Scheme of the structural refinement due to sin-
gle-stage intercritical tempering.

(1) Martensite lath refinement occurs in the specimens
tempered above 650°C, which is the austenite transforma-
tion start temperature. The lath refinement strongly depends
on the tempering time in the intercritical region because it is
caused by reverse transformation, which is thought to occur
after a diffusional mechanism.

(2) Contrary to the softening effect of normal tempering
process, intercritical tempering induced lath refinement and

notably improved the hardness of the steel. This enhance-
ment effect is stronger for tempering at 700°C than for tem-
pering at 650°C.

(3) Retained austenite content exhibits a steady increase
with increasing tempering time at 650°C, while no retained
austenite is detected in the specimens tempered at 700°C.
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