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a b s t r a c t

The 9Cr-1Mo ferritic-martensitic ODS steel is a promising structural material for the next generation
nuclear power plants including fast reactors for application in reactor vessels and nuclear fuel. The ODS
steel was cooled down by furnace cooling, air cooling, oil quenching and water quenching, respectively,
after normalizing it at 1150 �C for 1 h and then tempering at 780 �C for 1 h. It is found that grain size, a
relative portion of ferrite and martensite, martensitic lath configuration, behaviors of carbide pre-
cipitates, and hardness of the ODS steel are strongly dependent on a cooling rate. The grain size and
martensitic lath width become smaller with the increase in a cooling rate. The carbides were precipitated
at the grain boundaries formed between the ferrite and martensite phases and at the martensitic lath
interfaces. In addition, the carbide precipitates become smaller and more widely dispersed with the
increase in a cooling rate, resulting in that the faster cooling rate generated the higher hardness of the
ODS steel.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

To improve mechanical properties at elevated temperature, the
ferriticemartensitic steels (FMS) having high temperature strength
have been developed. The effects of alloying elements and heat-
treatments on the stabilization of carbide precipitates have been
investigated for high temperature next-generation nuclear sys-
tems. It is noted that a higher operating temperature normally leads
to a higher efficiency of nuclear power plants so that high strength
at the elevated temperature is the most important issue. The ODS
steel having two different phases of ferrite and martensite for
harmony between strength and ductility may be a solution.
Nowadays the oxide dispersion strengthened (ODS) ferritic-
martensitic steel is regarded as a promising material with a supe-
rior strength [1], corrosion [2] and radiation resistance [3] at
elevated temperature above 650 �C, compared with austenitic
steels. The ODS steel is expected to be used in fast reactors for
application to reactor pressure vessels and nuclear fuel [4e7] as
well as to low activated fusion reactors [8]. The ODS steel is usually
fabricated by the control of chemical compositions and heat

treatment processes to generate dual microstructures composed of
ferrite and martensite phases [9]. It is reported that with a heating
rate of 5 �C/s, the 9Cr ODS steel exhibits a phase transformation
from ferrite to austenite between 870 �C(As) and 960 �C(Af) that
enables a total recovery of the microstructure and facilitates cold-
working [10,11] since the ODS steel does not recrystallize in the
ferritic state [12]. Moreover, it is possible to obtain different mi-
crostructures from ferrite to martensite by applying various cooling
rates from the austenitic domain. The effects of various heat
treatments on microstructures and mechanical properties of some
ODS ferritic-martensite steels including the 10Cr-2Wand 12Cr-1Mo
ODS steels were investigated by S. Noh et al. [13].

In this study, therefore, the effects of normalizing at 1150 �C
with subsequent various cooling rates on microstructures and
hardness of the 9Cr-1Mo ODS ferritic-magnetic steel were inves-
tigated, which may be used to determine an optimized heat
treatment process generating superior mechanical properties. The
9Cr-1Mo ODS steel was fabricated by mechanical alloying, hot
isostatic pressing process and hot rolling process. Hot-rolled plate-
shaped specimens were normalized at 1150 �C for 1 h and then
cooled down with four kinds of cooling rates such as furnace
cooling, air cooling, oil quenching and water quenching. The
normalized specimens were also tempered at 780 �C for 1 h and
then cooled down with air cooling. It should be noted that oxide* Corresponding author.
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particle distribution and shapes are found to be not changed by a
cooling rate. In this paper, therefore, the effect of cooling rates on
carbide precipitates and microstructure of the ODS steel instead of
oxide particles was investigated.

2. Experimental section

Table 1 summarizes a chemical composition of the 9Cr-1MoODS
ferritic-martensitic steel used in this study. As shown in Fig. 1, the
ODS steel was fabricated by mechanical alloying (MA), hot isostatic
pressing (HIP) for 4 h and hot rolling for 2 h at 1150 �C. The hot
rolled specimenwas cut to plate-shaped specimens. In detail, a pre-
mixed raw metallic powder and Y2O3 powder were mechanically
alloyed by a horizontal ball-mill apparatus, CM-08, under argon gas
of a high purity of 99.999%. The mechanical alloying was performed
at an impeller rotation speed of 300 rpm for 40 h with a ball-to-
powder weight ratio (BPWR) of 10:1. The MA powders were then
charged in a stainless steel capsule. The sealed capsules were
degassed at 500 �C below 5 � 10�3 torr for 1 h. The HIP was carried
out at 1150 �C for 4 h at a heating rate of 5 �C/min and followed by
furnace cooling. Then, the HIPed specimens were annealed at
1150 �C and then hot rolling was carried out in a fixed rolling di-
rection to produce plates. The plates were cut to plate-shaped
specimens of 20 � 10 � 5 mm. The normalizing and tempering
heat treatment process for the plate-shaped specimens is shown in
Fig. 2. The specimens were normalized at 1150 �C for 1 h and cooled
down with four kinds of cooling rates such as furnace cooling, air
cooling, oil quenching and water quenching. Then, they were
tempered at 780 �C for 1 h and cooled down with air cooling.

For the normalized and tempered specimens, microstructural
examinations were carried out to measure grain sizes and examine
martensite lath configurations and the amount of carbides and
oxides. In addition, hardness tests were conducted at room tem-
perature using a Vickers hardness tester(HM-200). To measure
grain sizes of the specimens using an optical microscopy, the
specimens were mechanically wet-ground with a SiC paper and
polished with 1e3 mm diamond suspension. The surfaces of the
polished specimens were etched, using a mixture of 2 ml HF, 3 ml
HNO3 and 95 ml H2O. Grain sizes of the specimens were measured
by the ASTM E 112 method. The amount of carbides and oxides and
their sizes were examined by a JEOL-JEM6300 scanning electron
microscopy(SEM). To examine the martensitic lath width and the
behaviors of carbide precipitation during the normalizing and
tempering heat treatment, a JEOL-2100F field emission trans-
mission electron microscopy(FE-TEM) was used. The FE-TEM
specimens were wet-polished up to 100 mm initially. Then, they
were cut to a dish shape of 3 mm and polished to 40 mm, using
1e3 mm diamond suspension. Finally, the polished specimens were
jet-polished at �30 �C and 20 V in a solution of 10% perchloric acid
and 90% methanol. An energy dispersive X-ray spectroscopy(EDS)
and a selected area diffraction pattern(SADP) were also used to
analyze the compositions of carbides and oxides.

3. Results and discussion

Cooling rate-dependent dual microstructures of ferrite and
martensite phases as well as behaviors of carbides and oxides

precipitation for the normalized and tempered specimens were
examined. In addition, cooling rate-dependent hardness was
measured for both the normalized specimens and the normalized/
tempered ones. The results are described in detail as follows.

The optical micrographs of the normalized and tempered
specimens are given in Fig. 3. From this figure, it can be said that the
matrixes of the furnace-cooled specimens are mainly composed of
a ferrite phase but a portion of martensite appears to increase with
the increase in a cooling rate. In Fig. 3a, b and 3c, the bright equi-
axed grains are considered a ferrite phase and the dark area a
martensitic phase. Fig. 3a shows that for the furnace cooling, the
ferritic phase was formed due to a very slow cooling rate of 5 �C/
min. The ferritic phase was formed through an austenite (g) to
ferrite (a) diffusional transformation during the cool-down process.
The bright elongated grains parallel to the rolling direction shown
in Fig. 3a, b and 3c are considered a delta-ferrite phase, which re-
mains untransformed without transforming into a gamma phase
during the heat-up process from room temperature to 1150 �C for
the HIP and normalizing process. S. Ohtsuka et al. [14] defined this
untransformed delta ferrite phase as a residual ferrite phase. The
residual ferrite phase may occur due to a regionally high concen-
tration of ferrite formers, Cr and W [14,15]. In addition, the residual
ferrite phase is also reported to be formed due to the Y2O3-induced
pinning effect that prevents a ferrite phase from transforming to an
austenite phase during the heat-up process [16]. The grain size
variations versus a cooling rate for the normalized and tempered
specimens is depicted in Fig. 4. This figure shows that the grain
sizes are 6.70, 5.20, 4.19 and 3.88 mm for the furnace cooling, air
cooling, oil quenching and water quenching, respectively, indi-
cating that the grain size decreases with the increase in a cooling
rate.

The FE-TEM images of the martensitic laths for the normalized
and tempered specimens are given in Fig. 5. The averaged lath
width was determined by averaging lath width data measured for
five specimens with the same cooling rate. It is noteworthy that at
least ten lath widths were measured for each specimen so that at
least fifty lath widths for five specimens were measured in total.
Fig. 6 shows the martensitic lath width variations versus a cooling
rate. This figure indicates that the lath widths are 410, 319 and
317 nm for the air cooling, oil quenching and water quenching,
respectively. From this figure, it can be seen that the lath width
becomes smaller with the increase in a cooling rate. Depending
upon the carbon content of the parent austenite phase, either lath
(low-carbon) or plate (high-carbon) martensitemay form as well as
mixtures of the two. In general, the martensitic lath is associated
with high toughness and ductility but low strength, while the plate
martensite structure has much higher strength but may show
rather brittle and non-ductile characteristics. Increasing the carbon
content of austenite also depresses the martensite start (Ms) tem-
perature and the martensite finish (Mf) temperature, which leads
to difficulties in converting all of austenite to martensite. Since the
9Cr-1Mo ODS steel used in this study has a low carbon content of
0.1 wt%, as given in Table 1, the martensitic laths are to be formed
for relatively a fast cooling rate including the air cooling, oil
quenching and water quenching.

The SEM images of the normalized and tempered specimens are
given in Fig. 7. It should be noted that the white particles represent

Table 1
Chemical composition of 9Cr-1Mo ODS steel used in this work.

Material Chemical composition (wt%)

Fe C Mn Si Cr Mo V Nb Ni Al Y2O3

9Cr-1Mo ODS steel Bal. 0.1 0.4 0.3 9.0 1.0 0.2 0.08 0.2 0.01 0.2
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carbides, while the black particles represent oxides, which was
confirmed by EDS and SADP. From this figure, it can be seen that the
amount of carbides decreases with the increase in a cooling rate,
while the amount of oxides remains nearly constant, regardless of a

cooling rate. This is because that the carbides were dissolved at
1150 �C and then the amount of carbides precipitated during the
subsequent cool-down process decreased for a fast cooling rate due
to a relatively short residence time in a high temperature, while the

Fig. 1. Fabrication process of the 9Cr1Mo ODS steel.

Fig. 2. Normalizing and tempering heat treatment process.

Fig. 3. Optical micrographs of the normalized and tempered specimens.
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oxides were not dissolved even at 1150 �C so that the oxide pre-
cipitation did not occur during the subsequent cool-down process.
The analysis results of EDS and SADP are given in Figs. 8 and 9,
respectively. From Fig. 8, it is found that the white particles are
carbides, whereas the black particles are oxides. The amount of the
white particles decreases with the increase in a cooling rate and
that of the black particles remains nearly constant. From Fig. 9, it is
found that for the furnace cooling, the composition of a typical
carbide is Cr23C6 and that of a typical oxide is CrO.

To measure the sizes of precipitated carbides, the FE-TEM car-
bon replica images shown in Fig. 10 were examined. Using this
figure, the average sizes of precipitates produced during the
respective air cooling, oil quenching and water quenching were
calculated to be 0.155, 0.141, 0.140 mm. It is noted that there is little
difference in the carbide size between the oil quenching and water
quenching. It can be said that smaller and more widely dispersed
precipitates are formed due to the smaller grain size and
martensitic lath width, which were formed by a relatively fast
cooling. It is generally known that nuclei of themartensitic laths are
formed at the grain boundaries formed between the ferrite and
martensite phases and at the martensitic lath interfaces. The faster
cooling generates the more nuclei of the carbide precipitates,
resulting in the finer carbide precipitates at the grain boundaries
and at the interfaces. It is schematically depicted in Fig. 11 that the
air cooling generates relatively larger grain sizes and thicker
martensitic laths than the water quenching. It is also schematically
depicted in Fig. 12 that some precipitates are located at the gain
boundaries formed between the ferrite and martensite phases and
at the martensitic lath interfaces. Consequently, the air cooling

generates relatively bigger carbides but the smaller number of
carbides than the water quenching. The respective FE-TEM images
of the normalized specimens with and without the tempering
process are shown in Fig. 13. The normalized specimens without
tempering (Fig. 13-a) show a much higher dislocation density than
the normalized specimens with tempering (Fig. 13-b and Fig. 13-c).
For the oil quenched normalized specimens with tempering, the
carbides appear to precipitate at the grain boundaries formed be-
tween the ferrite and martensite phases (Fig. 13-b) and at the
martensitic lath interfaces (Fig. 13-c) since the carbide precipitation
at the grain boundaries or at the interfaces can reduce the dislo-
cation density and the surface energy of the grain boundaries and
the lath interfaces, resulting in the reduction of the matrix energy
in total.

Hardness tests were carried out for the normalized specimens
with and without tempering. The hardness data are depicted in
Fig. 14. This figure indicates that the faster cooling rate generates
the higher hardness. Therefore, it can be said that the smaller gain
size generates the higher hardness since the faster cooling rate
generates the smaller grain size, as shown in Fig. 4. This phenom-
enon is consistent with the Hall-Petch relationship that represents
the inverse relationship between grain size and yield strength. On
the other hand, it indicates that the normalized specimen without
tempering generates a higher hardness than the normalized ones
with tempering. This can be explained by a relative portion of the
ferrite and martensite phases in the matrix and the solid solution-
induced strengthening mechanism. As seen in Fig. 3, a portion of a
ferrite phase decreases with the increase in a cooling rate, which
decreases ductility but increases hardness. In addition, as seen in
Fig. 7, the amount of the carbides precipitated during the cool-

Fig. 4. Average grain size variations versus cooling rates for the normalized and
tempered specimens.

Fig. 5. FE-TEM images of martensitic laths structure of the normalized and tempered specimens.

Fig. 6. Martensitic lath width variations versus cooling rates for the normalized and
tempered specimens.
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down process decreases with the increase in a cooling rate,
resulting in the largest amount of the carbides dissolved as a solid
solution state for the water quenching and consequently resulting

in the highest hardness for the water quenching. In addition, the
normalized specimens with tempering may generate an additional
carbide precipitation during the tempering process, compared with

Fig. 7. SEM images of carbide and oxide particles of the normalized and tempered specimens.

Fig. 8. EDS analysis of compositions of precipitates (white color: carbides; black color: oxides).

K.-N. Jang et al. / Nuclear Engineering and Technology 51 (2019) 249e256 253



Fig. 9. SADP analysis of compositions of precipitates formed during the furnace cooling.

Fig. 10. Cooling rate-dependent FE-TEM carbon replica images of grain boundaries and carbon precipitates.

Fig. 11. A schematic diagram of cooling rate-dependent grain size and martensitic lath width.
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the normalized specimens without tempering, resulting in a lower
hardness for the normalized specimens with tempering. To sum up,
the mechanical properties of the 9Cr-1Mo ODS steel can be
controlled by a relative portion of the ferrite and martensite phases
in the ODS steel matrix as well as the amount of carbides remained
as a solid solution state in the matrix through the normalizing with
various cooling rates and the subsequent tempering. The phe-
nomena described above are quite well agreed with the “Contin-
uous Cooling Transformation(CCT)” curves given by S. Ukai et al.
[17]. The CCTcurves shows that only themartensite phase is formed
when a cooling rate is high, both the martensite and ferrite phases
are formed when a cooling rate is low, and only the ferrite phase
exists when a cooling rate is very slow. The CCT curves shows that
no bainites are formed at any cooling rate. This may be due the fact

that the ODS steel used in this study contains very little carbon
(0.1 wt%), which is supported by a reference [18].

4. Conclusions

The effect of various cooling rates employed during the
normalizing heat treatment on the microstructure and mechanical
property of the 9Cr-1Mo ODS steel was investigated. The principal
results obtained in this work can be summarized as follows:

1) After the normalizing at 1150 �C with four kinds of cooling rates
and the subsequent tempering at 780 �C, the 9Cr-1Mo ODS steel
matrix of the furnace-cooled specimen appears to be mainly
ferrite, those of the air-cooled and oil-quenched specimens are

Fig. 12. A schematic diagram of cooling rate-dependent carbon precipitate configurations.

Fig. 13. FE-TEM images showing dislocations and locations of carbide precipitates.
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mixed with ferrite and martensite, and that of the water-
quenched specimen appears to be mainly martensite. The
grain sizes and martensitic lath widths decrease with the in-
crease in a cooling rate.

2) The normalized and tempered specimens indicate that the
amount of carbides precipitated becomes smaller with the in-
crease in a cooling rate but the amount of oxides appears to be
the same, regardless of a cooling rate. This is because carbides
are dissolved at 1150 �C and the amount of the carbides
precipitated becomes smaller with the increase in a cooling rate
due to a relatively short residence time at a high temperature for
a fast cooling. However, oxide precipitation does not occur since
oxides are not dissolved even at 1150 �C.

3) The carbides appear to precipitate along the grain boundaries
formed between the ferrite and martensite phases as well as at
the martensitic lath interfaces, which may reduce the disloca-
tion density and the surface energy of the grain boundaries and
the martensitic lath interfaces, resulting in the reduction of the
matrix energy in total.

4) The hardness of the ODS steel increases with the increase in a
cooling rate and the normalized specimens without the
tempering generated a higher hardness than the normalized
specimens with the tempering. This can be explained by a
relative portion of ferrite and martensite in the matrix and the
carbide solid solution mechanism. This mechanism may explain
that the larger amount of carbides dissolved in the ODS steel
matrix as a solid solution state generates the higher hardness.

5) The mechanical properties of the 9Cr-1Mo ODS steel can be
controlled by a relative portion of ferrite and martensite in the
ODS steelmatrix as well as the amount of carbides remained as a
solid solution state through the normalizing with various cool-
ing rates and the subsequent tempering
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