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steels
G. Sundararajan*, R. Vijay and A. V. Reddy
International Advanced Research Centre for Powder Metallurgy and New Materials, Hyderabad 500 005, India

Oxide dispersion strengthened (ODS) steels with outstanding elevated temperature properties and excellent irradiation resistance are set to find applications
as structural components in fast breeder reactors,
fusion reactors and ultra supercritical steam power
plants. In this article, the process for manufacturing
two typical ODS steels, i.e. 9Cr ferritic-martensitic
and 18Cr ferritic ODS steels, is described and the
optimization of the process parameters to obtain the
optimum combination of properties is described.
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Introduction
An effective technique to increase and retain the high
temperature strength of metals and alloys is to disperse a
high number density of very fine second phase particles
in them. Such materials are termed as oxide dispersion
strengthened (ODS) materials. Examples of second phase
dispersoids include Al2O3 particles in Al alloys, Al2O3
dispersion in high conductivity copper, ThO2 dispersed in
Ni and in Ni based superalloys and also Y2O3 dispersed
in steels. The primary focus of this article is ODS steels
which have emerged as a new class of materials endowed
with excellent high temperature strength, creep resistance
and resistance to oxidation and irradiation1–12. As a result,
ODS steels are being studied the world over for their use
in nuclear fission and fusion reactors and in ultra supercritical steam turbines2,4,9,13–15.
Conventional ODS steels having a dispersoid of Y2O3
exhibit high temperature properties superior to that of
steel without dispersoids. However, size of the Y2O3
dispersoid in these steels is in the 10–20 nm range and
further, these dispersoids coarsen at temperatures beyond
600°C, thereby limiting their use. In contrast, addition of
titanium to Y2O3 strengthened ODS steel, has the ability
to refine the Y–Ti–O dispersoid size to 2–6 nm and concomitantly increase the number density of the dispersoids

substantially16–21. It has also been shown that the Y–Ti–O
nano dispersoid strengthened steel exhibits a higher elevated temperature strength and improved creep and irradiation resistance compared to Y2O3 dispersed steels
without Ti addition22–26. It has also been observed that Y–
Ti–O nanodispersoids are stable (i.e. no coarsening) up to
800°C (refs 27–29) explaining their outstanding creep resistance up to the above temperature. The Cr content in
the ODS steel (with Ti) determines whether the microstructure of steel is ferritic-martensite (< 12Cr) or ferritic
(12Cr and above). In addition, higher the chromium content, better is the corrosion resistance (against Na) especially for fast breeder clad tube applications9.
The International Advanced Research Centre for Powder Metallurgy and New Materials (ARCI) has embarked
on a major programme to produce ODS steels (with Ti)
having 9, 14 and 18 wt% chromium for ultra supercritical
steam turbine components, fusion reactor structural component and clad tubes for fast breeder reactor. As a part
of this programme, a gas atomizer facility to produce the
steel powders of various compositions, Zoz high energy
mechanical mill to mix and mill steel and Y2O3 powders;
a canning facility to consolidate the milled powders and
finally a hot extrusion press to convert the canned powders to solid rods have been established.
In this article, efforts of ARCI towards development of
9Cr ferritic-martensitic ODS steel and 18Cr ferritic ODS
steel are highlighted with particular exphasis on their
mechanical behaviour.

Experimental details
ODS-9Cr and ODS-18Cr steel powders were produced by
milling argon atomized 9Cr and 18Cr steel powders
(morphology and chemical composition of the powders
are given in Figure 1 and Table 1 respectively) with an
average size of 68 and 90 μm respectively produced at
ARCI and nano yttria powder (30–50 nm size, 99.95%
purity, Figure 2) supplied by M/S Inframat Advanced
Materials, LLC, USA in a high energy horizontal attritor
mill (Simoloyer CM-08, ZOZ GmbH, Germany) for periods ranging up to 6 h using stainless steel container and
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Figure 1.

Figure 2.

SEM images of inert gas atomized steel powders: a, 9Cr; b, 18Cr.

SEM images of as-milled ODS steel powders: a, 9Cr; b, 18Cr.

Table 1.

Chemical composition of ODS steel
Composition (wt%)

ODS-9Cr steel
ODS-18Cr steel

Cr

W

Ti

C

Ototal

Y 2 O3

Oexcess

9.0
17.8

1.91
2.33

0.22
0.23

0.12
<0.03

0.15
0.18

0.28
0.36

0.09
0.10

hardened steel balls of 5 mm φ under argon atmosphere.
A ball to powder ratio of 10 : 1 was maintained for all the
milling operations. The milled powders were filled in
mild steel cans of 50 mm φ and 75 mm height, degassed
at 450°C under 1 × 10–5 kPa of vacuum and sealed. The
sealed powder cans were upset at 1050°C in a 250 T
hydraulic press. The upset billets were surface machined
and extruded to 16 mm diameter rods at 1150°C with an
extrusion ratio of 9. The extruded rods were machined to
remove the residual can material and were heat treated.
While ODS-9Cr steel rods were air quenched (1050°C,
0.5 h, AC) and tempered (750°C, 2 h, AC), ODS-18Cr
steel rods were annealed at 900°C for 1 h followed by
water quench.
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The chemical composition of the powders was measured using ICP-AES (Make: JOBIN-YUON FRANCE,
Model: Ultima-2CHR). Milled powders of O, N, C and S
was analysed using oxygen/nitrogen (LECO, Model:
TC436) and carbon/sulphur (LECO, Model: CS444)
analysers. The particle size of the milled powders was
estimated using laser diffraction particle size analyzer
(CILAS, Model: 920 Liquid). The size and morphology
of milled powders and the microstructure of heat
treated/annealed rods were studied using scanning electron microscope (Hitachi make, Model: S-3400N). X-ray
diffraction studies were carried out on the milled powders
in a XRD machine (Bruker AXS, D8 Advance) using
CuKα radiation. Crystallite sizes were calculated from
1101
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Full Width Half Maxima (FWHM) of the most intense
line Bragg peak of the sample, using Scherrer formula
after subtracting the widths due to instrumental broadening and strain effects30 using the equation
⎛
⎞
λ
+ 4ε str tan θ ⎟ ,
FWHM sample − FWHM LaB6 = ⎜
(
D
cos
θ
)
⎝ v
⎠

(1)

where Dv is the volume weighted grain size and εstr is a
strain factor.
Grain size of the heat treated/annealed rods in longitudinal direction was estimated by the electron backscatter
diffraction (EBSD) technique using FESEM (Hitachi
make, model: S-4300SE/N). Transmission electron
microscopic (TEM) studies of ODS steel powders and
extruded samples were made using a FEI Tecnai G2
200 kV (LaB6) microscope. The EDS spectra were collected using an EDAX silicon thin window detector. The
powder samples were prepared using conductive epoxy
resin followed by ion-milled and bulk samples were electro polished using twin jet electro polisher. Dispersoid
sizes were estimated using image analysis software.
Microhardeness of the milled powder was measured at
100 g load and bulk hardness of the heat treated/annealed
rods was measured with 5 kgf load using Vickers micro
(Walters UHL, Model: VMH-I04) and macro (LECO,
Model: LV-700AT) hardness testing machines under
standard test conditions. The tensile properties of the heat
treated/annealed rods were evaluated from room temperature to 800°C at an initial strain rate of 7.5 × 10–4 s–1
using universal testing machine (Make: INSTRON,
Model No: 4507), having a capacity of 200 KN with a
furnace to heat the sample up to 1000°C. Round tensile
test specimens (ASTM E21) of 4 mm φ and 22 mm gauge
length were used.

deformation, welding and fracture occur simultaneously
and the steady state particle size denotes the balance
between deformation and fracture. The shape and particle
size differences in the two ODS steels are attributable to
the differences in the deformation and fracture characteristics. As the 18Cr steel contains far less interstitials
(0.03%C in 18Cr steel and 0.12%C in 9Cr steel), it is reasonable to expect that stronger ferrite in 9Cr steel
deforms less and fractures easily. Further, the atomized
9Cr steel powder whose hardness is higher because of the
presence of martensite formed during atomization process
due to high cooling rates. Presence of martensite, which
is a brittle phase, promotes fracture rather than excessive
deformation followed by fracture as in 18Cr steel. Both
these factors are considered responsible for the finer
particle size in 9Cr ODs steel.
The variation of crystallite size and microhardness of
9Cr and 18Cr ODS steel powders with milling time are
shown in Figures 4 and 5 respectively. The steady state
crystallite sizes of 9Cr and 18Cr ODS steel powders were
15.5 and 18 nm respectively. The higher crystallite size
of ODS 18Cr steel powders was the result of its relatively
better ductility. Higher ductility implies that plastic
deformation to much larger strains is necessary prior to
the onset of dislocation rearrangement into cells due to
dynamic recovery. The steady state hardness of ODS 9Cr
steel powder (905 HVN) was much higher than that of
ODS 18Cr (711 HVN) milled powder because of the
complex contributions from martensite phase and lower

Results and discussion
Detailed microstructural examination and mechanical
property evaluation was carried out both on the as-milled
powders and extruded and heat treated/annealed rods of
9Cr and 18Cr ODS steels.

Milled powders
SEM images of as-milled 9Cr and 18Cr ODS steels and
the variation of particle size with milling time are shown
in Figures 2 and 3 respectively. The steady state particle
size, crystallite size and hardness of the milled powders
of 9Cr and 18Cr ODS steels are presented in Table 2. It is
evident from the morphology of the particles that the
steady state particle size is finer (66 μm) in 9Cr ODS
when compared to 150 μm in 18Cr steel and the particles
in 18Cr ODS steel are disc shaped. During milling plastic
1102

Figure 3. Variation of particle size of 9Cr and 18Cr ODS steel powders with milling time.

Table 2.

Steady state particle size, crystallite size and hardness on
ODS 9Cr and 18Cr milled powders

ODS-9Cr steel
ODS-18Cr steel

Particle
size (μm)

Crystallite
size (nm)

Microhardness
(HVN)

66
134

15.5
18

905
711
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crystallite size; the contribution from dispersoids (in
whatever the form they exist in milled powders) being
similar. The hardness of atomized powders of 9Cr steel
was about 200 HVN higher than 18Cr steel powder which
is attributable to the contribution of martensite. TEM
examination of milled powders of both the steels showed
heavily dislocated structure with fine cells and no evidence of the presence of Y2O3 particles at the resolutions
employed.

were estimated by EBSD technique and the grain size distributions are shown in Figure 7. The average grain size
of ODS 9Cr steel was 630 nm and that of ODS 18Cr steel
was 770 nm. The grain sizes are of an order of magnitude
finer than those achievable in oxide-free steels of similar
composition. The primary reason for the grain refinement
is the presence of nano-sized oxide dispersoids which
inhibit grain growth.
Typical bright field TEM images showing dispersoids
in 9Cr and 18Cr ODs steels are shown in Figure 8. The

Consolidated rods
SEM images of quenched and tempered ODS 9Cr steel
and annealed ODS 18Cr steel are shown in Figure 6.
While the microstructure of ODS 9Cr steel showed equiaxed ferrite grains and tempered martensite, ODS 18Cr
steel consisted of fibrous structure within which equiaxed grains were observed. The grain sizes of the steels

Figure 4. Variation of crystallite size of 9Cr and 18Cr ODS steel
powders with milling time.
Figure 6.

Figure 5. Variation of microhardness of 9Cr and 18Cr ODS steel
powders with milling time.
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Figure 7.

SEM images of ODS steels. a, 9Cr; b, 18Cr.

Grain size distribution in ODS 9Cr and 18Cr steels.
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dispersoid size distribution was analysed for both the
steels and the frequency-size plots are shown in Figure 9.
Energy dispersive spectroscopic analysis on the particles
revealed the presence of Y, Ti and O. TEM examination
indicates that: (a) the dispersoids are spherical in 9Cr
steel and cuboidal in 18Cr steel, (b) the oxide particles
are finer in 18Cr steel (4.8 nm) when compared to 9Cr
steel (5.3 nm) and (c) the dispersoids are Y–Ti–O complex oxides. When the Y/Ti ratio is less than 1, as is the
case in the steels studied, the dispersoids are confirmed to
be Y2Ti2O7 (ref. 31). The dispersoids appear to undergo a
shape change from spherical (cubic pyrochlore type) in

9Cr steel to cuboidal (FCC fluorite type) in 18Cr steels.
The shape change is reported to be due to the differences
in elastic and interfacial energies27 arising from the particle-matrix interface coherency misfit.
The variation in yield strength, ultimate tensile strength
and percentage elongation in the 25–800°C temperature
range are given in Figure 10. The results indicate that: (a)
both the yield and ultimate tensile strengths of 9Cr are
higher than those of 18Cr steel up to about 400°C beyond
which, 18Cr steel has higher strengths, (b) the strength of
both the steels decreases with the increase in temperature,
(c) the rate of decrease in strength is low up to 400°C
above which the strength falls steeply, (d) the rate of

Figure 8. Bright field TEM images showing dispersoids of ODS
steels. a, 9Cr; b, 18Cr.

Figure 9.
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Dispersoid size distribution in ODS 9Cr and 18Cr steels.

Figure 10. Tensile properties of ODS 9Cr and 18Cr steels at different
temperatures.
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decrease of strength in 18Cr steel is relatively low when
compared to 9Cr steel above the transition temperature,
(e) the ductility indices show a decreasing trend with
increase in temperature.
The plastic flow behaviour of the two ODS steels can
be rationalized, albeit qualitatively, by considering the
constitutive equation, used earlier by the present
authors32, which is given below:

σ y = σ m + kd g−1/ 2 + A

Gb
ln(r / b),
S

(2)

where k is Hall–Petch constant, dg the grain size, A a constant having a value of 0.3 (ref. 32), G the shear modulus,
b the Burgers vector and S a parameter dependent on the
size and volume fraction of dispersoid32. In eq. (2), the
first term represents the matrix strength, the second represents Hall–Petch component and the third gives the Orowan
dispersion-strengthening component. σm is expected to be
higher in 18Cr steel because of higher solute content. The
Hall–Petch component should be higher in 9Cr steel due
to its finer grain size and the Orowan component should
be higher in 18Cr steel due to higher volume fraction of
finer dispersoids. In the case of ODS 9Cr steel, an additional strength component arising from the tempered
martensite, whose volume fraction was estimated to be
0.33 has to be considered. Thus, it is not easy to predict
the relative strength of 9Cr and 18Cr ODS steels.
The higher strength of ODS 9Cr steel up to 400°C is
obviously due to the significant contribution from the
precipitated carbides in the tempered martensite fraction
overriding the relatively lower contributions from the matrix strength and Hall–Petch component. The main factors
that are reportedly responsible for the significant drop in
strength above 400°C are temperature-dependent changes
in the microstructure, shear modulus, recovery and diffusion creep33–36. Grain and dispersoid coarsening at temperatures below 400°C can safely be ruled out because no
significant coarsening of Y2Ti2O7 particles was observed
up to 1000°C. The temperature dependence of modulus
predicts gradual decrease of strength and cannot explain
the transition. Diffusion creep operation predicts much
steeper fall in strength at higher temperatures than the
observed behaviour and hence can be ignored34. The
steep fall in strength beyond the transition temperature
was analysed and attributed to the enhanced rates of dislocation annihilation37. The strength of ODS 9Cr steel is
higher up to 400°C and lower at higher temperatures than
the ODS 18Cr steel. At low temperatures, the strength of
9Cr ODS steel is higher because of the higher contribution from tempered martensite. At higher temperatures,
18Cr ODs steel is stronger due to the additional contributions from the higher solute content, higher volume
fraction of dispersoids (higher Y2O3 content) and finer
dispersoid size.
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Conclusions
• The process to manufacture extruded and annealed
rods of 9Cr and 18Cr ODS steels has been optimized.
In particular, it has been demonstrated that a minimum of 4 h milling of the atomized steel and Y2O3
powders is required to get optimum properties.
• The grain sizes of the 9Cr and 18Cr ODS steels (after
extrusion and annealing) are in the submicron range.
• The dispersoids in the 9Cr and 18Cr ODS steels are
extremely fine having a diameter of around 5 nm.
• The 9Cr ODS steels exhibit higher yield strength and
UTS below 400°C while the reverse is true at higher
temperatures.
• Both the steels exhibit excellent ductility at all temperatures, i.e. an elongation per cent in the 15–30%
range.
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