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Oxide dispersion strengthened (ODS) steels with out-
standing elevated temperature properties and excel-
lent 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 super-
critical 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 con-
comitantly 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 ele-
vated temperature strength and improved creep and irra-
diation 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 re-
sistance up to the above temperature. The Cr content in 
the ODS steel (with Ti) determines whether the micro-
structure of steel is ferritic-martensite (< 12Cr) or ferritic 
(12Cr and above). In addition, higher the chromium con-
tent, better is the corrosion resistance (against Na) espe-
cially for fast breeder clad tube applications9. 
 The International Advanced Research Centre for Pow-
der 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 com-
ponent 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 pow-
ders 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 peri-
ods ranging up to 6 h using stainless steel container and 
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Figure 1. SEM images of inert gas atomized steel powders: a, 9Cr; b, 18Cr. 
 
 

 
 

Figure 2. SEM images of as-milled ODS steel powders: a, 9Cr; b, 18Cr. 
 
 

Table 1. Chemical composition of ODS steel 

 Composition (wt%) 
 

 Cr W Ti C Ototal Y2O3 Oexcess 
 

ODS-9Cr steel  9.0 1.91 0.22  0.12 0.15 0.28 0.09 
ODS-18Cr steel 17.8 2.33 0.23 <0.03 0.18 0.36 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.  

 The chemical composition of the powders was meas-
ured 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 elec-
tron 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 



SPECIAL SECTION: MATERIALS 
 

CURRENT SCIENCE, VOL. 105, NO. 8, 25 OCTOBER 2013 1102 

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 broaden-
ing and strain effects30 using the equation 
 

6sample LaB str
v

FWHM FWHM 4 tan ,
( cos )D

λ ε θ
θ

⎛ ⎞
− = +⎜ ⎟

⎝ ⎠
 (1) 

 
where Dv is the volume weighted grain size and εstr is a 
strain factor. 
 Grain size of the heat treated/annealed rods in longitu-
dinal 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 col-
lected using an EDAX silicon thin window detector. The 
powder samples were prepared using conductive epoxy 
resin followed by ion-milled and bulk samples were elec-
tro 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 tempera-
ture 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.  

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 

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 character-
istics. As the 18Cr steel contains far less interstitials 
(0.03%C in 18Cr steel and 0.12%C in 9Cr steel), it is rea-
sonable 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 
 
 

 
 
Figure 3. Variation of particle size of 9Cr and 18Cr ODS steel pow-
ders with milling time. 
 
 
Table 2. Steady state particle size, crystallite size and hardness on  
  ODS 9Cr and 18Cr milled powders 

 Particle  Crystallite Microhardness 
  size (μm) size (nm) (HVN) 
 

ODS-9Cr steel  66  15.5 905 
ODS-18Cr steel 134 18 711 



SPECIAL SECTION: MATERIALS 
 

CURRENT SCIENCE, VOL. 105, NO. 8, 25 OCTOBER 2013 1103

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 evi-
dence of the presence of Y2O3 particles at the resolutions 
employed.  

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 equi-
axed ferrite grains and tempered martensite, ODS 18Cr  
steel consisted of fibrous structure within which equi-
axed 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 5. Variation of microhardness of 9Cr and 18Cr ODS steel 
powders with milling time. 

were estimated by EBSD technique and the grain size dis-
tributions 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  
 
 

 
 

Figure 6. SEM images of ODS steels. a, 9Cr; b, 18Cr. 
 

 
 

Figure 7. 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 com-
plex 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  
 
 

 
 

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

 
 

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

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 parti-
cle-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 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: 
 

 1/ 2
g ln( / ),y m

Gbkd A r b
S

σ σ −= + +  (2) 

 
where k is Hall–Petch constant, dg the grain size, A a con-
stant 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 repre-
sents 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 addi-
tional 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 ma-
trix 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 diffu-
sion creep33–36. Grain and dispersoid coarsening at tem-
peratures 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 dis-
location 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 contribu-
tion from tempered martensite. At higher temperatures, 
18Cr ODs steel is stronger due to the additional contri-
butions from the higher solute content, higher volume 
fraction of dispersoids (higher Y2O3 content) and finer 
dispersoid size.  

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 mini-
mum 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 tem-
peratures, i.e. an elongation per cent in the 15–30% 
range. 

 
 

1. Klueh, R. L. et al., Tensile and creep properties of an oxide dis-
persion strengthened ferritic steel. J. Nucl. Mater., 2002, 307–311, 
773–777. 

2. Ukai, S. and Fujiwara, M., Perspective of ODS alloys application 
in nuclear environments. J. Nucl. Mater., 2002, 307–311, 749–
757. 

3. Ohtsuka, S., Ukai, S., Fujiwara, M., Kaito, T. and Narita, T.,  
Improvement of 9Cr-ODS martensitic steel properties by control-
ling excess oxygen and titanium contents. J. Nucl. Mater., 2004, 
329–333, 372–376. 

4. Mukhopadhyay, D. K., Froes, F. H. and Gelles, D. S., Develop-
ment of oxide dispersion strengthened ferritic steels for fusion.  
J. Nucl. Mater., 1998, 258–263, 1209–1215. 

5. Ramar, A., Spatig, P. and Schaublin, R., Analysis of high tempera-
ture deformation mechanism in ODS Eurofer 97 alloy. J. Nucl. 
Mater., 2008, 382, 210–216. 

6. Zhang, C. H., Kimura, A., Kasada, R., Jang, J., Kishimoto, H. and 
Yang, Y. T., Characterization of the oxide particles in Al-added 
high-Cr ODS ferritic steels. J. Nucl. Mater., 2011, 417, 221–224. 

7. Dou, P. et al., Effects of extrusion temperature on the nano-
mesoscopic structure and mechanical properties of an Al-alloyed 
high-Cr ODS ferritic steel. J. Nucl. Mater., 2011, 417, 166–170. 

8. Dou, P. et al., Polymorphic and coherency transition of Y–Al 
complex oxide particles with extrusion temperature in an  
Al-alloyed high-Cr oxide dispersion strengthened ferritic steel. 
Acta Mater., 2011, 59, 992–1002. 

9. Kimura, A. et al., Development of Al added high-Cr ODS steels 
for fuel cladding of next generation nuclear systems. J. Nucl.  
Mater., 2011, 417, 176–179. 

10. de Castro, V., Marquis, E. A., Lozano-Perez, S., Pareja, R. and 
Jenkins, M. L., Stability of nanoscale secondary phases in an  
oxide dispersion strengthened Fe–12Cr alloy. Acta Mater., 2011, 
59, 3927–3936. 

11. de Castro, V., Leguey, T., Auger, M. A., Lozano-Perez, S. and 
Jenkins, M. L., Analytical characterization of secondary phases 
and void distributions in an ultrafine-grained ODS Fe–14Cr model 
alloy. J. Nucl. Mater., 2011, 417, 217–220. 

12. Eiselt, Ch., Klimenkov, M., Lindau, R. and Moslang, A., Charac-
terization of microstructural and mechanical properties of a  
reduced activation ferritic oxide dispersion strengthened steel.  
J. Nucl. Mater., 2011, 416, 30–34. 

13. Ukai, S. et al., Alloying design of oxide dipsrsion strengthened 
ferritic steel for long life FBRs core materials. J. Nucl. Mater., 
1993, 204, 65–73. 



SPECIAL SECTION: MATERIALS 
 

CURRENT SCIENCE, VOL. 105, NO. 8, 25 OCTOBER 2013 1106 

14. Tokiwai, M., Horie, M., Kako, K. and Fujiwara, M., Development 
of new ferritic steels as cladding material for metallic fuel fast 
breeder reactor. J. Nucl. Mater., 1993, 204, 56–64. 

15. Verhiest, K., Almazouzi, A., De Wispelaere, N., Petrov, R. and 
Claessens, S., Development of oxides dispersion strengthened 
steels for high temperature nuclear reactor applications. J. Nucl. 
Mater., 2009, 385, 308–311. 

16. Ratti, M., Leuvrey, D., Mathon, M. H. and de Carlan, Y., Influ-
ence of titanium on nano-cluster (Y, Ti, O) stability in ODS  
ferritic materials. J. Nucl. Mater., 2009, 386–388, 540–543. 

17. Miller, M. K., Hoelzer, D. T., Kenik, E. A. and Russell, K. F., 
Nanometer scale precipitation in ferritic MA/ODS alloy MA957. 
J. Nucl. Mater., 2004, 329–333, 338–341. 

18. Alinger, M. J., Glade, S. C., Wirth, B. D., Odette, G. R., Toyama, 
T., Nagai, Y. and Hasegawa, M., Positron annihilation characteri-
sation of nanostructured ferritic alloys. Mater. Sci. Eng. A, 2009, 
518, 150–157. 

19. Alinger, M. J., Odette, G. R. and Hoelzer, D. T., On the role of  
alloy composition and processing parameters in nanocluster for-
mation and dispersion strengthening in nanostructured ferritic  
alloys. Acta Mater., 2009, 57, 392. 

20. Larson, D. J., Maziasz, P. J., Kim, I. S. and Miyahara, K., Three-
dimensional atom probe observation of nanoscale titanium-oxygen 
clustering in an oxide-dispersion-strengthened Fe-12Cr-3W-
0.4Ti + Y2O3 ferritic alloy. Scr. Mater., 2001, 44, 359. 

21. Williams, C. A., Smith, G. D. W. and Marquis, E. A., The effect 
of Ti on the coarsening behaviour of oxide nanoclusters in oxide-
dispersion-strengthened steels after annealing at 1200°C. Scr.  
Mater., 2012, 67, 108–111. 

22. Lindau, R. et al., Present development status of EUROFER and 
ODS-EUROFER for application in blanket concepts. Fusion Eng. 
Design, 2005, 75–79, 989–996. 

23. Kim, I.-S., Choi, B. Y., Kang, C. Y., Tokuda, Maziasz, P. J. and 
Miyahara, K., Effect of Ti and W on the mechanical properties 
and microstructure of 12% Cr base mechanical alloyed nano sized 
ODS ferritic alloys. ISIJ Int., 2003, 43, 1640–1646. 

24. Ramar, A., Spatig, P. and Schaublin, R., Analysis of high tempera-
ture deformation mechanism in ODS EUROFER97 alloy. J. Nucl. 
Mater., 2008, 382, 210–216. 

25. Klueh, R. L., Shingledecker, J. P., Swindeman, R. W. and Hoel-
zer, D. T., Oxide dispersion-strengthened steels: A comparison of 
some commercial and experimental alloys. J. Nucl. Mater., 2005, 
341, 103–114. 

26. Kim, J. H., Byun, T. S. and Hoelzer, D. T., Tensile fracture  
characteristics of nanostructured ferritic alloy 14YWT. J. Nucl. 
Mater., 2010, 407, 143–150. 

27. Ribis, J. and de Carlan, Y., Interfacial strained structure and orien-
tation relationships of the nanosized oxide particles deduced from 

elasticity-driven morphology in oxide dispersion strengthened  
materials. Acta Mater., 2012, 60, 238–252. 

28. Alinger, M. J., Odette, G. R. and Hoelzer, D. T., The development 
and stability of Y–Ti–O nanoclusters in mechanically alloyed  
Fe–Cr based ferritic alloys. J. Nucl. Mater., 2004, 329–333, 382–
386. 

29. Miao, P., Odette, G. R., Yamamoto, T., Alinger, M. and Klingen-
smith, D., Thermal stability of nano-structured ferritic alloy.  
J. Nucl. Mater., 2008, 377, 59–64. 

30. Delhez, R., Keijser, T. H., Langford, J. I., Louer, D., Mittemeijer, 
E. J. and Snneveld, E. J., Crystal imperfection broadening and 
peak shape in the Rietveld method. In The Rietveld Method (ed. 
Young, R. A.), IUCr Monograph #5, Oxford University Press, 
1993, ch. 8. 

31. Ukai, S., Mizuta, S., Fujiwara, M., Okuda, T. and Kobyashi, T., 
Development of 9Cr-ODS martensitic steel claddings for fuel pins 
by means of ferrite to austenite phase transformation. J. Nucl. Sci. 
Technol., 2002, 39, 778–788.  

32. Vijay, R., Nagini, M., Joardar, J., Ramakrishna, M. and Sundara-
rajan, G., Strengthening mechanisms in mechanically milled oxide 
dispersed iron powders. Metall. Mater. Trans. A, 2013, 44, 1611–
1620.  

33. Hoelzer, D. T., Bentley, J., Sokolov, M. A., Miller, M. K., Odette, 
G. R. and Alinger, M. J., Influence of particle dispersions on the 
high-temperature strength of ferritic alloys. J. Nucl. Mater., 2007, 
367–370, 166–172. 

34. Schneibel, J. H., Heilmaier, M., Blum, W., Hasemann, G. and 
Shanmugasundaram, T., Temperature dependence of the strength 
of fine- and ultrafine-grained materials. Acta Mater., 2011, 59, 
1300–1308. 

35. Carlton, C. E. and Ferreira, P. J., What is behind the inverse Hall-
Petch effect in nanocrystalline materials. Acta Mater., 2007, 55, 
3749–3756. 

36. Hulland, D. and Bacon, D. J., Introduction to Dislocations, Inter-
national Series on Materials Science and Technology, Pergamon 
Press, Oxford, 1984, vol. 37, 3rd edn. 

37. Blum, W. and Zeng, X. H., A simple dislocation model of defor-
mation resistance of ultrafine-grained materials explaining Hall-
Petch strengthening and enhanced strain rate sensitivity. Acta Ma-
ter., 2009, 57, 1966–1974. 

 
 
ACKNOWLEDGEMENTS. We thank Ms M. Nagini, SRF, for the 
experimental work carried out on ODS steels as part of her M Tech and 
Ph D programmes. We also thank Dr G. Ravichandra, Dr J. Joardar,  
Mr M. Ramakrishna and Mr G. V. R. Reddy for the help rendered dur-
ing microstructural characterization. The support extended by the sci-
entists of IGCAR, Kalpakkam is gratefully acknowledged. 

 
 
 
 
 


