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Abstract
Oxide dispersion strengthened (ODS) steels are promising materials for high temperature applications, in 

particular in fission and fusion nuclear reactors. In comparison to common reduced activation ferritic/martensitic steels 
they exhibit better resistance to neutron irradiation and creep owing to an uniform dispersion of nano-oxides particles 
(~5 nm) and a very fine grain structure (~500 nm).

ODS steels are commonly prepared by high-energy mechanical alloying (HEMA) of a mixture of steel powder 
and Y2O3 particles followed by a consolidation stage consisting of hot extrusion (HE) or hot isostatic pressing (HIP). 
The samples are then submitted to annealing around 1100°C for 1-2 hours. Recently, the present authors proposed a 
novel method based on low-energy mechanical alloying (LEMA). 

In general ODS microstructure is quite complex and several mechanisms contribute to the mechanical 
strengthening with different effects depending on the temperature. The present work analyses the role played by each 
single mechanism at increasing temperature by considering the specific microstructural features. 

ODS steels prepared through different routes and process parameters display different grain size distribution and 
homogeneity of particles dispersion, factors which strongly affect the mechanical properties. 

Yield stress values measured in tensile tests performed at increasing temperature up to 700°C, either taken 
from literature or achieved by authors, have been examined and the following strengthening mechanisms have been 
considered to fit the experimental data: (i) solid solution; (ii) Bailey-Hirsch; (iii) Hall-Petch; (iv) Orowan; (v) Coble creep 
and (vi) Arzt-Rősler-Wilkinson. The analyses evidence advantages and drawbacks of different preparation routes and 
suggest some criteria for further improving the mechanical properties of these materials.
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Introduction
During the last decades, the design of fusion and generation IV 

nuclear reactors has led to the development of alternative materials 
for structural components in the reactors [1,2]. The reduced activation 
ferritic/martensitic (RAFM) steels are considered the most suitable 
option as structural materials owing to the well-known manufacturing 
process of the steel production and their good thermomechanical 
properties and resistance to neutron irradiation [3-6]. Nevertheless the 
RAFM steels present some drawbacks such as: i) the degradation of the 
mechanical properties above 550°C; ii) drop of creep resistance above 
550°C and iii) effects of hardening and embrittlement owing to the great 
amount of helium and hydrogen produced under irradiation conditions 
(at T<400°C) [6-9]. Therefore, oxide dispersion strengthened (ODS) 
steels were developed to reinforce the steel matrix of the RAFM steels 
with a dispersion of oxides particles [4,10,11]. The strengthening of ODS 
steels is achieved by the combination of a uniform dispersion of fine 
oxides, mostly Y2O3 particles, and a sub-micrometrical grain structure 
(~500 nm). The former mechanism is due to the oxide particles that act 
as obstacle preventing the dislocation motion and hindering recovery 
and recrystallization, the latter one is well described by the Hall-Petch 
equation [12-14]. Furthermore, in order to refine the size of oxide 
particles small amounts of titanium are added in the steel matrix with 
consequent formation of fine Y-Ti-O particles (size from 2 to 10 nm) 
[11,15]. All these characteristics improve the mechanical properties up 
to ~800°C, the creep resistance, the corrosion resistance and increase 
the resistance to irradiation damage, i.e., swelling, embrittlement and 
damage accumulation [16-20]. 

The most conventional route to manufacture ODS steels is the high-
energy mechanical alloying (HEMA). A mixture of steel powders and 
Y2O3 particles is milled for about 20-60 hours at 300-500 rpm, so Y2O3 
is decomposed into Y and O atoms which are then uniformly dissolved 
in the steel matrix. Hereafter, the samples are consolidated by hot 
extrusion (HE) or hot isostatic pressing (HIP) and a further annealing 
heat treatment at ~1100°C for 1-2 hours is carried out in order to bond 
the Y and O atoms with Ti and to precipitate Y-Ti-O nano-particles 
[11,21,22]. The method has a clear shortcoming because it leads to a 
bimodal grain size distribution with anisotropic mechanical properties 
[23,24]. To overcome such drawback and obtain a homogeneous grain 
size distribution present authors recently proposed a novel method 
based on low-energy mechanical alloying (LEMA), consolidation by hot 
extrusion (~1100°C) without the final annealing treatment [25]. In this 
work the microstructural and mechanical properties of an ODS steel 
produced by LEMA are compared with those of the same unreinforced 
steel and of ODS steels produced with the conventional route (HEMA). 
The analyses examine the contributions to strengthening of different 
mechanisms at increasing temperature up to 700°C: (i) solid solution 
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powders drastically changes. The original particles of steel and Y2O3 are 
no more present and the new particles exhibit an irregular shape with 
an almost homogenous size of ~35 µm (Figure 2a). For comparison, the 
mechanical alloyed steel powder without reinforcement are displayed 
in Figure 2b. They exhibit a bimodal size distribution similar to that of 
the original powder.

Powders after LEMA have been hot extruded at 1100°C.

A set of samples were studied in the as-prepared condition while 
another part were submitted to heat treatments at 1050, 1100 and 
1150°C for 30 minutes (samples T1, T2, T3).

The microstructure and the chemical composition of oxide particles 
have been investigated by means of Transmission Electron Microscopy 
(TEM) and Energy-Dispersive X-ray spectroscopy (EDX). The samples 
have been firstly prepared by mechanical grinding and then thinned 
by a double-jet electrolytic polishing in a solution of 10% perchloric 
acid+90% ethylene glycol monobutyl ether at -20°C (30 V, 8.5 mA).

X-ray diffraction (XRD) spectra were recorded using Mo-Kα 
radiation (λ=0.07093 nm) in step-scanning mode with 2Θ steps of 
0.05° and counting time of 5 s per step. From high precision peak 
profiles, collected with 2Θ steps of 0.005°, the contributions to line 
broadening due to micro-strains ε and coherently diffracting domains 
were determined [27] and the dislocation density ρ calculated through 
the Williamson-Smallman equation [28]:

2

2
0k b
ερ Ξ

=                      (1)

where Ξ=16 is a constant, b=0.25 nm the modulus of Burgers vector 
and k0 ≅ 1 a term depending on dislocation interaction.

The samples have been characterized by Vickers microhardness 
tests (100 g/10 s) and tensile tests at increasing temperatures up to 700°C 
made with a strain rate έ=10-3 s-1. The gauge length and the diameter of 
the tensile specimens were 16.5 mm and 4 mm, respectively.

Through Mechanical Spectroscopy (MS) the shear modulus G has 
been measured in the temperature range 25-700°C. MS test runs were 
carried out by using the VRA 1604 apparatus [29] and bar-shaped 
samples (60 mm × 7 mm × 0.5 mm) mounted in free-clamped mode. 
The heating rate was 1°C/minute. 

Results 
Steel powder

In order to evaluate the specific hardening-effect induced by Y2O3 
particle addition, some comparative experiments have been carried 
out on the powder with and without particle reinforcement. Both sets 

(σSS); (ii) Bailey-Hirsch (σBH); (iii) Hall-Petch (σHP); (iv) Orowan (σOR); 
(v) Coble creep (σCC) and (vi) Arzt-Rősler-Wilkinson (σARW).

Materials and Methods
The ODS steel has been produced from a pre-alloyed steel powder 

prepared by vacuum gas atomization with the nominal chemical 
composition (wt%) reported in Table 1.

The steel powder consists of nearly spherical particles with bimodal 
size distribution peaked at 4 and 20 µm (Figure 1a) while the particles 
of Y2O3 reinforcement have a smaller size, lower than 50 nm (Figure 
1b). The amount of Y2O3 in ODS steel is 0.3 wt%. 

The steel powder and the reinforcement particles were processed 
through a large scale horizontally rotating low-energy dry-ball miller 
with a diameter of 200 mm and a capability of 6 × 10-3m3 using stainless 
steel balls (AISI 316) with two different diameters (10 mm and 2.5 mm). 
The stainless steel jar containing powder and balls (ratio 1:10) were put 
in rotation for 300 hours at 60 rpm in vacuum (P~10-4 mbar). In order 
to prevent the oxygen contamination during the mechanical alloying 
process, a glove box in Ar-2% H atmosphere was used to handle the 
powders and to seal the jar. 

The energy ∆E transferred per hit and per unit of mass depends 
on the maximum quantity of trapped material (QMAX), radius of the 
planetary mill, ball material density, Young’s modulus, rotation speed, 
ball diameter and surface density of the powder covering the balls 
[26]. If one considers a rotation speed of 300 rpm the value ∆E/QMAX is 
estimated to be ~11 J/g hit whereas it is about 7 times higher (~75 J/g. 
hit) in HEMA [25].

As shown in Figure 2, after LEMA process the morphology of 

Figure 1: Powder of steel (a) and of Y2O3 (b).

Table 1: Nominal chemical composition of the steel powder used to manufacture 
the ODS by means of LEMA.

Element wt%
Cr 14
W 1
Ti 0.4

Mn, Si 0.3
Ni 0.15
Cu ≤ 0.03
V ≤ 0.02

Mo, Al, C ≤ 0.01
N ≤ 0.007
P ≤ 0.008
S ≤ 0.001

Co, Ta ≤ 0.005
Nb, Sn, Sb, As, Ag ≤ 0.002

Fe to balance
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of steel powder have been submitted to LEMA, than heat treated at 
800°C for 2 hours. Table 2 reports the results of microhardness tests on 
different samples. 

The original hardness of steel powder is 187 HV and increases to 
363 HV after LEMA. The hardening is completely recovered after the 
heat treatment thus it can be ascribed to lattice defects introduced by 
plastic deformation. 

The hardness of the steel powder with Y2O3 is 476 HV, much 
higher than that of the steel powder without reinforcement subjected 
to LEMA in the same conditions. The extra hardening is the effect of 
mechanically activated diffusion phenomena leading to in-situ nano-
precipitation of reinforcing complex oxides. More important, hardness 
is not affected by the heat treatment at 800°C. This suggesting that 
microstructural characteristics of the alloy i.e., volume fraction and 
dimension of hardening particles as well as the alloy grain size are not 
substantially altered at relatively high temperatures. The dislocation 
density is substantially the same before and after the heat treatment.

Hot extruded samples

XRD patterns recorded from samples consolidated through HE 
exhibit a narrowing of peak profiles with respect those from powders 
after LEMA. The peak profile analysis shows that the effect is due to 
the decrease of dislocation density occurring during the HE at 1100°C 
rather than a difference of grain size. The average size of coherently 
diffracting domains (i.e., the grains) resulted to be about 400 nm for 
both ODS steel and mechanical alloyed powder whereas the dislocation 
densities are 4 × 1012 m-2 and 7.4 × 1012 m-2, respectively. Therefore, HE 
induces a partial recovery of dislocation structures but is not able to 
significantly change the mean grain size.

XRD results are confirmed by TEM observations (Figure 3). The 
microstructure of the ODS steel after HE consists of equiassic ferritic 
grains with an average size of ~400 nm thus the novel method based 
on LEMA and successive HE consolidation without the final annealing 
treatment is able to avoid the bimodal grain size distribution, typical 
microstructural feature resulting from the conventional method of 
ODS production.

The dislocation density is not homogeneous: in some grains it 
is lower (Figure 3b), in others higher (Figure 3c). Therefore, it is 
reasonable that also microstrains are not homogenous in the material. 

TEM analysis reveals also the presence of different types of 
precipitates (Figure 4). The particles indicated with points from 1 to 
5 in Figure 4a and 4b are oxides with a round or irregular shape and 
size commonly ranging from 30 to 100 nm, even if some of them reach 
~300 nm. The EDX analysis evidences that they are complex oxides 
containing different amounts of alloying elements. For example, Table 
3 reports the compositions measured on the particles 1-5 in Figure 4a. 

Moreover, it is observed a massive precipitation of very small (few 
nanometers) particles with squared shape within the ferritic grains and 
along the grain boundaries (Figure 4c and 4d). The presence of this 
type of precipitates confirms that the addition of small percentages of 
titanium in the steel composition contributes to the precipitation of 
nanometric oxides. In literature, these particles with squared shape 
have been identified as Y2Ti2O7 [30,31]. 

Tensile tests performed at different temperatures up to 700°C testify 
that the ODS steel exhibits better mechanical properties, namely yield 
stress (YS) and ultimate tensile strength (UTS), than the same steel matrix 
(Figure 5). YS and UTS of ODS are much higher (about 40%) than those 
of the unreinforced steel in the range 25-400°C, at higher temperature 
the difference progressively decreases until 700°C where the values are 
quite similar. The error for each measurement is ~±1%.

In order to understand this behaviour, micro-hardness and 
metallographic observations have been carried out on the ends 
(not deformed) of probes broken above 400°C and no substantial 
mechanical and microstructural differences were observed before and 
after the tensile tests. Indeed, in agreement with data reported in Table 
2, the ODS hardness is not substantially affected by heat treatments in 
the temperature range considered here. Also fracture surfaces of probes 
broken at different temperatures do not display significant differences. 
For example, Figure 6 compares those of two probes broken in tensile 
tests at 400°C (Figure 6a) and 600°C (Figure 6b): the morphology with 
dimples typical of ductile fracture is the same in both the cases. 

Figure 2: Morphology of powder after LEMA: mixture of steel and Y2O3 (a), only steel powder (b).

Sample LEMA Heat Treatment Hardness (HV)
Steel powder No No 187 ± 6
Steel powder Yes No 363 ± 8
Steel powder Yes 800°C/2 hours 172 ± 5

Steel powder+Y2O3 particles Yes No 476 ± 10
Steel powder+Y2O3 particles Yes 800°C/2 hours 474 ± 10

Table 2: Hardness of LEMA steel powder with and without the reinforcement of Y2O3 particles before and after annealing at 800°C for 2 hours.
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Figure 3: TEM micrographs show the microstructure of ODS steel: (a) equiassic ferritic grains; areas with low density (b) and high density (c) of dislocations 
within the grains.

Figure 4: TEM micrographs show that two types of oxides are present in ODS steel after HE: 1-complex oxides with different amounts of alloying elements 
(a and b), 2-nanometric precipitates with squared shape (c and d). 

Particle O Al Si Ti Cr Fe Y Total Mass (%)
1 11,27 0,89 6,86 0,43 8,03 39 33,51 100
2 10,36 1,17 6,72 24,77 29,76 5,17 22,04 100
3 1,95 0,04 2,39 1,85 9,4 74,65 9,72 100
4 6,5 1,53 2,99 0,47 13,21 71,03 4,26 100
5 3,2 0,46 1,11 0,46 12,56 74,05 8,16 100

Table 3: EDX analysis of the particles 1-5 in Figure 4a. 
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Figure 5: YS (a) and UTS (b) at increasing temperature of ODS steel are compared with those of unreinforced steel.

Figure 6: Fracture surfaces of probes broken in tensile tests carried out at 400°C (a) and 600°C (b).

Since there is no evidence of permanent changes in the structure 
of the material, the decrease of mechanical properties above 400°C is 
believed to be connected to temperature dependent mechanisms, in 
particular dislocation depinning from nano-particles.

Heat treated samples

In order to study the mechanical and microstructural stability of 
the ODS steel at high temperature, some samples have been heat treated 
at three different temperatures 1050, 1100 and 1150°C for 30 minutes. 
The hardness of heat treated samples shows a relevant decrease with 
respect the as-prepared material. Some data scattering is also observed 
in the three heat treated sets of samples (Table 4).

XRD patterns of as-prepared and heat treated material at different 
temperatures display a change of the relative intensities of the strongest 
Fe reflections, namely {110}, {200} and {211}, testifying a partial re-
orientation of crystalline grains (Table 5). 

XRD results are confirmed by TEM investigations. As displayed in 
Figure 7a, the inhomogeneity of the ferritic structure of a sample heat 
treated at 1150°C is evident: some of the grains show a size comparable 
to that of the as-prepared material (~500 nm) while other grains are 
much larger (~4 μm). The phenomenon can be ascribed to an uneven 
distribution of the nano-oxides, indeed in the areas with smaller ferritic 
grains the volume fraction of nano-oxides is higher compared to that of 
the larger grains (Figure 7b). Hence, the hardness decrease of the heat 

treated samples is affected by both the grain coarsening in some regions 
and lower dislocation density (defect recovery).

Discussion
In order to understand how microstructure and mechanical 

behavior depend on different preparation routes, a comparative study 
of the strengthening mechanisms involved at different temperatures in 
the ODS steels manufactured by LEMA and HEMA has been done. In 
Figure 8 YS values from room temperature up to 700°C of the LEMA-
ODS steel and some ODS steels, with the same nominal composition, 
taken from literature and prepared by HEMA are reported. The 
chemical composition and the manufacturing parameters are reported 
in Table 6. 

HEMA procedure involves a final annealing treatment at high 
temperature (~1100°C) in order to precipitate the complex Y-Ti-O 
oxides. An undesired consequence of the HEMA procedure is that the 
high temperature annealing causes the equiaxed nanometric grains 
obtained by mechanical alloying to evolve towards a bimodal grain size 
distribution. The incomplete recrystallization and non-uniform grain 
growth are assumed to be the main reasons for this bimodality in grain 
size. In the case of LEMA, the Y-Ti-O precipitates are present in the 
ODS steel without the further annealing treatment and an equiassic 
grain structure is exhibited.

The HEMA-ODS steels exhibit a bimodal grain size distribution 

Sample Temperature (°C) Time (minutes) Hardness HV
As-prepared No No 447 ± 5

HE+1050°C/30 minutes 1050 30 315 ± 6
HE+1100°C/30 minutes 1100 30 327 ± 10
HE+1150°C/30 minutes 1150 30 305 ± 4

Table 4: Hardness of ODS steel in as-prepared condition and after heat treatments at three different temperatures (1050, 1100 and 1150°C) for 30 minutes. 
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and elongated grain along the extrusion direction with consequent 
anisotropic mechanical properties. From room temperature up to 
500°C the LEMA-ODS steel exhibits higher yield strength values than 
the HEMA-ODS ones whereas they become lower from 500°C upwards 
(Figure 8a).

In Figure 8b the area reduction (AR) reported by Serrano, et al 
[33] along L and T directions is compared with that of LEMA-ODS at 
different temperatures. The HEMA-ODS steels show a higher ductility 
along L direction compared to T direction and higher AR (%) values 
along L direction up to 400°C and always lower along T direction 
compared to the LEMA-ODS steel prepared by authors. 

HEMA-ODS steels have a bimodal grain size distribution and their 
YS values are equivalent or a little lower than those of LEMA-ODS 
from room temperature up to ~500°C when the Hall-Petch mechanism 
is predominant. However, at higher temperature when the component 

σD of the Hall-Petch contribution breakdowns and is substituted by 
the Coble creep, the HEMA-ODS steels prepared by the conventional 
route exhibit better mechanical properties. 

Furthermore, at lower temperatures owing to the Orowan 
mechanism the dislocation are forced to bypass the impenetrable 
precipitates but with temperature increasing the depinning of 
dislocation from nano-particles becomes relevant and σOR is substituted 
by σARW. LEMA-ODS steel does not present a so homogeneous 
distribution of nanometric oxides as HEMA-ODS thus such feature is 
fundamental to explain the worsening of their mechanical properties 
above 500°C. 

In order to understand the mechanical behavior depending on 
temperature of LEMA-ODS and unreinforced steel, the following 
contributions of strengthening mechanisms have been considered: 

Figure 7: TEM micrographs of ODS sample after heat treatment at 1150°C for 30 minutes. (a) Bimodal grain size distribution. (b) Nano-oxides inside a ferritic 
grain of small size.

Figure 8: Comparison of (a) YS and (b) area reduction (AR) values of HEMA-ODS and LEMA-ODS steel at different temperatures. 

As-prepared T1
 (HE+1050°C/30 minutes)

T2
(HE+1100°C/30 minutes)

T3
(HE+1150°C/30 minutes)

I110 100 100 100 100
I200 37 41 36 49
I211 43 61 50 59

Table 5: Relative intensities (normalized to 100) of the strongest Fe reflections in the XRD spectra of the as-prepared sample and heat treated ODS steel at 1050°C (T1), 
1100°C (T2) and 1150°C (T3) for 30 minutes.

Composition (wt%) Consolidation Annealing treatment
Steckmeyer et al. [32] Fe-14Cr-1W-0.3Ti-0.3Y2O3 HE (1100°C) 1050°C/1 hours

Serrano et al. [33] Fe-14Cr-1W-0.4Ti-0.3Y2O3 HE (1100°C) 1050°C/1.5 hours
Auger et al. [34] Fe-14Cr-2W-0.3Ti-0.3Y2O3 HIP (1100°C) 850°C/2 hours

Table 6: Chemical composition (main alloying elements) and manufacturing parameters of HEMA-ODS steels.
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(i) Solid solution strength (σSS); 

(ii) Bailey-Hirsch strength (σBH);

(iii) Hall-Petch strength (σHP);

(iv) Orowan strength (σOR);

(v) Coble creep (σCC);

(vi) Arzt-Rősler-Wilkinson strength (σARW);

(i) The solid solution strength (σSS) can be expressed by [35]:

σSS=0.00689kCn                       (2) 

It mainly depends on W and Cr atomic concentration C (at %). 
The coefficient n is 0.75 whereas k depends on the considered elements 
(namely W and Cr) [36].

 (ii) The Bailey-Hirsch strength (σBH) can be expressed as a function 
of the dislocation density ρ [37]: 

σBH=MαGbρ1/2                       (3)

being M the Taylor factor for bcc metals, α a constant [38], G 
the shear modulus, b the modulus of Burgers vector. The dislocation 
density has been calculated by analyzing XRD peak profiles whereas 
the shear modulus G vs. T was measured through MS tests (Figure 9).

(iii) The Hall-Petch strength (σHP) was determined through the 
relationship [39,40]:

σHP(T)=σ0+σD=σ0+[G(T)/G(300K)]1/2 KD-1/2                     (4)     

It is the sum of the friction stress σ0 [41] and σD that mainly depends 
on the grain size D evaluated by TEM micrographs. Then K was 
calculated as K=1/5 (G.b1/2) [42].

(iv) The Orowan contribution (σOR) was calculated as [43]:
3/ 2

1/ 2

[ln( / ) ][ / 4 (1 )]0.9
[ln( / )] [ ( / 4)]OR

d b Gb vM
L b L d

π πσ
π

−
=

−
                 (5)

being d and L the particle size and the mean spacing between particles, 
respectively, determined as average value of 20 TEM micrographs and 
ν the Poisson’s ratio.

(v) At higher temperatures the Hall-Petch mechanism breakdowns 
and losses its efficiency [44] and the Coble creep strength (σCC) is 
predominant:

3

Bexp( / )
47

b
CC

B B

K TD Q RT
D
ε

δ
σ

Ω
=

                    (6)

where kb is the Boltzmann constant, έ the strain rate, Ω the atomic 
volume, δBDB is the product of grain boundary width and pre-
exponential factor of grain boundary diffusion, QB the activation 
energy for grain boundary diffusion and R the gas constant.

(vi) The Arzt-Rősler-Wilkinson strength (σARW), depending on 
dislocation climb over hard particles, can be expressed by the following 
equation [45,46]:

3/ 2

3/ 2
0.9

2 2
d

ARW
d

R GbM
LR

σ =
+

                  (7)

where Rd is the decrease of line tension of a pinned dislocation segment 
[47]. 

Therefore, the overall stress can be expressed as:

σy=σss+σBH+σ0+σD+σOR+σCC+σARW                                     (8)

Each strengthening contribution is involved at different 
temperature ranges.

The experimental YS data of the LEMA-ODS steel and unreinforced 
steel at increasing temperatures have been fitted taking into account 
the contributions of different strengthening mechanisms (Figure 10). 
The parameters are reported in Table 7. 

The strengthening contributions of LEMA-ODS and unreinforced 
steel at increasing temperature are reported in Tables 8 and 9 
respectively.

From room temperature up to 500°C, the strengthening 
contributions of LEMA-ODS steel are solid solution (σSS), dislocations 
(σBH), Hall-Petch (σ0+σD) and Orowan (σOR) strength. From 500°C 
upwards the σD component losses its efficiency and it is progressively 
substituted by the Coble creep (σSS). Furthermore, climb becomes 
predominant so the σARW mechanism replaces the σOR term [32].

The main difference between LEMA-ODS steel and the 
unreinforced steel from room temperature up to ~500°C is the Orowan 
strength that leads to the better mechanical properties of LEMA-ODS 

Figure 9: Shear modulus G vs. temperature determined from MS tests.

Figure 10: Yield stress values of ODS and unreinforced steel are compared with 
different strengthening contributions, namely solid solution (σSS), dislocations 
(σBH), friction stress (σ0), grain size (σD), Orowan (σOR), Arzt-Rősler-Wilkinson 
(σARW) and Coble creep (σCC). 
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Parameters Unreinforced steel LEMA-ODS
kCr 1400 1400
kW 1100 1100

CCr [%at] 11 14.15
CW [%at] 0.1 0.29

n 0.75 0.75
M 2.9 2.9

α 0.24 0.24
b [nm] 0.25 0.25
ρ [m-2] 2.5 x 1013 4 x 1012

σ0 [MPa] 13 13
D [µm] 2 0.4
d [nm] - 18
L [nm] - 63
ν - 0.3
kb [J/K] 1.38 x 10-23 1.38 x 10-23

έ [s-1] 10-3 10-3

Ω [m3] 1.18 x 10-29 1.18 x 10-29

δBDB [m3/s] 1.1 x 10-12 1.1 x 10-12

QB [kJ/mol] 137 174
R [J/mol K] 8.31 8.31

Rd 0.77 0.77

Table 7: Parameters used to determine the contribution of each strengthening mechanism and fit experimental YS data of LEMA-ODS and unreinforced steel.

LEMA-ODS Temperature (°C)
Strengthening contributions to YS (MPa) 25 400 500 600 700

σSS 100 100 100 100 100
σBH 28 24 23 21 16
σ0 13 13 13 13 13
σD 285 265 259 - -
σOR 657 571 543 - -
σARW - - 133 122 94
σCC - - 285 16 2

σSS+σBH+ σ0+σD+σOR 1083 973 938 - -
σSS+σBH+σ0+σCC +σARW - - 554 272 225

Table 8: Strengthening contributions to YS at 25, 400, 500, 600 and 700°C for LEMA-ODS steel.

Unreinforced steel Temperature (°C)
Strengthening contributions to YS (MPa) 25 400 500 600 700

σSS 75 75 75 75 75
σBH 70 61 58 53 41
σ0 13 13 13 13 13
σD 268 250 244 - -
σK - - - - -

σARW - - - - -
σCC - - 128 13 2

σSS+σBH+ σ0+σD 426 399 390 - -
σSS+σBH+σ0+σCC - - 274 141 131

Table 9: Strengthening contributions to YS at 25, 400, 500, 600 and 700 °C for unreinforced steel.

whereas at higher temperatures the Arzt-Rősler-Wilkinson strength 
represents the main difference. 

Conclusions
A ferritic nano-ODS steel with Y2O3 particles (0.3 wt%) has been 

produced by LEMA and successive HE. The microstructural features 
and mechanical behavior have been investigated and compared to 
those of the same unreinforced steel and HEMA-ODS reported in 
literature. The conclusions can be summarized as follows.

(i) LEMA-ODS steel has equiaxed grains of about 400 nm 

and dislocation density of 4 × 1012 m-2. Two types of second phase 
particles were observed: (i) round or irregular-shaped complex oxides 
with different contents of alloying elements, (ii) very fine oxides 
(few nanometers) with squared shape. Nano-oxides are stable up to 
800°C and guarantee the stability of microstructure and mechanical 
properties.

(ii) The main difference between LEMA-ODS and the 
unreinforced steel from room temperature up to ~500°C is the 
Orowan strength leading to superior mechanical properties; at higher 
temperatures the Arzt-Rősler-Wilkinson strength substitutes the 
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Orowan one but is not as much efficient thus the mechanical properties 
become similar. 

(iii) With respect the conventional preparation route LEMA 
avoids the bimodal grain size distribution. The microstructure with 
fine equiaxed grains involves higher and isotropic properties up to 
500°C, however, the precipitate distribution in the matrix is not so 
homogeneous as that obtained from HEMA thus at higher temperature, 
where the Petch-Hall contribution breakdowns and the role played 
by precipitate in strengthening is dominant, YS and UTS remarkably 
decrease and are a little lower of those of HEMA-ODS steels.

(iv) LEMA-ODS steel heat treated above 1000°C exhibits defect 
recovery and partial grain growth that has been ascribed to the not 
homogeneous original distribution of Y2O3 particles.

(v) On these grounds LEMA seems a promising method, however 
it needs improvement to get a more homogeneous distribution of 
nano-oxides and consequently further enhance mechanical properties 
above 500°C.
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