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Capability of mechanical alloying and SPS
technique to develop nanostructured high Cr,
Al alloyed ODS steels

N. Garcı́a-Rodrı́guez*1, M. Campos1, J. M. Torralba1,2, M. H. Berger3 and
Y. Bienvenu3

Oxide dispersion strengthened (ODS) Fe alloys were produced by mechanical alloying (MA) with

the aim of developing a nanostructured powder. The milled powders were consolidated by spark

plasma sintering (SPS). Two prealloyed high chromium stainless steels (Fe–14Cr–5Al–3W) and

(Fe–20Cr–5Alz3W) with additions of Y2O3 and Ti powders are densified to evaluate the influence

of the powder composition on mechanical properties. The microstructure was characterised by

scanning electron microscope (SEM) and electron backscattering diffraction (EBSD) was used to

analyse grain orientation, grain boundary geometries and distribution grain size. Transmission

electron microscopy (TEM) and scanning transmission electron microscopy (STEM) equipped

with energy dispersive X-ray spectrometer (EDX) were used to observe the nanostructure of ODS

alloys and especially to observe and analyse the nanoprecipitates. Vickers microhardness and

tensile tests (in situ and ex situ) have been performed on the ODS alloys developed in this work.
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Introduction
Conventional high Cr ferritic/martensitic (FM) steels
have long been used in different structural elements for
nuclear applications and fossil fired plants. Despite some
good mechanical properties of the FM steels, the upper
operating temperature is limited to 550–600uC. One
alternative to increase the maximum operating tempera-
ture and to keep the advantages of the FM steels would be
the development of oxide dispersion-strengthened (ODS)
ferritic steels1,2 In addition, prior studies have concluded
that controlling the alloying elements is possible to design
alloy compositions for corrosion resistant ODS ferritic
steels and with better mechanical properties.3

Therefore, several alloying additions are required to
produce the desire combination into the matrix brings
obstacles to the motion of properties for the ODS
ferritic steels. The introduction of Y2O3 particles into
the matrix develops nanoparticles which block the
motion of dislocations to improve the high temperature
strength.4 Besides, the addition of an active element such
as Ti can result into a refinement of the microstructure
and to the development of non-stoichiometric Y–Ti–O

nanoclusters can be achieved5,6 Cr and Al are added to
improve the corrosion resistance of ODS steels. For the
optimization of Cr content the balance between the
advantage of corrosion resistance and the inconvenient
of increasing of the susceptibility to aging embrittlement
through the formation of Cr-rich secondary phases7

should be considered. An Al addition can form an
alumina layer, especially at high temperatures, as well as
can be an effective element to obtain Y–Al oxide
particles in a Fe–Cr–Al matrix.8 In spite of this, it is
necessary that both elements have an adequate combi-
nation in content ranges to optimise the properties.3

Finally, W is an effective element for solid solution
strengthening to provide the required mechanical
properties and to enhance the stability of a-ferrite
phase.9

The mechanical alloying method (MA) is selected to
produce the ODS ferritic steels, with the aim of
developing a nanostructured powder with a proper
intimate mixture between the base metal and the
reinforcing particles.10 In order to keep the fine structure
of the MA-powders, spark plasma sintering (SPS)
technique was used to consolidate the milled powders.
The advantages of the SPS method are its high thermo-
efficiency as well as the fast heating-up of the sample to
high temperature avoiding grain growth or nanopreci-
pitation coarsening.11 Thus, the scope of this paper is to
study the capability of

SPS technique to produce nanostructured materials
and nano-precipitates from the structure of milled
powders.
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Experimental procedure
In this work, two ODS steels powders were produced by
high energy milling from two different prealloyed
grades. The composition of the prealloyed and ODS
powders can be found in Table 1 and it can be seen that
that the alloying elements are introduced either in the
prealloyed powder or as elemental powder addition.
Mechanical alloying (MA) was performed in a ZOZ
Attritor Simolayer CM01, under high purity argon
atmosphere (99?9995 vol.-%) with constant flow after
vacuum purge (<1023 mbar). The rotating speed was
900 rev min21 for 30 h with a ball-to-powder weight
ratio 15 : 1 and using diameter 5 mm balls. All powder
handling was done in a glove box under argon. The D50
particle size parameter of prealloyed powders and ODS
powders after milling process is showed in Table 1. The
milled powders were consolidated by SPS in order to
produce compacts of 20 mm diameter and 6 mm
thickness. The maximum temperature and compressive
stress applied during the SPS process were 1200uC and
64 MPa respectively. These parameters are maintained
during 15 s, the time of the complete SPS cycle was
35 min. The densities of the consolidated samples were
measured by Helium pycnometer (AccuPyc II 1340).

The interstitial elements content (O, N and C) were
quantified using a combustion analyser model LECO
TC500 for O and N content and LECO CS230 for C.
The crystallite size and microstrain data have been
obtained by Scherrer Method using the X’pert
Highscore software through X-ray diffraction patterns
collected on an X’pert Phillips using CuKa radiation.
The microstructure of alloys were investigated using
SEM (Phillips XL-30), EBSD detector (FEI Nova
NanoSEM 450 SEM/EBSD) and TEM (Tecnai F20
electronic transmission electron microscope). In this
work, EBSD sampling points were recorded with a step
size of 50 nm, with a minimum grain size (which defines
the number of points required to decide whether a given
group of points should be considered a ‘grain’ group) of
2 nm. The grain tolerance angle, which means that two
neighbouring scan points belong to the same grain if the
misorientation between them is less than some value
prescribed by the user, was of 5u degrees. Specimens for
scanning electron microscopy were ground and polished
by means of standardised techniques for metallographic
examination and a solution of 15 mL HClz2?5 g FeCl3
has been used to reveal the microstructure. The speci-
mens for EBSD characterization were further fine
polished with 0?05 mm colloidal silica solution. TEM
samples were prepared by electropolishing 3mm disc
using 45% butoxyethanolz45% acetic acidz10% per-
chloric acid as electrolyte at room temperature.

The Vickers microhardness of specimens was mea-
surement using a 200 g load at room temperature with a
dwell at maximum load of 15 s. Each result is the
average of 563 matrix measurements.

Tensile tests were conducted using miniature dog-
bone specimens Fig. 1. The unusual gauge length forces
to calculate the strain from the crosshead displacement.
This specimen geometry assures a uniform deforma-
tion.12 Tensile load was applied with a rate of 2 mm s21.

Results and discussion
A chemical analysis of interstitial elements of the milled
powders and the samples consolidated were performed
to evaluate the degree of contamination associated with
the mechanical alloying and SPS process. Table 2 shows
the content in oxygen, nitrogen and carbon of pre-
alloyed starting powders and ODS alloys and suggests
that these results show that the interstitial elements
content in the powders increases with the milling process
although it is performed under pure Ar.13 The carbon
contamination is kept similar after consolidation process
indicating that the SPS technique is not producing a
significant contamination. Regarding the oxygen and
excess oxygen (Ex.O) contents, a decrease in the values
has been produced after SPS process. The Ex. O is an
important parameter to predict the oxide particle
distribution or to estimate total amount of oxide
particles in ODS with Ti. Thanks to the decrease
produced in the oxygen content after the consolidation,
it is possible to achieve the value that Ohtsuka et al.14,15

estimate as adequate to obtain a good properties in the
developed ODS.

To retain a nanostructure in the SPS consolidated
samples it is important to ensure high microstrain and
low crystallite size values after milling. During the

Table 1 Nominal compositions (wt-%) of prealloyed
powders, ODS powders milled and particle size
d50*

Nomenclature Fe Cr Al W Ti Y2O3 d50/mm

14Al 78.00P 14P 5P 3P … … 29.8
14Al–ODS–Ti 77.35P 14P 5P 3P 0.4E 0.25 49.3
20Al 75.00P 20P 5P … … … 15.7
20Al–ODS–Ti 71.35P 20P 5P 3E 0.4E 0.25 98.2

*Alloying method: P Prealloyed; E Elemental powder.

1 Sketch of tensile specimen geometry (dimensions are

in mm)

Table 2 Chemical analysis of oxygen, nitrogen and
carbon for initial prealloyed powders, mechanical
alloyed ODS powders and consolidated samples
(SPS)

%C %O Ex. O* %N

14Al (powder) 0.012 0.029 … 0.007
14Al (SPS) 0.013 0.056 … 0.014
14Al–ODS–Ti (powder) 0.141 0.350 0.297 0.220
14Al–ODS–Ti (SPS) 0.128 0.142 0.094 0.061
20Al (powder) 0.002 0.063 … 0.029
20Al (SPS) 0.032 0.012 … 0.074
20Al–ODS–Ti (powder) 0.093 0.157 0.104 0.033
20Al–ODS–Ti (SPS) 0.109 0.149 0.096 0.045

*Ex. O is excess oxygen (defined as total oxygen contents in
steel minus oxygen content in Y2O3).
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consolidation process the thermal activation will lead to
crystallite growth, but internal strain decreases below a
certain value that depends on the material.16,17 Only
when the system is relaxed, the crystallite size grows.
This fact is observed when the microstrain and crystal-
lite size of ODS alloys is comparable before and after
consolidated (Fig. 2). The crystallite size of SPS samples
is bigger than that of powder samples for both ODS
alloys due to the decrease produced in microstrain after
the SPS process. Even so, the SPS samples keep
nanostructured features.

After the SPS consolidation, high densities for both
materials processed have been obtained (Table 3) which
indicates the efficiency SPS technique. In all the cases a
relative density higher than 98% is reached.

Microstructure characterisation
SEM examinations

The microstructures of prealloyed samples (14Al and
20Al) and 14Al–ODS–Ti and 20Al–ODS–Ti alloys after
the SPS consolidation are shown in Fig. 3. The
prealloyed samples show equiaxiaed grains and 20Al
prealloyed microstructure exhibits a smaller grain size
than the 14Al (Table 1).However, the SEM study
reveals a refinement in grain size and an elongated
morphology inherit from the mechanical alloying
process in both ODS alloys. Also, a dispersion of
elongated precipitates is observed with a preferential
localisation near grain boundaries, but a quantification
of those precipitates is difficult since their distribution is
far from homogeneous. Their chemical nature was
investigated by EDS semiquantitative analysis. The
analysis reveals that the precipitates are complex
carbides type MC and M2C of Cr and W. The carbon
necessary for the formation of theses carbides can be
mainly attributed to contamination produced during the
milling process from milling tools.18

EBSD analysis

The EBSD analysis gives information on the grain size
and morphology, grain crystallographic orientation and
crystallographic texture. Figure 4 shows the grain
orientation maps (inverse pole figure, IPF) of 14Al–
ODS–Ti and 20Al–ODS–Ti alloys. Each different colour
in the IPF map represents a crystallographic orientation
which is related to the colour code expressed in the
standard triangle. For every sample the Kikuchi patterns
were indexed with ferrite phase only, and for this reason
there are regions in the map where indexing of Kikuchi
pattern was not possible (dotted regions) and these
regions corresponding to the carbides seen in Fig. 3. The
large variety of colours in the grain orientation map
indicates that the SPS samples are highly isotropic.
The grain size distribution as function of grain size

diameter in the form of histogram of the area scanned is
shown in Fig. 5. In both alloys a heterogeneous
recrystallisation and a non uniform grain growth was
generated. This is due to the deformation produced in
individual particles and to the variability of the
precipitates produced during mechanical alloying pro-
cesses. These phenomena lead to multi modal distribu-
tion of grain size with a bigger grain size in the 20
wt-%Cr alloy (84 nm–10?2 mm) than in the 14 wt-%Cr
alloy (80 nm–5?3 mm), despite the starting powders with
20 wt-%Cr have smaller particle size. The large differ-
ence between the final grain sizes can be linked to the
difference in the strain level produced in the milling
process. In the 20Al 20Al–ODS–Ti alloy the W is added
as elemental powder in the 20Al prealloyed powders
(Table 1) and during milling process the solid solution
of W is not totally achieved and the alloy is less
strengthened. This was evidenced by TEM STEM
examination of the 20Al–ODS–Ti milled powder
(Fig. 6) where the bright areas (dotted line) are W
particles that are not dissolved in the steel matrix.
Therefore the 20Al–ODS–Ti powders suffer a higher
strain hardening during mechanical alloying than 14Al–
ODS–Ti powders although the first have higher chro-
mium content. Owing to that, the 20Al–ODS–Ti alloy
has a lower recrystallisation temperature and the grain
growth during the SPS process will be larger.

TEM observations

TEM observations provided details of the grain
structures, precipitates and dislocations developed

2 Comparison of microstrain and crystallite size of 14Al–ODS–Ti and 20Al–ODS–Ti alloys before and after consolidated

by SPS

Table 3 Relative densities of ODS alloys consolidated by
SPS*

14Al–ODS–Ti 20Al–ODS–Ti

Relative density/% 98.58 99.99

*Theoretical density 1
rt
~

P wi

ri
.
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through the manufacture process by mechanical alloying
and SPS consolidation.

Figure 7 shows the bright-field TEM images of the
general microstructure observed in the 14Al–ODS–Ti
and 20Al–ODS–Ti alloys. Both ODS alloys contained
several types of precipitates of different size, mor-
phology and composition. The size and nature
of these precipitates, allow to group them in two

categories: bigger Cr rich precipitates, and nanometric
precipitates.

Figure 8a shows in more detail a zone with Cr rich
precipitates. These large precipitates with sizes ranging
from 400 to 850 nm were preferentially located at grain
boundaries. Figure 8b shows EFTEM image where it is
possible to confirm Cr rich nature of precipitates. These
precipitates are very difficult to avoid because are picked

a 14Al prealloyed; b 20Al prealloyed; c 14Al–ODS–Ti; d 20Al–ODS–Ti
3 Images (SEM) of microstructure of ODS alloys consolidated by SPS

4 Inverse pole figure maps obtained by EBSD with colour key for crystallographic orientation of a 14Al–ODS–Ti alloy

and b 20Al–ODS–Ti
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up during the milling of the powders, how it has been
mentioned previously.
The STEM observations (Figs. 9 and 10) show a

homogenous distribution of nanoprecipitates although
they have differences in composition, size and morphology.

It can be observed that the composition is directly related to
the size of nanoprecipitates.

Then, in 14Al–ODS–Ti alloy and 20Al–ODS–Ti
alloy, attending to the composition it can be identify
three types of nanoprecipitates and four types of
nanoprecipitates respectively. These types of nanopreci-
pitates can be described and characterised as follows:

(i) type 1: the EDS analysis reveals that these
particles contain Y, Al and O. These particles
exhibit sizes between 10 and 50 nm and a round
shape. Their location is both on grain bound-
aries as inside the grains. This type of nanopre-
cipitates exists in 14Al-ODS-Ti as in 20Al-ODS-
Ti alloys

(ii) type 2: the composition of these particles is Y
and O and they have a very similar size to
particles type 1. They are located inside grains
as well on grain boundaries, this later location
being more common. Both alloys developed in
this work have this type of precipitates

(iii) type 3 and 3’: this type of particles enclosed Ti
and W, but particles type 3’ contain O as well.
The size of particles Ti–W is around 75 nm with
a round shape and they are in the 14–ODS–Ti

5 Comparison of grain size distribution of 14Al–ODS–Ti

and 20Al–ODS–Ti alloys

6 HAADF-STEM image 20Al–ODS–Ti powder milled and EDS semiquantitative analysis

7 BF-TEM images of general microstructure of a 14Al–ODS–Ti and b 20Al–ODS–Ti
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alloy. The Ti–W–-O particles have an oval
shape but a similar size and they are only in the
20–ODS–Ti alloy. These particles are not
located on grain boundaries

(iv) type 4: these particles have only been found in
the 20–ODS–Ti alloy and they enclose only Ti

and O. The size, shape and location are very
similar to those of nanoprecipitates type 3’.

In order to try to identify the structure of the
nanoprecipitates found in both samples, a series of high
resolution images with FFT analysis of the image of
some oxide particles were realized (Fig. 11). We have

8 BF-TEM image of a detail of some precipitates and b corresponding EFTEM image of their composition

9 STEM images of 14Al–ODS–Ti alloy

10 STEM images of 20Al–ODS–Ti alloy
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focused on the particles of Al–Y–O because they have
finer scale therefore is more probable that these particles
act pinning dislocations motion.8,18 The analysis of the
atomic plane spacing and angles through the FFT
images indicates that the structure of these oxides could
fit to those of Y2Al4O9 (YAM), YAlO3 perovskite
(YAP) or Y2Al5O12 garnet (YAG). The formation of
these oxides implies the transformation of yttrium oxide
to a mixed Y–Al–O during the milling and consolidation
process.8,19 The formation of complex nano-oxides
depends of the affinity of the alloying elements with
the oxygen. Therefore, in ODS steels with Al and Ti, the
formation of Y–Al–O complex is more favourable than
Y–Ti–O complex.20 Other previous studies showed
similar results, as Kasada et al. confirming that only
Y–Al complex oxides can be formed when ODS FM
steels contain both aluminium and titanium.20

Mechanical properties
Mechanical properties at room temperature were
evaluated on SPS ODS consolidated alloys and the
starting prealloyed powders consolidated to analyse the

extent of the nanostructural modifications produced by
MA and the capacity of the nanoparticle dispersion to
strengthen and stabilize the grain structure of ODS
alloys developed in this work.

Tensile test

Tensile tests ex situ and in situ (the SEM chamber) have
been performed at room temperature. Figure 12 shows
tensile stress–strain curves of ODS and prealloyed
alloys. The increase of tensile strength for ODS alloys
is evident with respect to the prealloyed samples being
the enhancement factor for yield strength (YSODS/
YSprealloyed) is larger for the 14%Cr grade than for the
20%Cr one.

Tensile properties for both alloys are compared in
Table 4. Although the hardening ratio (UTS/YS) of
20Al–ODS–Ti is bigger than that of 14Al–ODS–Ti, it
seems that the latter shows a larger ODS strengthening.
This fact can be explained considering the 20Al–ODS–Ti
has a bigger grain size than 14Al–ODS–Ti alloy (Fig. 4)
and that the W addition is as elemental powder in the
20Al prealloyed, which as explained earlier, may cause a

11 HRTEM images to nanoprecipitates of Y–Al–O

12 Tensile stress–strain curves for both ODS alloys and prealloyed consolidated

Table 4 Tensile properties of prealloyed alloys and ODS at room temperature

UTS/MPa YS/MPa Enhancement factor Hardening ratio Toughness*/MPa Total elongation/%

14Al 638 398 … 1.7 136 21
14Al–ODS–Ti 1169 895 2.2 1.3 94 10
20Al 588 434 … 1.3 113 23
20Al–ODS–Ti 897 610 1.4 1.5 88 12

*Toughness measured as area under the tensile curve.
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loss in efficiency for the tungsten hardening. Regarding
the total elongation and toughness the difference is small
between both alloys. It is to be noted that in spite of a
higher strengthening in 14Al–ODS–Ti no decrease in
toughness is noted.
The different behaviour between the ODS and the

prealloyed samples is also demonstrated by the in situ
tensile tests (Fig. 13). The necking of the tensile speci-
men gauge is only evidenced in the non ODS materials.
Therefore the ODS sample has a catastrophic failure
with a very low necking formation in comparison with
the prealloyed sample with a sizable necking and a
ductile rupture mode. The grains become elongated near
the fracture surface for the non-ODS materials while the
texture of the grains changes little for the ODS materials
(Fig. 13). These results can be compared with results
obtained in the work carried out by Hernández-Mayoral
et al.21

Microhardness test

The ODS alloys consolidated by SPS have a higher
microhardness than prealloyed alloys. This fact confirms
that it has been produced the hardening of the ODS
alloy owes to the grain size reduction through ODS
processing and also to the efficient sold solution
strengthening and to the formation of nanoprecipitates.
The comparison between both grades (ODS or not)
reflects the difference seen in the tensile testing and
discussed above. Present microhardness results compare
well with others reported in the literature.22,23

Conclusions
The effectiveness of MA and SPS to produce nanos-
tructured powders based on the prealloyed grade Fe and
introducing different alloying elements have been

evaluated in this work. The morphology and grain size
of the milled powders are practically kept in the ODS
alloys after their consolidation. The addition of Y2O3

and Al promote the formation of Y–Al complex nano-
oxides (YxAlyOz) in the ODS alloys. In addition, other
types of nano-oxides have been found due to W and Ti
addition, bigger than the Y–Al–O oxides. The nanopre-
cipitates dispersion is responsible for the enhancement
of tensile properties and hardness in ODS alloys
compared to non-ODS. Comparing both ODS grades
the 14Al–ODS–Ti alloy shows better mechanical proper-
ties than the 20–Al–ODS–Ti due to a smaller grain size
and to a more efficient solid solution strengthening by W
when it is incorporated in the melt for the atomization
process to obtain the prealloyed grade, than when the
alloying is performed by mechanical milling.

All results demonstrate that the SPS can be a
promising consolidation technique to produce ODS

13 Images of tensile tests in situ of a 14Al–ODS–Ti and b prealloyed alloys; from left to right: start of test, necking for-

mation and after failure

14 Microhardness of alloys consolidated by SPS
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alloys nanostructured keeping the structure of milled
powders.
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