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In the present work, a novel 9Cr oxide-dispersion strengthened (ODS) steel powders with Y203
(0.5 wt%) dispersoids were synthesized by high planetary ball milling at different time intervals
(2, 8, and 16 hours). The structural and crystallographical evolution of the produced powders
during the ball milling and post-annealing treatment were evaluated by SEM, XRD, and micro-
Vickers hardness analyses. The SEM results showed that the fine dispersions of powders were
achieved with the extending milling time. When milling time was 8h, it was observed that the
mean size of powders increased maximum level of 101 pm and then dramatically reduced to 5 um
at latest milling time (16h). The XRD data revealed that the crystallite size of ODS powders
diminished gradually with increasing milling time. Plus, all reflection peaks of the Fe, Cr, W, Mo
expanded and the diffraction peaks of the Y203, W progressively disappeared with the increasing
milling time. The hardness results revealed that the increasing milling time was beneficial for
hardness improvement, due to dominant strain hardening mechanism and it developed from 160
to 334 Hv after 16h of milling protocol. To understand high temperatures characteristics such as
grain growth, phase transformation, and hardness of produced powders, 16h milled powders
subjected to post-annealing treatments at 700 °C and 900 °C for 1 h. When pure Fe and Cr peaks
were observed in the non-annealed powders, no evident reflection peak of Y203 was observed.
However, all pure Fe and Cr reflection peaks became narrower and Y203 reflection exhibited more
sharper tendency with increased annealing temperatures, which resulted in increased grain growth
and formation of Fe-based oxide structures.

1. Introduction

ODS alloys are chiefly produced by the powder
metallurgical ways, including ball milling/mechanical

Oxide-dispersion strengthened (ODS) alloys contain
very fine oxide particles and they are mainly used for
structural applications for nuclear power plant
constructions as piping and cladding tubes [1]. They are
most important candidates for the fuel cladding materials
owing to their extreme temperature strength, as well as
their thermal stability at elevated temperatures and
excellent resistance to corrosion [2-6]. The most diverse
feature that differentiate ODS steels from other structural
systems is that they have fine dispersoids comprising of
several oxide based structures such as Al,Os, Y,03, Ce;0s
or uniformly dispersed Y-Al-O, Y-Ti-O constituents at a
high number density in the matrix [7, 8]. These nanoscale
particles throughout the matrix, cause the secondary phase
particles to prevent the movement of dislocations during
deformation and resultant an increment of the density of
dislocations in the material [9, 10].
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alloying of mixed powders with well dispersed oxide
structures and followed consolidation and heating
treatments [11]. The microstructural evolution and
mechanical performance of ODS alloys greatly depends on
process variables and chemical compositions. Generally,
Y203, Ce03, Lay03, MgO, ZrO, [12, 13] are added into
ODS alloys as dispersed particles. Regarding the
introduction of these dispersoids to the material system,
which can generally harden the material, Y-based oxide
structures are the foremost preferred ones due to its low
solution ability in the base matrix, thermodynamically
stable characteristics, and lattice divergence that favors
their influence as dislocation propagation inhibiting
dispersoids and their excellent irradiation stability
performance [14].

Li et al. [7] examined that the influence of different
types of nanoscales oxides (Y203, Ce;Os, La,0s) on the
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microstructure changes and mechanical properties of
produced 14Cr-ODS steels. As well as superb thermal
stability of Y03, they found that the Y,Oz added ODS
alloys exhibit higher yield strength, have a lower particle
size distribution and thus have a higher number density.

In the past, several studies regarding the effect of small
quantity addition of rare elements (RE) on the structural
and mechanical characteristics of ODS alloys have been
published [2, 3, 15-17]. The outcomes of these studies
reveal that alloys composing of these elements exhibit
higher mechanical performance and well-balanced
uniform oxide particles compared with other traditional
ODS alloys without containing these elements. Hoelzer et
al. [18] were prepared 4 different samples comprising of 0,
0.25, and 0.3 Y03 wt% added 14Cr-ODS employing two
diverse methods. They reported that the nanoparticles
added alloys showed remarkably higher strength than
oxide strengthened alloys for elevating temperatures.
Meanwhile, the ductility performance of the oxide
strengthened alloys was superior to that of the
nanoparticles strengthened alloys. Xu etal. [19] found that
the diverse annealing treatments was a crucial effect on the
compositional fluctuations and design of nanoscale oxide
dispersion performance. They reported that when
annealing temperature reached to 1100 °C or above, the Ti
enrich shell gradually vanished, and only Y-Zr rich oxide
structures were stayed in structure. Various elements such
as Hf, Ni, Ti and Zr added ODS steels have superior creep
rupture strenghted than other ODS steels which does not
include such elements [16, 20]. So, it is very important to
clearly describe the microstructural and morphological
changes of such minor elements during the mechanical
alloying process, followed by the annealing or sintering
parameters to be performed [3].

9Cr-ODS steel is an encouraging candidate material for
nuclear energy powerhouses, a system that requires
superior mechanic attitude at increased temperatures [21].
In particular powder metallurgy, the fabrication process
has come across some challenges in obtaining precise
composition control [22]. Some of the diffusing atoms,
such as Cr, V, Nb, W, and Mo significantly influence
mechanical properties. This is thought to happen by
microstructural evolutions. Besides, the main contribution
to the advanced mechanical and creep performance in
comparison with other martensitic-based steels is assigned
to the presence of the nanoscopic oxide precipitations in
the matrix, which hinder the mobility of dislocations called
as Orowan looping mechanism [23]. Hence, the mean
interparticle distance between oxides in the matrix is one
of the manipulating parameters that regulate the material
system's microstructural changes and resultant mechanical
properties. The solution limit of Y in Fe is also very poor
at room temperature [24]. Thus, it is hard to solve Y into
Fe matrix by conventional metallurgy process. Hence, ball

milling method is frequently chosen by various researchers
to fabricate new Fe-based ODS steels [25, 26].

In this work, 9Cr prealloyed powders was selected
matrix material and it was reinforced with Y,03 0.5 wt%
to produced ODS nanocomposite powders. The main
purpose of this study was to examine size and structural
changes of reinforcement phase (Y203) and the difference
in the morphological structure and hardness properties of
the mixed particles during ball milling and post-annealing
treatment. This study exhibits recent improvements in the
procedure of scrutinization of new generation 9Cr-ODS
nanocomposite powders, to supply significant knowledge
for microstructure control and hardness aspect in the
context of structure-performance framework. In this
regard, the combined influence of ball milling duration and
annealing temperature on the microstructural evolution,
particle size, crystal structures, and hardness properties of
milled powders was assessed by using scanning electron
microscopy (SEM), particle size analyzer and X-ray
powder diffraction (XRD) analyses, energy-dispersive X-
ray spectroscopy (EDX), and consequently hardness
measurements.

2. Experimental Method

The prealloyed 9Cr ferritic powders consisting of Fe—
9Cr—1Mo-1W-0.2V (wt%) composition plus nanosized
ceramic powders of Y,0z (0.5 wt%) (Nanografi, Turkey)
was milled in a Retsch PM 200 high planetary ball milling
device, utilizing 125 ml tungsten carbide (WC) jar and 7.5
mm WC balls maintaining a 15:1 ball to powder (BPR)
weight ratio. The ball milling operation was performed under
air atmosphere for 2, 8, and 16 hours employing rotation
speed of 350 rpm with time interval i.e., milling operation
was conducted 30 min and then rested 15 min till planned
milling duration. The goal of such a milling procedure was
to  prevent increase  high-temperature  causing
recrystallization in the plastically deformed powders. To
eliminate severe cold welding and agglomeration, total
amount of 2 wt% stearic acid was gradually added in milling
system during each milling time was finished. Subsequently,
16 h milled powders were annealed at 700 °C, and 900 °C
for 1 h in Protherm brand furnace. The particle size values
and their distribution behavior after the milling was analyzed
by particle size analyzer (Malvern Mastersizer 2000) using
laser diffraction in wet distribution. The morphological
alterations of the produced powders were monitored by
scanning electron microscope (SEM, Zeiss Evo-LS10).
Besides, an energy dispersive X-ray spectroscopy (EDX)
module in the same SEM instrument was utilized to assess
the chemical differences and dispersion behavior of the
synthesized powders. A high-resolution X-ray powder
diffractometer curves were collected by (Malvern Xpert®)
XRD instrument to evaluate the differences in the phase
composition and to identify phase formation for different
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milling times.

According to available knowledge in the literature review
[27, 28], the micro-Vickers hardness test was selected since
it is suitable for multiphase structures due to its remarkably
harder and smaller diamond indenter which minimize
potential damage to the material during testing. The hardness
test was performed with respect to different milling times in
an ex-situ model. From each set powder group, a little
amount of milled powders mounted in a 15 mm diameter
bakelite and it left till fully cured. To calculate the hardness
precisely, a smooth and homogenous sample surface is
required. Thus, the bakelite molds were gently ground up to
2000 mesh fine SiC abrasive papers and ultimately, they
polished to a reproduce finishing surface employing ultra-
fine alumina paste (Ra: 0.25 pum). The micro-Vickers
hardness measurement of each group was done utilizing a
digital Innovatest W-HV400 Vickers-hardness tester under a
constant load of 25 g and dwelling time of 15 s. To supply
exactness and repeatability in the measurements, three
identical samples were evaluated from each powder group.
From each batch set, at least five different measurements
were performed to insure accurate statistical sample and they
were presented along with standard deviations and
exemplary indentation figures. A schematic representation of
the milling method and powder characterizations are
illustrated in Figure 1.

3. Results and Discussions
3.1 Variation of Particle Shape and Size

Figure 2 exhibits the SEM images of initial 9Cr powders
and 9Cr-ODS ferritic powders with respect to different
milling times. Figure 3 shows the minimum (do1), average

(do.s), maximum (dog) particle size of the milled powders.
Considering both Figure 2 and 3, it was observed that the as-
received (unmilled) powders showed irregular shape with an
average particle size of 92 um. It was seen that the 2h milled
powders were slightly flattened, and the mean size of the
particles was about 89 um. The main reasons for such a little
reduction were both the applied low milling time (2h) and
the high effectiveness of the initial process control agent
(stearic acid) on the milling systematics. After milling of 8h,
the average size of the powders reached to maximum levels
(100 pm) because the powders subjected to cold-welding and
repetitive flattened mechanism and like as ‘corn-flakes
structure’ was observed in the microstructure as shown in
Figure 2. One reason for the observed particle shapes can be
originated from shearing effect of hard WC milling balls on
the 9Cr-ODS ferritic matrix powders. Such an inspections
were commonly monitored by several researchers
conducting a study on the mechanical alloying of similar
systems [29, 30]. Further deformation up to 16h, the particle
shape totally transformed into randomly fractured irregular
shaped smaller pieces as shown in Figure 2. The average size
of this powder system dramatically decreased to minimum
level of 5 um (See Figure 3) because of excessive work
hardening and dominant fracture mechanism during the
milling duration between 8h and 16h.

The monitored drastic reduction in powder size could also
be assigned to the step by step fragmentation of thinned
flakes (as indicated in Figure 4) into randomly fractured
minor particles along with priorly existence of smaller
irregular shaped powders. On the other hand, various
researchers announced that the reduction in particle size was
proof that fragmentation of flakes, creating new powder
surface area [31].
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Figure 1. Schematic representation of ODS principle and milling operation, experimental setup and measurements
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Figure 2. Particle shape changes of 9Cr unmilled powders and milled 9Cr-ODS powders at different milling times

The kind and quantity of process control agent (PCA) is
one of the most important parameters affecting kinetics of
mechanical alloying. Employing insufficient amount of PCA,
the surface area of the powders covered by the PCA is
restricted. In this case, overdone-cold welding is still going
on and alloying is not given a chance. Nevertheless, if the
sufficient amount of PCA can completely cover the surface
area of the powders, the excess cold welding mechanism
does not occur [32]. An equilibrium is fulfilled between cold
welding and fracture mechanism, and alloying takes place
instantly. As the increasing specific surface area, the effect
of PCA has reached the desired level and alloying has
occurred.

As shown in Figure 5, particle size distribution behavior
of the initial powders displayed a homogeneous tendency.
Since the low milling duration (2h) and effective PCA in the
milling operation, a wide range of initial powders protected
their initial shape and thus no discernible size distribution
behavior was observed except for shifting towards lower
angle due to reduced particle size. Plus, the particle
morphology of the unmilled and 2h milled powders was
nearly equiaxial as compared to further milling systems, as
can be confirmed by examining Figure 2 and 5. However,
this tendency gradually altered up to 16h milling duration. A
broadened peak distribution towards to high particle size was
achieved after 8h milled powders owing to numerous flake
pieces resulted from rolling effect of milling medium. When

16h milled powders were examined, particle size distribution
varied within a narrow range with bimodal distribution
meaning it has two different peaks. Nevertheless, these peaks
were monitored in the quietly low side of particle size. The
reason for this is that the flake-structure powders were
fractured with prolonged milling time and as a result of these
fractures, the smallest particles were formed in all milling
operation. This is a significant indication that the particle size
powders are nonuniformly dispersed. In addition, as shown
in the Figure 4, the cross sections of the powders reached
about 800 nm due to the ball-wall, ball-ball and powder-
powder collisions and this leads to easier breakage of the
powders with random fragmentation resulting two diverse
peaks in distribution behavior. After milling 16h, the mean
particle size dramatically decreases from 101 pm to 5 um, as
shown in Figure 3. Considering particle size and morphology
analyses, it can be assumed that the ball milling operation
consist of two stages: cold-welding and fracture mechanism
[33]. Firstly, initial powders experienced severe plastic
deformation under the rolling effect of WC balls, and it led
to flakes with very thin cross section, as depicted earlier in
Figure 4. Secondly, such a thinned powders were effortlessly
fragmented into minor sizes due to high impact of powder-
powder, powder-jar, powder-ball crashes. As can be
obviously experienced, ball milling process not only resulted
in the shift of average size to lower values but also benefited
the distribution tendency to narrow zone.
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Figure 3. The differences in minimum, average, and maximum
particle size for unmilled and milled powders with regard to
increasing milling time

3.2 XRD and Crystal Structure Analyses

Figure 6 illustrates the XRD patterns of unmilled and
milled powders. The monitored diffraction peaks belong to
the Fe, Cr, W, Mo, and Y03 materials. However, no
detectable diffraction peak was observed for V due to its
quite low concentration (0.2 wt%) below the resolution limit
of XRD instrument. As the increasing ball milling time, it
was appeared that the peak intensity of Y>0s3 vanished, which
was assigned to its well distribution in the Fe matrix and
accompanying reduction in particle size due to brittle solid
behavior of hard ceramic Y03 phase. On the other hand, the
diffraction intensities of Fe base metal and alloying elements
decreased along with increased peak wideness except for 8h
milled systems (to be explained in detail further).
Considering available information in the classical theory of
XRD, the widening reflection peak implies that the

Initial 9Cr powders
—— 2 h milled powders
— 8 h milled powders
—— 16 h milled powders
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Figure 5. The variation on the particle size distribution behavior of
powders in regard to milling duration

100 pm

EHT =20.00 kV Mag= 250X

| Probe = 50 pA

Signal A = SE1
WD =10.5 mm

u

Figure 4. SEM image, indicating cross-section view of thinned flake
9Cr-ODS particles after 8h of milling

crystallite size or domain size reduces accompanying
increasing lattice strain dependence on milling time [34]. At
first glance, it was glittered that the (200) diffraction peak
intensity of 8h milled powders (as described in green color)
remarkably increased, and it also showed approximately
same intensity in the main reflection of (110) direction. This
observation perfected the particle shape image of illustrated
in Figure 4, where flakes of 800 nm thickness were detected
in 8h milled 9Cr-ODS powders. The detected texture
formation was ascribed to the plastic deformation provoked
by the thinned flake particles from the rolling effect of rigid
milling medium [35]. Increasing milling time up to 16h
resulted in vanishing of texture formation on the particles.
The disappeared texture was related to the development of
smaller particles because of the fragmentation of platelets or
flakes after 16h of milling, as depicted prior in Figure 2.
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Figure 6. XRD diffraction patterns showing planes and phases of
initial and milled powders at different milling duration
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The crystallite (domain) size of the (110) and (200)
diffraction curves of the produced powders evaluated by
XRD data utilizing Scherrer equation [36] with respect to
ball milling time is illustrated in Figure 7. As shown in Figure
7, increasing milling time resulted in reduction in crystallite
size and concomitant widening of full width at half-
maximum (FWHM) in the (110) reflection of Fe which is
expected by virtue of ball milling and solid solution
mechanism resulted by decreased crystallite size (D) with
extended milling time. Severe and repeated collision of
powders-ball-jar changed the crystallite size of main
reflection (110) from 132.19 nm to 14.12 nm. Also, it could
be inferred that prolonging milling time resulted in increment
in both lattice distortion and dislocation numbers because
dislocations, voids, interstitials, and other metallurgical
defects led to intense plastic deformation during mechanical
milling operation [37]. Hence, one observes that the
mechanical alloying process not only improve the grain
refinement of the powders but also augments both strain
storage on the lattice and dislocation density. However,
crystallite size increased up to 85 nm on (200) reflection
which was attributed texture formation on this
crystallographic direction, as described earlier in Figure 4
and 6. However, farther milling process created strict plastic
deformation as a consequence high energy milling which
was led to randomly arranged grain boundaries as barriers to
dislocation movement and initiated solid-solution
mechanism so, the domain size went down to 11.25 nm on
(200) direction plane.

The micro-Vickers hardness of the 9Cr-ODS steel
powders against different milling times is presented in Figure
8. The hardness of the powders improved from 160.74 Hv to
334.63 Hv with increasing milling time because of excessive
plastic deformation of the powder particles. The synthesized
powders exhibit excellent hardness properties than that of the
traditional plastic deformation routes [38].
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Figure 7. The alterations on the crystallite size of (110) and (200)
plane direction of powders for different milling times

3.3 Hardness Properties of Milled Powders

These milled powders subjected to strain hardening owing
to prolonged milling duration which results in an
enhancement in hardness of the particles. Such an
improvement on hardness of produced powders can be
defined by several cooccurring factors. The grain refinement
mechanism is the prominent one among them. Following
Hall-Patch principle, which defines the correlation between
hardness/strength of polycrystalline samples and the grain
size, as the grain size decreases the hardness increases. This
equation can be also utilized by different modified constants
for nano-crystalline materials [39]. Another crucial factor is
the increased stored energy on the lattice originating from the
high dislocation density triggered by improving milling time.
Moreover, different mechanisms such as dispersion,
precipitation, and solid solution hardening/strengthening are
also effective in increasing the hardness/strength of the
powders [40].

3.4 Effect of Annealing Treatment on The Produced
Powders

The high temperature development of the 16h milled
powders can lead to precipitates, different phase
transformations and grain growth mechanisms. To
comprehend such an effect, XRD analysis was done on the
annealed 16h milled powders. Figure 9 illustrates the XRD
curves of as-milled (16h) and annealed powders at
temperatures 700 °C and 900 °C. It was observed that all
reflections exhibited a gradual decrement in FWHM
meaning increment in crystallite size as a function of
temperatures. The any intermetallic phases were not
encountered in as-milled powders due to small amount of
Y203 and strain triggered peak widening influence. The 700
°C annealed powders showed a Fe3;O4 peaks. As for 900 °C,
it was detected that Fe,O3 peaks in addition to FezO.. These
peaks were monitored earlier for different 9Cr-ODS powders,
that increased milling time resulted in the aggression of extra
O in the material system and later these O react with the base
Fe matrix to develop different Fe-O forms, which finally led
to the development of Fe,O; and FesOs phases during
elevating annealing temperature [41]. The present
observations also showed good agreement with these studies.
Moreover, the crystallite size of the main reflection of Fe was
assessed utilizing Scherrer method, and chart describing the
differences of crystallite size with respect to annealing
temperature was illustrated in Figure 10. As the annealing
temperature elevated, the crystallite increased to 67.25 nm
and 160.53 nm for 700 and 900 °C, respectively. Figure 11
shows the hardness results with exemplary indentation of the
annealed powders. The micro-Vickers hardness of the 16h
milled powders slightly increased from 324.71 Hv to 325.35
Hv for 700 and 900 °C, respectively. It was observed that
there were no clear changes among diverse annealing
temperatures.
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However, the annealed powders exhibited lower hardness
as compared to as-milled powders, which was correlated
with grain growth during elevating temperature, and it
resulted in deteriorated hardness. On the other hand, oxide
based intermetallic formation such Fe,Os; and FesO4 was
beneficial for hardness due to their hard ceramic phases.

Concomitant influence of grain growth and formation of
intermetallic, which were unfavorable and favorable impact
on hardness resulted in such an indiscernible difference on
hardness performance. One reason for this case could be
originated from combined influences grain coarsening and
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Figure 9. Crystallographical evolution of 16h milled 9Cr-ODS
powders after annealing in ambient temperature, 700, and 900 °C
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disappearing of structural defects inside of the powders due
to thermal softening triggered by elevating annealing
temperatures as reported by Nowik and Oksiuta [42].

To evaluate the aforementioned beneficial parameters on
the hardness, SEM-EDS analysis was performed for 16h
milled powders. The composition in the spectrum of 16h
milled 9Cr-ODS powders employing EDX analysis showed
in Figure 12. Figure represented atomic and weight
percentage of content of distributed elements and their keV
values.
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Figure 10. Dependence of crystallite size of 16h milled 9Cr-ODS
powders for different annealing temperatures
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Figure 11. The micro-Vickers hardness and exemplary indentation
images of annealed 16h milled nanocomposites powders

The constituent of dispersed elements was comprised of
Fe, Cr, W, Mo, Y, O, and C, which were existent in the pre-
alloyed and milled 9Cr-ODS powders. Even at small region,
after 16h of milling protocol a well-balanced mixture of
alloying elements was observed. As observed EDS analysis,
alloying and reinforcement elements exhibiting uniform
dispersion behavior throughout the matrix, may also lead to
dispersion hardening mechanism.

To supply hypothesis about the uniform dispersion of hard
ceramic Y03 phases and alloying elements EDX line
analysis was also performed. As shown in Figure 13, the
spectra of constituent elements of 16h milled 9Cr-ODS
powders were detected with nearly same distribution
behavior. Such an observations were proofed that followed
milling protocol i.e., 16h of milling time was sufficient for
uniform dispersion of alloying and reinforcement elements.
These observations agreed with great extend to XRD and
hardness results.

100.00

Figure 12. Results of the EDS analysis taken from indicated
spectrum of 16h milled powders

100

Figure 13. EDS line analysis of 9Cr-ODS powders milled for 16 h

4, Conclusions

In this paper, the 9Cr-ODS powders were synthesized by
high planetary ball milling with different milling times (2, 8,
and 16 h). The influences of milling duration on the
microstructure, crystal structure and hardness properties of
the produced powders were analyzed within the scope of
structure-performance relationships. It was observed that the
16h milling protocol developed the minimum particle size (5
um) as compared to initial form (92 pm) and these powders
exhibited almost single phase (Fe) with solutioned alloying
elements. Besides, it was observed that the strain hardening,
Orowan precipitation and solid solution hardening
mechanisms triggered by collisions of milling systematic
constituents (powder, ball, and jar) were presumed to most
dominant factors on the hardening properties. Such an effects
led to an increment on the powder hardness 160 to 334 Hv
for initial prealloyed 9Cr powders and 16h milled 9Cr-ODS
powders, respectively. However, no discernible difference
was observed as a result of the formation of beneficial
intermetallic on the increase in hardness and the
simultaneous occurrence of the harmful grain growth
mechanism after annealing treatment of 16h milled powders.
Based on observed outcomes, it could be concluded that
despite increasing temperatures, the produced 9Cr-ODS
nanocomposite powders did not compromised of its hardness
and that the materials produced by the applied methods in
here are a new alternative for high temperature applications.
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