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Abstract: Fe-10Cr-5Y2O3 powders were mechanically alloyed using a high energy horizontal ball-mill
apparatus, and the effect of heat treatment on the behavior of nano-sized oxide particles formed in the
mechanically alloyed Fe-10Cr-5Y2O3 powders was investigated. Elongated Cr-rich and Y-rich oxides
were observed in the mechanically alloyed powders. During the heating of these powders above
700 ◦C, the elongated Cr-rich oxides were dramatically changed to a near- spherical morphology.
Cubic-Y2O3, monoclinic-Y2O3 and YFeO3 phases were also found after heat treatment at 1150 ◦C
for 1h, indicating that the Y-rich oxide phase was transformed to the cubic-Y2O3, monoclinic-Y2O3

and YFeO3 ones. It is thus concluded that both a morphological change of Cr-rich oxide and a phase
transformation of Y-rich oxide during the heating of mechanically alloyed powders could be mainly
attributed to extremely high energy, accumulated by the mechanical alloying process.
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1. Introduction

Oxide dispersion strengthened (ODS) steels have an excellent irradiation resistance and superior
high-temperature mechanical properties [1,2]. Compared to commercial steels, the additionally
improved irradiation resistance and mechanical properties of ODS steels come from the presence of
nano-sized oxide precipitates in the matrix [3]. For several decades, ODS steels have been developed
as fuel cladding tube materials for sodium-cooled fast reactors (SFR). Recently, a 10 wt.% Cr ODS
ferritic/martensitic steel with some minor elements has been newly developed for the in-core structural
components of SFR, which has very attractive microstructures to achieve both superior creep and
radiation resistances at high temperatures [1,4]. The oxide particles in the matrix act as sinks for defects
such as helium bubbles, delay the nucleation of large voids and act as obstacles for the dislocation
movement at high temperatures under neutron irradiation environment [5]. The characteristics of
ODS steels are mainly decided by the size, inter-spacing and the crystallographic relationship with
the matrix of oxide particles [6]. In order to enhance the performance of ODS steels, the oxide
particles should be a few nanometers in size and need to be homogeneously distributed in the matrix.
The mechanical alloying (MA) process is one of the essential methods to fabricate the ODS steels.
In this process, the continuous collision between hard grinding media and raw powders with a high
revolving energy causes the repeated crushing and cold welding of powders. This eventually creates
the uniform alloy and the dispersion of oxide particles in the steel matrix [7]. As the major strengthening
phase, Y2O3 particles are regular appended to the Fe-Cr matrix. Since the properties of ODS steels
depend on the dispersion of nano-sized oxide, controlling their nucleation and growth during the
manufacturing process is essential, but is difficult in the standard production method. Depending
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upon the chemical composition, the consolidation techniques and various kinds of oxides have been
reported in the literature [8–10]. However, a detailed study of Y2O3 particles during the manufacturing
route still needs to be elucidated. It is known that the mechanism of nano-sized oxide formation is
a dissolution of Y2O3 during ball milling followed by the precipitation of oxides during subsequent
annealing [11,12]. Theoretical predictions exist for the mechanism of oxide particle formation based
on experimental results, but additional study into the stage of nano-sized oxide particle formation is
necessary. In this study, as a part of the new development of 10Cr wt.% ODS ferritic/martensitic steel
for the in-core structural components of the SFR, the microstructural evolutions of nano-scaled oxide
particles were investigated during the hot consolidation process. A model alloy powder composed
of Fe(bal.)-10Cr-5Y2O3 in wt.% were mechanically alloyed, and subsequent heating processes were
implemented. In-situ electron microscopy and crystallographic analysis were intensively employed.

2. Materials and Methods

Pure Fe, 10wt.% Cr and 5wt.% Y2O3 powders were mechanically alloyed, followed by heat
treatment at 1150 ◦C. The Fe and Cr powders in the size range of 50–120 µm and Y2O3 powders
in the size range of 20–40 nm were mechanically alloyed using a high energy horizontal ball-mill
apparatus (Simoloyer CM20, Zoz Inc., Wilstedt, Germany) at 300 rpm, with a ball to powder ratio of
10:1 for 48 h in an argon gas atmosphere. The mechanically alloyed Fe-10Cr-5Y2O3 powders were
heated up to 900 ◦C in a high vacuum. In addition, heat treatment at 1150 ◦C for 1 h was also carried
out. The particle size, morphology and composition distribution of mechanically alloyed powders
were observed using Scanning Electron Microscopy (SEM, JSM-6300, JEOL Inc., Tokyo, Japan) and
Electron Probe Microanalysis (EPMA, JXA-8500FK, JEOL Inc.,Tokoy, Japan). The microstructure was
characterized by High resolution Transmission Electron Microscopy (TEM, JEM-2100F, JEOL Inc.,
Tokyo, Japan) with an acceleration voltage of 200 kV. The samples for TEM observation were prepared
by mechanically polishing to a thickness range of 50–70 µm and then twin-jet electro polishing in 10%
methly-alcohol and 90% perchloric acid solution in vol.% at −40 ◦C with 25 V. The crystal structures of
Fe-10Cr-5Y2O3 powders before MA, after MA and heat treated at 1150 ◦C, were investigated by using
an X-ray Diffractometer (XRD, Ultimun IV, RIGAKU Inc., Tokyo, Japan). The diffraction patterns were
collected over a 2θ range of 20–80◦ with a step width of 0.01◦. The in-situ TEM study was performed
at 200 kV with a Cs-corrector. The microstructure under different temperatures in mechanically
alloyed Fe-10Cr-5Y2O3 powders in the range of 25–900 ◦C was examined by in-situ TEM with Energy
Dispersive X-ray Spectroscopy (EDS). The samples for in-situ TEM analysis were prepared using the
Focused Ion Beam (FIB) method. HRTEM, Selected Area Diffraction (SAD) patterns and Fast Fourier
Transformation (FFT) images were evaluated to identify the crystal structure of nano-sized oxide
particles and their crystallographic orientation relationship with the matrix [13,14].

3. Results and Discussion

3.1. Microstructure of Mechanically Alloyed Powders

Figure 1 shows the SEM and EPMA images of the mechanically alloyed Fe-10Cr-5Y2O3 powders.
The mean diameter of mechanically alloyed powders was determined to be about 10 µm. In the
mechanically alloyed Fe-10Cr-5Y2O3 powders, it was observed that the Fe, Cr, Y and O elements
were uniformly distributed inside the powder. It appears that the Fe, Cr, Y2O3 elements are finely
dispersed inside the matrix and reached a super-saturated solid solution in 48 h. During the MA
process, work hardening was introduced into the ductile Fe and Cr, and brittle Y2O3 powders, and the
particle size became smaller than in raw powders. The mechanically alloyed Fe-10Cr-5Y2O3 powders
showed the typical features of severe plastic deformation, which was ascribed to the repeated fracture
and cold-welding of the powder mixture. It is indicated that MA creates a high density of crystal
defects such as dislocations and grain boundaries.
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Figure 2 shows the results of the microstructural observation of mechanically alloyed
Fe-10Cr-5Y2O3 powder during the MA processing of the Fe, Cr and Y2O3 elements. The TEM
image exhibits a complicated contrast. The SAD patterns seen in Figure 2b show that the outer rings
coincide with Fe(110), Fe(200), Fe(211), Fe(310) and Fe(222). The SAD pattern of mechanically alloyed
Fe-10Cr-5Y2O3 powder depicts only the nano-crystalline structure of α-Fe, and no ring corresponding
to crystalline Y2O3 is observed. These results indicate that the raw Y2O3 particles were severely
fragmented to ultrafine crystalline form and almost dissolved into the matrix by high energy forces
during the MA process. The continuous diffraction spots imply that the crystalline size was further
decreased and there were a lot of α-Fe grains at the nanoscale with random crystallographic orientations
within a particle. The HRTEM image of mechanically alloyed Fe-10Cr-5Y2O3 powders show that no
lattice fringe area was analyzed (Figure 2c). It is indicated that the ultrafine crystalline Y2O3 particles
were located in the grain boundaries of α-Fe grains. An obvious diffraction contrast for the Y2O3 of
a FFT image was not acquired as shown in Figure 2d. The MA process generated grain boundaries,
and the nano-crystalline oxide particles should be isolated on the grain boundaries.
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Figure 3 shows the microstructure of mechanically alloyed Fe-10Cr-5Y2O3 powder after heating
at 900 ◦C using in-situ TEM. The TEM image indicates that the grain growth occurred as shown in
Figure 3a. The SAD pattern in Figure 3b shows that the powder was polycrystalline, and a diffraction
ring corresponding to Y2O3(222) was detected. On heating, the continuous ring is changed to a
discontinuous ring, and a crystalline spot of oxide particle also appears. The lattice parameter of the
matrix was determined from the SAD patterns to be about 0.2038 ± 0.005 nm. The HRTEM image of
mechanically alloyed Fe-10Cr-5Y2O3 powders after heating at 900 ◦C is presented in Figure 3c. The area
of lattice fringes is clearly observed. The FFT analysis results show that the Y2O3-type structure in
the matrix was determined, as shown in Figure 3d. The measured major directions correspond to
d(411) (2.48Å), d(222) (3.07Å) and d(213) (2.86Å). When the mechanically alloyed Fe-10Cr-5Y2O3 powder
was heated from 25 ◦C to 900 ◦C, nano-crystalline oxide particles might have been precipitated in the
matrix. Although the crystal structure of oxide particle was observed by the SAD pattern, the obvious
shape and size of oxide particles was not investigated.
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3.2. Microstructural Evolution of Oxide Particles

Figure 4 shows the microstructural observation of temperature-dependent phenomena in
mechanically alloyed Fe-10Cr-5Y2O3 powder up to 900 ◦C. A nano-crystalline textured structure
was observed in the mechanically alloyed powder before heating (Figure 4a). It was revealed that the
microstructure of mechanically alloyed powder was a nano-crystalline textured structure. There were
no significant changes to the microstructure until the temperature reached up to 600 ◦C (Figure 4b).
A further increase in temperature caused significant changes in the microstructure. Upon heating above
700 ◦C (Figure 4c), grain growth of the crystalline phase was detected. During heating from 800 ◦C to
900 ◦C (Figure 4d,e), considerable grain growth of nano-sized oxide particles occurred. Consequently,
the nano-sized particle grew to a few microns in diameter after heating at 900 ◦C, as shown in Figure 4f.
Based on these results, the nano-sized grain and tangled dislocations were initially produced by the
MA process. It may have caused the transfer of mechanical energy to the powder particles and led to
the introduction of strain into the powders through the generation of dislocations and other defects,
which act as fast diffusion paths. The heating process induced a microstructural change accompanied
with grain coarsening, diffusion and the re-distribution of refined particles. The results demonstrate
that crystallization of the nano-crystalline structure occurred at about 900 ◦C, based on the SAD pattern
analysis result.
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Figure 5 shows the TEM/EDS mapping images of Fe-10Cr-5Y2O3 powders after MA and heating at
900 ◦C. As shown in Figure 5a, the microstructure consisted of refined Cr-rich and Y-rich oxide particles
dispersed and elongated within the nano-crystalline structure. It may be that the formation of solid
solutions and the intermetallic phase by MA constitutionally changed the particles from equilibrium
to supersaturated and metastable conditions. According to the TEM/EDS image, after heating at
900 ◦C, growth behavior similar to aggregation occurred on enrichment of the Cr, O and Y2O3 region
(Figure 5b). The EDS mapping analysis confirmed that nano-scale particles coalesced to minimize the
surface energy during the heating process. It was indicated that the heat energy was delivered into the
particles through the grain boundary and released the stored energy in the materials. The site of Cr-rich
and Y-rich oxide elements where the dislocation density remains much higher from 25 ◦C to 900 ◦C
preferentially bonded to neighbor atoms like Fe, Cr, vacancy or excess oxygen. This is because the
equilibrium shape of a particle was generally governed by the surface energy between the particle and
the matrix. It is proposed that new oxide crystals nucleate on a special crystalline plane of the matrix
and grow through surface diffusion with the minimization of surface energy, consequently leading
to the formation of spherical or faceted particles. The localized formation of the metastable oxide
particle then results from both the locally high super-saturation and interaction with the stabilizing
matrix. Following the crystallization of nano-sized oxide particles, their interaction may lead to growth
through either coarsening or aggregation, and coalescence. After heating, the TEM observations
indicated that the particles were larger and that the morphological evolution of the oxide particles
formed an aggregate shape assumed to be spherical for theoretical interpretation.



Metals 2020, 10, 310 6 of 8
Metals 2020, 10, 310 6 of 8 

 

 
Figure 5. TEM/Energy Dispersive X-ray Spectroscopy (EDS) study results for the mechanically 
alloyed Fe-10Cr-5Y2O3 powders after: (a) MA and (b) heat treatment at 900 °C. 

3.3. Crystal Structure 

Figure 6 shows the XRD patterns of the Fe-10Cr-5Y2O3 powder before MA, after MA and after 
heat treatment at 1150 °C for 1 h. The Fe, Cr and Y2O3 peaks were clearly observed in the powders 
before the MA process, and the crystallite size of Y2O3 was measured to be in the range of 20–25 nm. 
It is interesting to notice that most of the Y2O3 peaks became broadened after MA. As a result, the 
crystallite size was reduced to the range of 13–16 nm. The reduction of Y2O3 peak intensities 
indicates that strong grain refinement occurred due to the high mechanical impact. It is considered 
that the reduction of Y2O3 peak intensities could be attributed to the strong grain refinement caused 
by the high mechanical impact during the MA process. These results assume that the Y2O3 phase 
corresponded to a Y-rich oxide phase. The result means that the Y2O3 phase is transformed to a 
Y-rich oxide phase during the MA process. However, cubic-Y2O3, monoclinic-Y2O3 and YFeO3 
diffraction peaks were observed in the heat treated powders. These results indicate that an extreme 
stored energy in the MA powders acts to cause the nucleation and growth of oxide particles during 
the heating process. This observation exhibits a good match with the TEM analysis results, 
indicating evidence of the evolution of the Y2O3 crystal structure. The variation of the Y2O3 peak 
proves the crystallization of the nano-sized oxide particles. The crystallite size was estimated to be 
in the range of 15–17 nm. 

 

Figure 6. X-ray diffraction patterns of the Fe-10Cr-5Y2O3 powders before MA, after MA and after a 
heat treatment at 1150°C for 1 h. 

Figure 5. TEM/Energy Dispersive X-ray Spectroscopy (EDS) study results for the mechanically alloyed
Fe-10Cr-5Y2O3 powders after: (a) MA and (b) heat treatment at 900 ◦C.

3.3. Crystal Structure

Figure 6 shows the XRD patterns of the Fe-10Cr-5Y2O3 powder before MA, after MA and after heat
treatment at 1150 ◦C for 1 h. The Fe, Cr and Y2O3 peaks were clearly observed in the powders before
the MA process, and the crystallite size of Y2O3 was measured to be in the range of 20–25 nm. It is
interesting to notice that most of the Y2O3 peaks became broadened after MA. As a result, the crystallite
size was reduced to the range of 13–16 nm. The reduction of Y2O3 peak intensities indicates that strong
grain refinement occurred due to the high mechanical impact. It is considered that the reduction of
Y2O3 peak intensities could be attributed to the strong grain refinement caused by the high mechanical
impact during the MA process. These results assume that the Y2O3 phase corresponded to a Y-rich
oxide phase. The result means that the Y2O3 phase is transformed to a Y-rich oxide phase during the
MA process. However, cubic-Y2O3, monoclinic-Y2O3 and YFeO3 diffraction peaks were observed in
the heat treated powders. These results indicate that an extreme stored energy in the MA powders acts
to cause the nucleation and growth of oxide particles during the heating process. This observation
exhibits a good match with the TEM analysis results, indicating evidence of the evolution of the Y2O3

crystal structure. The variation of the Y2O3 peak proves the crystallization of the nano-sized oxide
particles. The crystallite size was estimated to be in the range of 15–17 nm.
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Figure 7 shows the HRTEM study results for nano-sized Y2O3-type oxide particles in mechanically
alloyed Fe-10Cr-5Y2O3 powder after heat treatment at 1150 ◦C for 1 h. The electron diffraction indicated
that the inter-planar distances and angles were consistent with the (222) and the (400) crystallographic
planes of Y2O3 in the zone axis for d(222) (3.06Å) and d(400) (2.63Å), with 53.7◦ between the planes.
The orientation relationship between the Y2O3 particles (<10 nm) and the matrix turned out to be
(222)Oxide//(220)matrix. On the basis of these observations, the HRTEM study results indicate that the
nano-sized oxide particles had a structure consistent with a cubic-Y2O3 type, and the XRD analysis
results show that new oxide particle structures were observed that were consistent with YFeO3 and
monoclinic-Y2O3 type particles. It is concluded that the stoichiometric Y2O3 phase is transformed
to the non-stoichiometric Y2O3 structure during MA and that the nano-sized oxide particles of the
YαFeβOγ-type structure are precipitated during heat treatment at high temperatures.
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4. Conclusions

Fe-10Cr-5Y2O3 powders were mechanically alloyed using a high energy horizontal ball-mill
apparatus, and the behavior of oxide particles in the mechanically alloyed Fe-10Cr-5Y2O3 powders was
evaluated. Two kinds of Cr-rich and Y-rich oxides were mainly observed in the elongated morphology.
During the heating of mechanically alloyed powders above 700 ◦C, the elongated Cr-rich oxides were
changed to a near-spherical morphology. After heat treatment at 1150 ◦C for 1 h, the cubic-Y2O3,
monoclinic-Y2O3 and YFeO3 phases were analyzed. This observation indicates that the Y-rich oxide
phase in the mechanically alloyed powders is transformed to the cubic-Y2O3, monoclinic-Y2O3 and
YFeO3 ones. The precipitated Y2O3-type structure particle was consistent with the (222) and the
(400) crystallographic planes of Y2O3 in the zone axis. The orientation relationship between the
Y2O3 particles (<10 nm) and the matrix turned out to be (222)Oxide//(220)matrix. On the basis of these
results, it is possible to summarize that both a morphological change of Cr-rich oxide and a phase
transformation of Y-rich oxide during the heating of mechanically alloyed powders could be mainly
attributed to extremely high energy accumulated by the mechanical alloying process.
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