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Abstract
Two types of powder processing techniques, Mechano-Chemical-Bonding (MCB) and MCB plus ball- milling 
(BM) with reduced time, have been employed to process the nickel-based oxide-dispersion-strengthened (ODS) 
alloy powders with composition of Ni-20Cr-5A1-3W-1.5Y2O3 to explore the alternate routes for fabricating, 
homogenizing and mechanical alloying (MA) the ODS alloy powders, which are usually processed by a prolonged 
ball-milling or rod-milling technique. In order to examine and evaluate the microstructure, morphology, blending 
homogeneity and MA effect of alloying powders, the commercial ball-milled ODS MA 956 alloy powders and 
experimental alloy powders processed by MCB only and MCB plus BM were subjected to microscopic and 
spectroscopic characterization and analysis using X-ray diffraction (XRD), scanning electron microscopy (SEM), 
and transmission electron microscopy (TEM). A FIB (focus ion beam) lift-out technique was employed to prepare 
the TEM cross-section samples of processed powders. The results showed that the MCB plus BM with reduced 
time could produce the ODS alloying powders with homogeneous lamellate structure similar to MA 956 powders 
processed by conventional BM technique with a prolonged period of time. The ODS alloy powders processed by 
MCB plus BM are to be utilized to fabricate the bulk ODS alloy product in the further research phase.

Keywords: oxide-dispersion-strengthened (ODS) alloy, Mechano-Chemical-Bonding (MCB), ball-milling (BM), 
X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy 
(TEM), lamellate structure

1. Introduction

Nickel-based oxide-dispersion-strengthened (ODS) 
superalloys such as MA 956 or MA 6000, synthesized via 
mechanical alloying (MA) and consolidation process, 
exhibit the intermediate temperature strength as well as 
elevated temperature strength and creep resistance by 
means of the combined strengthening of gamma prime 
precipitates and nano-sized yttrium oxide (Y2O3) particles 
(Chou and Bhadeshia, 1993; Haghi and Anand, 1990; 
Howson et al., 1980). The Ni-based ODS superalloys are 

very promising for use in aircraft and advanced gas tur-
bine engines due to their mechanical property and envi-
ronmental resistance at high temperature. Also since 
yttria particles serve for interfacial pinning of the moving 
dislocations as well as yttria can be transformed to the 
nano-sized cluster during manufacturing, ODS alloys 
offer not only the improved creep resistance at elevated 
temperatures (up to 1200°C) but also low void swelling at 
condition of high energy high speed neutron irradiation. 
For example, recent extensively studied ferritic ODS 
alloys, MA 957 and 14WYT alloy with nominal composi-
tion of Fe-14Cr-1Ti-0.3Mo-0.3Y2O3 and Fe-14Cr-1Ti-3W-
0.3Y2O3, respectively, are being considered for a number 
of advanced nuclear reactor applications at temperature of 
500–600°C as well as in neutron irradiation higher than 
300 dpa and elevated gas (Helium) concentration level 
owing to their high temperature strength and low void 
swelling (Odette et al., 2008; Schaublin et al., 2006; Ukai 
et al., 1998). Fabrication of ODS alloys is a complicated, 
costly and time-consuming process, which involves the 
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mechanical alloying (MA) powder metallurgical process, 
consolidation by hot deformation and post heat treatment 
(Gilman and Benjamin,1983; Suryanarayana, 2008). The 
MA process is the core step to fabricate ODS alloys, 
involving that the elemental alloying powders or oxide 
compounds are subjected to the high energy ball milling 
or rod milling for up to 60–72 hours to allow the nano-
sized yttria particles to be dispersed homogenously 
throughout the master particles. After MA processing, the 
blended and alloyed powders are degassed, canned and 
consolidated by hot isostatic pressing (HIP) or hot extru-
sion. The consolidated material is then hot worked to 
semi-finished products. The hot worked material is fur-
ther annealed and aged to yield the desired microstructure 
and properties for various applications. The complicated 
fabrication process has become a major barrier to com-
mercially produce the ODS materials, leading to an 
extremely high raw material cost. For example, it costs 
about $345/kg for Ni-based ODS MA 956 alloy, however 
it only costs about $30–35/kg for Ni-based superalloys 
such as INCONEL 718 and 617 (Busby, 2009). In addi-
tion, numerous hours of MA milling time can cause high 
levels of contamination from milling debris and gaseous 
environment.

Recently developed Mechano-Chemical-Bonding 
(MCB) technology is an effective approach to blend alloy-
ing powders, forming the composite particles consisting 
of the hosting particles as core and small particles or 
fibres that are coated around the core. The MCB-induced 
particle bonding process takes place in the solid state 
without needing solvents or external heating avoiding 
potential contaminations and reactions. During MCB pro-
cessing, the starting powder mixtures are subjected to 
high compression, shear, and impact forces as they pass 
through a narrow gap in a high speed rotating device. As 
a result, the particles are dispersed, mixed, shaped, and 
bonded together, consequently forming the composite 
particles composed of various combinations of the start-
ing ingredients (Du Pasquier et al., 2009; Murata et al., 
2004; Nam and Lee, 1999; Welham et al., 2000). So far, 
the green MCB technology has been utilized to make var-
ious composite particles used in the fields of functional 
gradient materials, batteries, cermets, fuel cells, poly-
mers, cosmetics, and pharmaceuticals. Preliminary stud-
ies showed that utilization of MCB processing to blend 
ODS alloying powders was able to homogenously 
disperse yttrium oxides on the base particles to form the 
composite structure (Kang et al., 2010). Also, the newly 
developed MCB processing technique is simple, environ-
mentally friendly, and can be scaled up to 300 litres per 
batch. Thus, MCB or its combination technique is consid-
ered as an enhancement or alternative to the conventional 
mechanical alloying (MA) process using balling milling 
or rod milling.

In this study, the technique of MCB as well as MCB plus 
BM with reduced time were employed to process the ODS 
alloying powders to explore the alternative method of the 
conventional time-consuming ball milling or rod milling 
technique. The processed alloying powders were examined 
and analyzed microscopically and spectroscopically using 
TEM, SEM and XRD to identify the mechanical alloying 
effects such as powder microstructure, morphology, and 
chemical homogeneity. In order to compare the blending 
effects, commercial ODS MA 956 alloy powders processed 
by conventional BM were examined in parallel as a bench-
mark, while it is iron-based. As a preliminary research 
phase, the goal of this study is to examine the mechanical 
alloying effects produced by the proposed techniques, 
MCB only and MCB plus BM. The processed ODS alloy-
ing powders will be either used as spray powders for 
advanced coating or followed by canning, HIP, hot rolling 
and annealing to form final ODS products in the next 
research phase. This study is an attempt to fabricate the 
ODS alloying powders using the proposed techniques as a 
substitute or to simplify and improve the MA processes.

2. Materials and Experiments

2.1 Materials

Commercial metallic and ceramic powders including 
Y2O3 (< 50 nm, 99.99% pure), Al (4.5–7 mm, 97.5% pure), 
Cr (7.5–10 mm, 99.5% pure), and Ni (4–8 mm, 99.9% pure) 
were purchased from Sigma Aldrich Inc. Saint Louis, 
MO., Alfa Aesar, Ward Hill, MA, F.W. Winter Inc. & Co. 
Camden, NJ, and Atlantic Equipment Engineers, Bergen-
field, NJ, respectively. These powders were stored sepa-
rately in an inert environment in sealed bottles full of argon 
gas. Considering the short time milling as well as no ball-
powder-ball collision involved during MCB only process, 
the average sizes of all starting powder constituents ranged 
from 0.5 to 15 microns in this study (Du Pasquier et al., 
2009; Nam and Lee, 1999; Welham et al., 2000). For con-
ventional ball milling or rod milling MA process, however, 
the starting powders usually have average diameters rang-
ing from 30 to 500 microns (Suryanarayana, 2008). The 
starting powders were initially mechanically blended under 
gas protection inside a glove box chamber according to the 
nominal composition (wt%) of Ni-20Cr-5A1-3W-1.5 Y2O3. 
The just-blended powders were then placed into bottles that 
were sealed and filled with argon gas to prevent oxidation 
of powders. Each bottle containing the just-blended ODS 
alloying powder sample weighed approximately 200 g. To 
compare the effects of different processing techniques, the 
commercial ODS MA 956 alloy powders, which have a 
nominal composition of Fe-20Cr-4.5Al-0.5 Y2O3-0.5 Ti and 
have been subjected to conventional BM at 200 RPM (rota-
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tion per minute) for 72 hours, was obtained from Special 
Metals Co., Huntington, WV, as a benchmark material.

2.2 Powder Processing

Two types of processing technique, MCB only and 
MCB plus BM, were employed to process the as-just-
blended starting powders to fabricate the experimental 
ODS alloy powders. For MCB only procedure, the start-
ing powders were MCB processed at a speed to 4000 
RPM for only 30 minutes. It was expected to have Y2O3 
nanoparticles dispersed and bonded onto the surfaces of 
larger hosting particles such as Ni and Cr particles, which 
in turn created oxide dispersion and MA (mechanical 
alloying) effects. After MCB processing, the powders 
were stored in the sealed bottles filled with argon gas. The 
MCB processing was conducted in Hosokawa Micron 
Powder Systems, Summit, NJ. Following MCB process-
ing, a portion of MCB-processed powders (200 g) was 
then conducted ball milling (BM) at 200 rpm for 20 hours 
under inertial gas protection condition. Considering the 
powders have been processed using high speed MCB for 
30 minutes, the BM processing time was reduced to 20 
hours in comparison with conventional BM time of 70 
hours for MA processing. The BM processing was per-
formed at West Virginia University, Morgantown, WV. 
After processing, small amount of powders (5–10 g) were 
taken for micro-structural analysis using TEM (transmis-
sion electron microscopy), SEM (scanning electron 
microscopy) and XRD (X-ray diffraction), and the rest of 
powders were stored for the next research phase use. The 
micro-structural analysis of experimental powders was 
conducted at University of Nevada Las Vegas, NV.

2.3 Characterization

2.3.1 X-Ray Diffraction (X-RD) Analysis
The processed powders were characterized by X-ray 

powder diffraction (XRD) using a PANalytical X’Pert PRO 
X-ray diffractometer with a CuKa radiation (45 kV, 40 mA), 
and a multiple-strip solid state detector (X’Celerator®). 
The sample was prepared by suspending 2–3 g powders 
in ethanol to make slurry. The slurry was then set on a 
low-background silicon sample holder. The XRD patterns 
were recorded at room temperature with step-sizes of 
0.017°, 2q, and 46 s per step. The phase constitution and 
crystallographic parameters were characterized using the 
International Center for Diffraction Database (ICDD) for 
powder diffraction data. The analysis of line broadening 
effect would be conducted to measure the mechanical 
deformation and crystal size.

2.3.2 Electron Microscopy (EM) Analysis
The microstructure, morphology, topology and elemental 

chemical distribution of the processed powder samples 
were studied by EM techniques including scanning elec-
tron microscopy (SEM) and transmission electron micros-
copy (TEM). SEM imaging was performed on a JEOL 
scanning electron microscope, JSM-5610 SEM, equipped 
with secondary electron (SE) and backscattered electron 
(BE) detectors and an Oxford ISIS EDS system. The 
acceleration voltage used in SEM was 15–18 kV using the 
SEM BE and SE mode. In order to improve the conduc-
tivity and image contrast, the powder samples were 
coated with a layer of gold. Gold-coated samples were 
suspended on the double-sided carbon tapes for SEM 
observation and imaging. Also, SEM images of processed 
powders were employed to measure the size of powder 
particle using an image processing software, Image J with 
version of 1.46. Note that since most particles showed 
round morphology, the particle size indeed referred to an 
equivalent diameter of a particle. Following the particle 
analysis procedure of Image J, 10 SEM images totally at 
least containing about 200 sampling particles were anal-
ysed to obtain the particle size at different processing 
conditions.

A TECNAI-G2-F30 transmission electron microscope 
with a 300 keV field emission gun was used to characterize 
the powder samples. Samples were analyzed using the con-
ventional bright field (BF), selected-area diffraction (SAD) 
and high-angle annular dark-field scanning-transmission 
electron microscopy (HAADF-STEM) mode for defects, 
diffraction and Z-contrasting imaging, respectively. All 
TEM images were recorded using a Gatan SC 200 CCD 
camera with resolution of 2k × 2k. The elemental distribu-
tion of each sample was also determined using the corre-
sponding X-ray energy dispersive spectrometry (EDX) 
under the STEM mode. For STEM/EDX mode, the elec-
tron probe with a size of 0.2 nm was used to examine the 
dedicated area of sample. In order to examine the internal 
microstructure of processed powders using TEM in a 
finer scale, the cross-sectioned TEM sample of experi-
mental powders was prepared, involving that 4–6 mg of 
powders were mixed with spur resin in a micro-vial, 
which was then solidified by furnace drying at 60°C over-
night. The spur resin used for these samples was a mixture 
of 10.0 g of ERL (vinylcyclohexene dioxide), 4.0 g of DER 
(a diglycidyl ether of polypropylene glycol), 26.0 g of NSA 
(nonenyl succinic anhydride), and 0.4 g of DMAE (dime-
thylaminoethanol). The powders embedded in the resin was 
then thinned into membranes with a thickness of 50–80 nm 
using a FEI Nova 200 FIB (focus ion beam) system, which 
combines the FIB technology with SEM in a single tool. 
This system can provide SEM imaging in order to monitor 
the whole process during FIB milling. A FIB cross-section 
lift-out technique based on a TEM-wizard program in FIB 
system was used to obtain the cross-sectioned TEM sample 
of powders (Giannuzzi and Stevie, 1999; Stevie et al., 
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2001). The preparation of TEM cross-sectioned samples 
by FIB was conducted at Arizona State University, 
Tempe, AZ.

3. Results and Discussions

3.1 X-RD Analysis

Fig. 1 presented the X-RD spectrum of all experimental 
powder samples including as-received Y2O3 powder, 
as-blended starting powder, MCB processed powder, MCB 
plus BM processed powder, and commercial MA 956 pow-
der samples. For as-received yttria and just-blended start-
ing powders, the typical sharp diffraction peaks of all 
alloying constituents, Al, Cr, Ni, W and Y2O3 were 
observed in X-RD spectrum. The spectrum of as-received 
Y2O3 particles displayed the line-broadening effects due to 
nano-scaled size of yttria. For MCB processed sample, all 
individual alloying elemental peaks are still observed with 
identical intensities relative to the spectrum of just-blended 
sample. Also the line broadening effect was noticed in 
spectrum of MCB processed sample, suggesting small 
deformation occurred during MCB processing. However, 
for MA 956 and MCB plus BM processed samples, only 
major elemental peaks with substantially reduced intensi-
ties, NiAl (110) and FeCr (110) peaks, were observed, sug-
gesting significant change of crystallographic structure due 
to formation of solidified phase and presence of defects 
compared to the spectrum of as-blended sample. Also, 
extensive line-broadening effects were evident for MA 956 
and MCB plus BM processed samples, suggesting exten-
sive plastic deformation involved during processing. Using 
the peak width of just-blended powders as a reference, the 
line-broadening effect could be used to estimate the micro-
strain and crystal size of powder. X-RD line broadening 
effect is usually contributed from micro-strain, fine crystal 
size, and systematic error of instrument. The following 

equation can be written to account for these contributions 
(Cullity and Stock, 2001; Suryanarayana and Norton, 
1998):

cos sinr
kB
L


  = +  (1)

Where, Br is peak FWHM (full width at half maximum); 
q is diffraction angle; k is a constant (0.89–1.39); l is 
X-ray wavelength; L is the average crystal size; and h is 
micro-strain of crystal.

Using the average width at FWHM, Br, and corre-
sponding diffraction angle, q, obtained from spectrum, 
Fig. 2 presents Br× cos (q) as a function of sin (q) based 
on equation (1). The slop and intercept of the fitting line 
represent the micro-strain and crystal size of powder, 
respectively. From Fig. 2, the powders processed by MCB 
have micro-strain of 0.26% and crystal size of 720 nm, 
and the powders processed by MCB plus BM have micro-
strain of 1.45% and crystal size of 177 nm. The X-RD 
broadening analysis suggests that MCB plus BM pro-
duced larger strain and smaller crystal size than MCB 
only. X-RD spectrum analysis of powders processed by 
MCB indicates that the MCB process in this study would 
not remarkably change the crystallographic structure and 
powder size, and MCB could disperse the nano-sized 
Y2O3 particle resulting in the disappearance of Y2O3 peak 
in XRD spectrum.

3.2 SEM Microscopy

SEM imaging was conducted on the experimental pow-
der samples showing the morphology, topology, and 
dimension. Fig. 3 presents SEM micrographs of MA 956 
powders and experimental powders processed by MCB 
and MCB plus BM, indicating that conventional BM and 
MCB plus BM processing produced the random shaped 
particles, Fig. 3 (a) and (b). The insets in Fig. 3 (a) and (b) 
show that the powders processed by BM and MCB plus 
BM contain numerous lamellate structures, suggesting 
that large deformation, cold-welding, and fracture 

Fig. 1 XRD patterns of starting and processed powders.

Fig. 2 Analysis of line-broadening effect.
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occurred during processing. For powders processed by 
MCB only, the powder size almost kept unchanged com-
paring to the starting size, Fig. 3 (c). However the com-
posite structure and topography was observed, indicating 
small particles were bonded with master particle forming 
the composite one as seen in insets. All MCB processed 
powders keep spherical, suggesting small crystal micro-
strain. Based on the SEM observation results, particle 
analysis of processed powders was conducted to statisti-
cally measure the distribution of effective particle size. 
Fig. 4 plots histogram of particle size distribution for 
powders subjected to different processing, indicating that 
MA 956 alloy powders, powders processed MCB plus 
BM, and powders processed by MCB have mean effective 
particle size of 121.50, 28.42, and 5.40 mm, respectively.

3.3 TEM Microscopy and Spectroscopy

As an example, Fig. 5 presents SEM micrographs of 
TEM cross-sectioned powder sample prepared by a FIB 
lift-out technique procedure for the powders processed by 
MCB, showing powder particles were mounted by the 
spur resin and particle area in resin specimen was delin-
eated and protected from sputtering by deposition of a plat-
inum line. Then, trenches were cut and milled in front and 
back of the deposited line until an electron-transparent 
membrane was available, Fig. 5 (a). The thin membrane 

was cut at all ends, lift out by a needle, and welded on a 
grid for TEM observation, Fig. 5 (b) and (c). Fig. 6 pres-
ents TEM micrographs of the cross-sectioned powder 
sample of MA 956 alloy powders. TEM BF image in Fig. 6 
(a) showed numerous of defects and lamellar structures, 
and inset with high magnification showed the lamellar 
structures contained lots of moiré fringes, indicating heavy 
deformation occurred during powder BM processing. The 
overall microstructure of MA 956 powder is very uni-
form. The corresponding SAD image in Fig. 6 (b) reflects 
the ring patterns with Fe, Cr and solid-solution phase 
(FeCr) contribution. The Fe-matrix produced diffuse 
rings, suggesting fine grains of heavily deformed. The 
FeCr phase was identified which was consistent with XRD 
results.

Fig. 7 and Fig. 8 show TEM micrographs of samples 
processed by MCB plus BM and MCB, respectively. 
Compared to the well-defined lamellar structures of MA 
956 alloy powders, TEM BF image of powder sample pro-
cessed by MCB plus BM displays numerous deformed 
fragments and defects, Fig. 7 (a). Some layered structures 
still appeared and inset shows numerous moiré fringes. 
Fig. 7 (b) represents the corresponding SAD pattern 
including Ni-matrix diffuse ring, faint rings and spots 
associated with reflections of Ni, Cr, NiCr, and yttria, 
suggesting formation of secondary phase, NiAl, and the 
presence of some un-deformed metals. For powder sample 

Fig. 3 SEM micrographs of processed powders. (a) Powders of MA 956, (b) Powders processed by MCB plus 
BM and (c) Powders processed by MCB only.
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Fig. 4 Histogram of size distribution of processed powders. (a) Powders of MA 956, (b) Processed by MCB plus 
BM, and (c) Processed by MCB only.

Fig. 5 Powder TEM cross-section sample preparation by FIB Lift-out procedure. (a) A metal line was deposited 
over region of interest and trenches were milled in the front and back side of deposited line. (b) A mem-
brane was cut and picked out. (c) A TEM cross-section sample of powders processed by MCB.
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processed by MCB only, lamellar structure did not appear 
in TEM BF image, Fig. 8 (a). Instead, lots of nano-sized 
particles distributed on the Ni-matrix and moiré fringes 
are still visible, but amount is less than samples processed 
by BM and MCB plus BM. SAD pattern in Fig. 8 (b) 

shows lots of individual spots associated with Ni, Al, Cr, 
and yttria reflection, indicating lots of metal particle were 
bonded with matrix, but solid-solution phase wasn’t 
formed yet. Therefore, powders processed by MCB plus 
BM have similar microstructure to MA 956 powder, while 

Fig. 6 TEM micrographs of MA 956 powder sample. (a) TEM BF image, (b) Corresponding SAD image.

Fig. 8 TEM micrographs of powders processed by MCB. (a) TEM BF image, (b) Corresponding SAD image.

Fig. 7 TEM micrographs of powders processed by MCB plus BM. (a) TEM BF image, (b) Corresponding SAD 
image.
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the latter has more uniform lamellar structure. To get better 
MA and dispersion effects using MCB plus BM route, a 
proper combination of the starting powder sizes, energy 
input, and MCB processing time should be optimized.

In order to examine the chemical homogeneity of alloy-
ing elements across the powder cross-section, STEM 
Z-contrast imaging and EDX line-scanning analysis were 
conducted. Fig. 9 presents the results of EDX line-scanning 
analysis and the insets show Z-contrast imaging and scan-
ning direction. For MA 956 and MCB plus BM processed 
powder sample, EDX line scanning results show the alloy 
elements and Y2O3 have been dispersed homogeneously 
throughout the matrix, and Fe-Cr and Ni-Cr could be 
exchangeable, Fig. 9 (a) and (b). The inset images show the 
homogeneous contrast profile, indicating the homogeneous 
distribution of elements. For powder sample processed by 
MCB as seen in Fig. 9 (c), Ni-matrix particle displays 
strong intensity and other elements are relatively weak but 
detectable. Fig. 9 (d) was the close-view of EDX spectrum 
with weak counts in Fig. 9 (c), indicating that yttrium was 
detected distributing around the edge of particle as high-
lighted by circle. Z-contrast image of hosting particle show 
deformation occurred around particle edge.

4. Conclusions

A Mechano-Chemical-Bonding (MCB) as well as MCB 
plus ball milling (BM) with reduced time technique 
was used to fabricate, blend and homogenize the oxide 
dispersion-strengthened (ODS) nickel-based superalloy 
powders. The processed powders and MA 956 alloy pow-
ders have been characterized using X-RD, SEM and 
TEM. The results suggested the following conclusions:

1. As a benchmark material, MA 956 alloy powders 
subjected to prolonged BM processing contained numer-
ous uniform lamellar structures, moiré fringes, and 
defects. The solid solution phase, FeCr, has been formed 
during BM, and alloying elements have been homoge-
neously dispersed.

2. Utilization of MCB and MCB plus BM technique to 
blend the ODS alloying powders could introduce the lattice 
strain, and defects. The technical route of MCB plus BM 
generated larger strain and smaller crystal size than MCB.

3. The MCB processing could produce composite parti-
cles bonded with other small particles such as nano-sized 
yttria.

4. MCB plus BM with reduced time could produce the 
homogeneous lamellate structure and chemical homoge-

Fig. 9 STEM/EDX line-scanning analysis. (a) MA 956 powder sample, (b) MCB plus BM processed sample, (c) MCB pro-
cessed powder sample, and (d) Close-viewed plot of (c).
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neity similar to MA 956 alloy powders. As an alternate, 
MCB plus BM process is possible to be employed to pre-
pare ODS powders with reduction of BM time. Further 
exploring the effects of MCB plus BM processing param-
eters on microstructure and morphology of ODS alloying 
powders would be necessary to optimize the process. 
Also, follow-up work to produce surface coating or to 
fabricate ODS alloy final products by HIP, hot deforma-
tion and heat treatment using the MCB processed powders 
are necessary to validate this technical route.

5. MCB technique is potential to be employed to 
disperse only nano-sized yttria particles on the pre- 
alloyed micron-sized hosting particles to fabricate ODS 
alloying powders.
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