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Structure and Texture of Oxide Dispersion
Strengthened Alloy 617 for Very High Temperature
Applications

M. SIVAKUMAR, SHYAM KANTA SINHA, ARUP DASGUPTA,
and SUFYAN M. SHAIKH

High energy mechanically milled Alloy 617 ODS powder was consolidated by Spark Plasma
Sintering (SPS) technique and subsequently annealed at 650 �C and 1050 �C (923 K and 1323
K). Microstructure and microtexture evolution during SPS and annealing have been
investigated. SPS consolidated sample exhibited heterogeneous microstructure with ultra-fine
grains surrounded by coarse grains. Inhomogeneous distribution of plastic deformation induced
during ball milling resulted in heterogeneous nucleation and further grain growth during
consolidation. The bimodal microstructure is advantageous with coarse grains providing
ductility and fine grains providing strength by the Hall–Petch relationship. The bimodal grains
structure was also retained during annealing. As-sintered specimen showed h100i texture
parallel to the compression axis due to dynamic recrystallization during the SPS process. At
650 �C, annealed sample exhibited h111i annealing texture parallel to compression axis. The
texture was randomized in sample annealed at 1050 �C. Precipitation analysis by SEM, XRD
and TEM showed the presence of M23C6, M6C and Al2O3 in both As-sintered and annealed
samples. Dispersoids analysis showed the presence of fine and uniform Y3Al5O12, Y4Al2O9 and
a complex oxide rich in Ni, Y, Al and O. Stress–strain analysis from instrumented indentation
test shows higher yield strength for Alloy 617 ODS in comparison with conventional Alloy 617.
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I. INTRODUCTION

NICKEL-BASED oxide dispersion strengthened
(ODS) superalloys are promising candidate materials
with excellent creep strength for high-temperature
applications in gas turbines and Gen-IV nuclear reactors
operating at about 1000 �C.[1–3] Alloy 617 ODS (Y2O3)
superalloy is one such material that is expected to be
stable up to 1000 �C.[4] Alloy 617, a conventional
non-ODS variant is not stable at such high temperature
due to coarsening of c¢ precipitates at 750 �C and
dissolution at 900 �C.[5] Thus, to increase its creep
strength, Y2O3 is dispersed in the Alloy 617 matrix,
termed Alloy 617 ODS. Y2O3 is chosen because of its
thermal stability over a range of temperatures up to
2000 �C.[6] Fine and uniform distribution of dispersoids

in the matrix inhibits the dislocation movement, which
improves high-temperature mechanical properties.
Alloy 617 ODS is synthesized by mechanical milling

of pre-alloyed Alloy 617 and Y2O3 powder, followed by
consolidation. During mechanical milling, various
milling parameters such as revolutions per minute
(RPM) and milling duration are optimized to achieve
a uniform and fine distribution of dispersoids. The
detailed optimization process of the current alloy is
reported by us elsewhere.[7] Earlier, we have also
reported local shear texture in a single powder particle
due to inhomogeneous rolling and compression of the
trapped powder particle in between the balls and
between the balls and walls of the jar.[8] Various
techniques such as Hot Isostatic Pressing (HIP), Spark
Plasma Sintering (SPS), and hot extrusion can be used
to consolidate the ODS alloy powders.[9–11] In the
current study, SPS has been used for the consolidation
of the Alloy 617 ODS powder. The technique involves
the application of pulsed direct current (DC) through a
graphite die set filled with powder to produce Joule
heating while pressure is applied simultaneously. This
technique has the advantage of a higher heating rate and
shorter holding time. The technique is highly time-sav-
ing as it can produce appreciable sintering density in a
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short time of 10 minutes as compared to the other
consolidation techniques such as HIP of few hours. SPS
has earlier been employed to consolidate various Fe as
well as Ni-based ODS alloys.[12–16]

Microstructure plays a vital role in offering strength
to the material. Improvement in high-temperature
strength of ODS superalloys is attributed to their
particular kind of microstructure with precipitates in
grains and grain boundaries along with fine and uniform
distribution of the oxide dispersoids in the matrix, the
latter being a foreign material in the system. The
microstructure of Alloy 617 ODS generally consists of
precipitates such as M23C6, M6C, Al2O3 and complex
oxides, namely Y–Al–O and Y–Ti–O.[17] It has been
reported in the literature that M23C6 and Y2Ti2O7 are
stable up to 1250 �C[17] in Alloy 617 ODS. It has also
been reported that precipitates in conventional Alloy
617, such as TiC and c¢, are absent in the ODS
counterpart.[18] Alloy 617 ODS exhibited superior
strength compared to its conventional alloy in absence
of c¢ precipitates[19] owing to dispersion strengthen-
ing.[20] Thus Alloy 617 ODS derives its high-temperature
strength from carbides and dispersoids. However, liter-
ature is scarce on microstructural characterization and
correlation with mechanical properties of Alloy 617
ODS.[4,17–19] Further, SPS could induce texture along
the direction parallel to the applied pressure resulting in
a change of anisotropic properties of the material. In
many cases, the texture is related to the processing
parameters, making texture characterization important
in this class of materials.

In the present study, Alloy 617 ODS has been milled
in a temperature-controlled high energy ball mill and
consolidated by SPS under optimized conditions[7,8]

followed by annealing at 650 �C to characterize c¢ and at
1050 �C to understand the nature of dispersoids. In
essence, this paper aims to establish stability in
microstructure at very high temperatures up to
1050 �C. Instrumented hardness is carried out to assess
the mechanical property.

II. EXPERIMENTAL METHODS

Prealloyed Alloy 617 water atomized powder from M/
S Padmasree Enterprises, India, was mechanically milled
with 0.6 wt pct of cubic Y2O3 nano powder in a high
energy ball mill from Retsch, Emax at a speed of 1000
rpm and with water cooling up to 12 �C (285 K). The
morphology, chemical composition of the initial and
milled powder have been reported by us elsewhere.[7]

Ball to powder ratio was 10:1, and 5 mm diameter
stainless steel balls were used. In order to avoid cold
welding of powders to the balls and walls of the jar
during milling, 2 wt pct of stearic acid was used as a
process controlling agent (PCA).[21] The optimized
milled powders were consolidated using Dr. Sinter
SPS-5000, Fuji Electronic Industrial Co., Japan. The
applied pressure was increased sequentially from 0 to 50
MPa using a cylindrical graphite die and punch of 15
mm diameter to transmit the pressure with the simul-
taneous increase in temperature from room temperature

to 1100 �C (1373 K). Consolidation temperature was
attained within 15 minutes, with a hold time of 10
minutes. K-type thermocouple attached to the die was
used to monitor the temperature. The consolidated
product after SPS is referred to as ‘As-sintered’ and
these samples are annealed at 650 �C and 1050 �C (923
K and 1323 K) for 10 hours.
XRD analysis of the consolidated and annealed

pellets was carried out using STOE STADI MP X-ray
Diffractometer using Cu-Ka radiation (k = 1.54060 Å)
in Bragg-Brentano geometry. Instrumental broadening
was calculated by collecting the XRD pattern for a
strain-free standard Si sample. Carl Zeiss Sigma 300
field emission scanning electron microscope (SEM) was
used to characterize the size and morphology of the
powders. Oxford X-Max Silicon Drift Detector attached
to the SEM was used to carry out Energy Dispersive
Spectroscopy (EDS) microanalysis. Electron Backscat-
tered Diffraction (EBSD) characterization was carried
out with Sigma 300 FE-SEM attached with Oxford
Instruments make C Swift complementary metal-oxide
semiconductor (CMOS) camera, and the EBSD patterns
were analyzed by the Aztec 4.0 software. Transmission
electron microscope (TEM) samples were prepared by
jet-thinning process using 95 pct Methanol and 5 pct
Perchloric acid as the electrolyte, while maintaining
voltage and temperature at 20 kV and � 20 �C,
respectively.
Philips make CM-200 Analytical TEM and Cs-cor-

rected high-resolution STEM (Titan Themis Z G3,
Thermo Fisher Scientific Co. Ltd) operating at 300 kV
with a high brightness field emission gun (X-FEG) and
S-COR probe corrector (CEOS Co. Ltd.) were used for
microstructural characterization of jet thinned samples.
ImageJ software and Gatan microscopy suite were used
for the analysis of TEM results.

III. RESULTS

Figures 1(a) through (c) shows the Inverse Pole
Figure (IPF) map of As-sintered and annealed samples
at 650 �C and 1050 �C, respectively. Both As-sintered
and annealed samples exhibited bimodal microstructure
with a combination of ultra-fine grains and coarse
grains. This observation is in agreement with previous
reports in ODS alloys during the SPS process.[22, 23] The
high magnification IPF map of the 1050 �C annealed
samples in Figure 1(d) reveals ultra-fine grains with
nano twins. The formation of nano-twin is due to the
low stacking fault energy of Ni alloys.[24]

Grain size distributions of As-sintered and annealed
samples at 650 �C and 1050 �C are presented in
Figures 2(a) through (c), respectively. As-sintered and
650 �C annealed alloys displayed nearly similar grain
sizes where fine grain size peaks at 500 nm and larger
grains peaks at ~20 to 30 lm. There is a negligible
increase in grain size at 1050 �C. It shows that grain
growth is stagnated during the annealing process, which
is attributed to immobile second phases, such as
precipitates and dispersoids.[25] The presence of special
boundaries such as coincidence site lattice (CSL)
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boundaries may also inhibit grain growth since it has
lower grain boundary energy and less mobility than
random boundaries.[26] Ultra-fine grain size at 1050 �C,
shown in Figure 2(d) ranges from 0.2 to 1.5 lm with a
peak at 0.5 lm.

Figures 3(a) through (c) shows the inverse pole
figure (IPF) of As-sintered, 650 �C and 1050 �C
annealed samples, respectively, parallel to the axial
direction. It is found to be 1.61 to 1.78 times higher than
the random texture. IPF of As-sintered alloy tends to
show h100i texture parallel to compression axis. During
the SPS process, pressure is applied simultaneously with
temperature, which may attribute to the h100i dynamic
recrystallization texture. Such kind of recrystallization
has been observed in ODS alloys during SPS.[22] Similar
h100i dynamic texture in Ni–Fe–Cr super alloys has
been reported by Coryell et al. at high deformation
temperature and low strain rate.[27] Dynamic recrystal-
lization is clear from grain boundary bulging, as
indicated by arrow mark in Figure 1(a). It has been
proposed in the literature that grain boundary bulging is
the dominant mechanism for recrystallization at a
temperature above 0.5 T/Tm,

[28] and this kind of bulging
has been reported by Fu et al. in Ni-Fe-Cr super
alloys.[29] Annealing the As-sintered specimen at 650 �C
shows h111i texture parallel to the compression axis.

Such kind of annealing texture is reported by Bhat-
tacharjee et al. in cross-rolled Ni during annealing due
to the formation of annealing twins.[30] At 1050 �C,
there is either randomized texture or weak h110i and
h100i texture. Texture randomization in nickel-based
superalloys has been attributed in the literature been to
static

P
3 boundary formation.[29] Further analysis of

CSL boundary is carried out to understand the effect on
texture.
CSL boundaries are the special type of boundaries

with low energy, which improve mechanical properties.
Figures 4(a) through (c) represents the CSL boundary
map of As-sintered, 650 �C and 1050 �C annealed
samples, respectively, and percentages of

P
3,

P
5, andP

7 type CSL boundaries is shown in Figure 4(d). It is
observed that

P
3 boundaries are in higher fractions as

compared to other CSL boundaries in As-sintered and
annealed samples. The percentage of

P
3 boundaries

increased from 20 pct in As-sintered and 650 �C
annealed samples to 30 pct in 1050 �C while

P
5 andP

7 remain the same. It was established in Ni that
P

3
boundary increases during annealing due to grain
rotation to minimize the system energy.[31] This increase
in the fraction of

P
3 boundaries at 1050 �C further

weakened the texture. Such kind of weakening of texture

Fig. 1—Inverse pole figure maps of Alloy 617 ODS showing the orientation of crystallographic poles parallel to compression axis of SPS
consolidation (a) As-sintered, (b) annealed at 650 �C, (c) annealed at 1050 �C and (d) ultra-fine grains at 1050 �C.
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with an increase in
P

3 boundaries is reported by Fu
et al. in nickel-based superalloys.[29]

Kernel average misorientation (KAM) map analysis is
carried out to characterize the spatial distribution of
stored energy. Figures 5(a) through (c) shows the KAM
map of As-sintered, 650 �C and 1050 �C annealed
samples, respectively. Corresponding legend is given in
Figure 5(d). It is observed from Figures 5(a) through (c)
that there is limited misorientation in the coarse grains
and more concentration of misorientation (green color)
in the ultra-fine grains. The linear relationship between
the misorientation and dislocation density allows the
direct comparison of deformation level.[22] Thus the fine
grains are partially recovered grains, and the coarse
grains are recrystallized and grown grains. Recovery
occurs more slowly in low to medium stacking fault
energy materials such as Ni-based superalloys.[27]

Figure 6(a) and (b) shows the back scattered electron
(BSE) micrograph of As-sintered samples at lower and
higher magnifications, respectively. It is observed from
the micrograph that the entire matrix is covered with

Fig. 2—Grain size distribution of Alloy 617 ODS (a) As-sintered, (b) annealed at 650 �C, (c) annealed at 1050 �C and (d) ultra-fine grains at
1050 �C, respectively (inset with distinct ultra-fine and coarse grains showing bimodal distribution at 1050 �C from high and low resolution IPF
maps).

Fig. 3—Inverse pole figure (IPF) of Alloy 617 ODS parallel to
compression axis of SPS consolidation (a) As-sintered, (b) annealed
at 650 �C and (c) annealed at 1050 �C.
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various precipitates, which include both grain boundary
and interior of grains. Precipitates are of three types in
nature, such as bright and dark blocky and fine globular
precipitates. In most cases, bright and dark blocky
precipitates are together. Few fine globular precipitates
are nucleated at the blocky precipitates, as indicated by
arrows. Precipitates in the grain boundary help in
inhibiting grain boundary sliding at a higher tempera-
ture during creep, and fine precipitates block the
dislocation movement. Figures 6(c) and (d) show the
BSE micrograph of 650 �C and 1050 �C annealed
samples, respectively, it can be seen that similar precip-
itates are distributed entirely on the matrix. The
chemistry of the precipitate is analyzed using EDS,
and it is discussed in the following section.

Figure 7 presents the EDS mapping of 1050 �C for the
chemistry of different precipitates. Figure 7(a) shows the
secondary electron (SE) micrograph of the mapped
region. Figures 7(b) through (g) shows the elemental
mapping such as Ni, Cr, Mo, C, Al, and O, respectively.
Mapping reveals that the bright, blocky precipitates are
Mo- and C-rich, dark globular blocky precipitates are
Cr- and C-rich, fine precipitates are Al- and O-rich. It
has been reported that Alloy 617 ODS consists of
precipitates such as Cr-rich M23C6, Mo-rich M6C, Al-
and O-rich Al2O3.

[18] XRD analysis was carried out for

the identification of precipitates which is discussed in the
subsequent section. Mapping also shows that the
precipitates are discontinuous, and these are advanta-
geous since continuous precipitates will result in crack-
ing and affects fracture toughness. EDS spectrum of the
map is represented in Figure 7(h), showing the compo-
sition of Alloy 617 ODS resembling Alloy 617
composition.
Figure 8 shows the shape and size analyses of the

precipitates. Cr-rich precipitates are of size 0.2 to 2 lm.
Mo- and C-rich precipitates are 0.2 to 0.9 lm, and fine
Al- and O-rich precipitates are 0.2 to 0.5 lm, respec-
tively. EDS line analysis sample annealed at 1050 �C is
shown in Figure 9. Careful attention is paid to cover
both the coarse and fine grains. It also supports the EDS
mapping result that bright precipitates are rich in Mo
and C, dark precipitates are rich in Cr and C, and fine
darkest precipitates are rich in Al and O. It has been
reported that the submicron-sized Al2O3 could provide
composite strengthening owing to its low density and
high elastic modulus.[15]

Figure 10 shows the XRD pattern of As-sintered and
annealed sampled. It is indexed with 617, M23C6, M6C,
and Al2O3 peaks, and it substantiates the results of
precipitate analysis from SEM micrographs. M23C6 and
M6C were formed, but c¢ is not observed in diffraction

Fig. 4—Coincidence Site Lattice boundary (CSL) map of Alloy 617 ODS (a) As-sintered, (b) annealed at 650 �C, (c) annealed at 1050 �C and (d)
CSL boundary distribution.
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patterns in both As-sintered and annealed samples. If it
is formed in a low volume fraction, then it could not be
picked by XRD. The other possibility is that the
formation of Al2O3 could have suppressed the forma-
tion of c’ in the alloy. Detailed TEM analysis is carried
out in the subsequent section for the confirmation of c¢
and also for the dispersoids analysis.
Figure 11(a) shows a Bright Field (BF) micrograph

with the presence of fine uniform dispersoids (high-
lighted with circles) and coarse carbides (highlighted
with arrow marks) with a diffraction pattern in the inset.
Dispersoid highlighted with the white circle is
bcc-Y3Al5O12 (YAG), and the corresponding indexed
selected area diffraction pattern is given in the inset of
Figure 11(a). Dispersoid size distribution is shown in
Figure 11(b). The average size of dispersoids was found
to be 21 nm, and the average dispersoid spacing was
estimated using Eq. [1],[15] and it is found to be 51 nm.

L ¼ 3p
4f

� �1=2

� 1:64

" #

r; ½1�

where r is the average radius of dispersoid which is half
of the average size of dispersoid, and f is the volume
fraction of dispersoids estimated to be 0.055 from the
TEM micrograph. Figure 11(c) shows the scanning

Fig. 5—Kernel average misorientation map (KAM) of Alloy 617 ODS (a) As-sintered, (b) annealed at 650 �C and (c) annealed at 1050 �C with
legend in (d) (Color figure online).

Fig. 6—Back scattered electron (BSE) micrograph of alloy 617 ODS
(a) As-sintered, (b) As-sintered at higher magnification, (c) annealed
at 650 �C and (d) annealed at 1050 �C.
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Fig. 7—EDS mapping of alloy 617 ODS annealed at 1050 �C (a) secondary electron (SE), micrograph, (b) Ni, (c) Cr, (d) Mo, (e) C, (f) Al, (g) O
and (h) corresponding spectrum.
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transmission electron microscopy (STEM) high angle
annular dark field (HAADF) image of dispersoids with
the corresponding EDS mapping in Figure 11(d). It is
observed from the HAADF and EDS mapping that
dark faceted particle are Al and O-rich Al2O3, dark
spherical particles are Y–Al–O complex oxides. Bright
contrast particles are rich in Ni, Y, Al and O, observa-
tion of such dispersoids is new. Detailed analysis of new
dispersoid is currently in progress. A high-resolution
aberration-corrected STEM-HAADF image of mono-
clinic Y4Al2O9 (YAM) is shown in Figure 11(e), which is
of finer size ~ 10 nm. YAG, YAM and other Y–Al–O
complex oxides such as perovskite-YAlO3 (YAP) and

hexagonal-YAlO3 (YAH) are reported in nickel-based
ODS.[19,32] Figure 11(e) shows the size distribution of
dispersoids. Figure 11(f) shows the BF image of a
650 �C annealed sample exhibiting a similar microstruc-
ture to that of 1050 �C with carbides and YAG
dispersoids. The contribution of dispersoids to the
strengthening has been calculated and compared with
that of experimental yield strength (YS) in the strength-
ening mechanism section.
Mechanical property such as stress–strain behaviour

is investigated by indentation experiment using spherical
indenter of radius 7.6 lm. Ulner et al. showed a good
agreement of the parameters such as Young’s modulus

Fig. 8—Precipitate analysis of alloy 617 ODS annealed at 1050 �C (a) Cr-rich, (c) Mo-rich and (e) Al rich and its corresponding size distribution
at (b), (d) and (f), respectively.
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and YS as obtained from conventional tensile tests and
instrumented indentation tests.[33] Figure 12(a) shows
the image quality (IQ) map of Alloy 617 ODS annealed
at 1050 �C with an indentation on both coarse and
ultra-fine grains (highlighted in white circle). The
average load-displacement curve of ultra-fine and coarse
grains is shown in Figure 12(b), which clearly reveals
that the ultra-fine grains possess higher hardness as
compared to the coarse grains. The stress–strain curve
generated from instrumented hardness using a neural
network module for Alloy 617 ODS and Alloy 617
annealed at 1050 �C is shown in Figure 12(c). Also, the
stress–strain curve of Alloy 617 ODS annealed at 650 �C
is included in Figure 12(c). Fine and coarse grains of
1050 �C annealed Alloy 617 ODS exhibited YS values of
1298 and 1004 MPa, respectively. When annealed at
650 �C, the fine and coarse grains exhibited relatively
higher yield strengths of 1353 and 1122 MPa,

respectively. On the other hand, conventional Alloy
617 annealed at 1050 �C for 10 hours showed a YS value
of 610 MPa. Due to grain boundary effects,[34,35] the
finer grains in the alloy 617 ODS are stronger than the
coarse grains. But even then, the relatively softer coarse
grains are nearly 50 pct stronger than the Alloy 617.
These results highlight the virtue of the dispersion
strengthening since the c¢ precipitates in the Alloy 617
would have anyway dissolved at 1050 �C, as discussed
earlier. Work hardening parameters from the stress–
strain plots are explored using swift equation
(Eq. [2]),[36] corresponding fit is shown in Figure 12(d)
and values are tabulated in Table I.

r ¼ Ksð�0 þ �pÞns ; ½2�

where �0 is the amount of pre-strain in the material, and
KS and nS are the strain-hardening coefficient and
exponent, respectively.
The higher KS value for fine grains, when compared

with coarse grains in both of the annealed samples, is
attributed to inhibition of dislocation motion due to
dispersoid and grain boundary. The observed coarse
and fine grains cross-over in stress–strain plot of both
the annealed samples show the work hardening nature
of coarse grains and this reflects as higher nS value.
From these results, it is also clear that the Alloy 617
ODS retains its strength up to 1050 �C.

IV. DISCUSSION

A. Microtextural and Microstructural Analysis

The alloy 617 ODS showed bimodal microstructure in
As-sintered and annealed alloys. This distribution may
be attributed to the inhomogeneous distribution of
plastic deformation in the powder particles, which is
inherent nature of ball milling.[22,37] The difference in
plastic deformation leads to the difference in stored
energy of the powder particles resulting in varying
driving forces for recrystallization and grain growth
during consolidation at higher temperatures. It needs to
be mentioned here that though the basic recrystalliza-
tion mechanism is well explored, recrystallization in
ODS alloys is not yet fully understood. For example,
role of grain boundary migration of the recrystallized
grains in the presence of oxide particles is debatable.
However, the observed bimodal grain structure is
considered advantageous due to combination of
strength and ductility.[38,39]

IPF analysis also showed weakening of dynamic
recrystallization texture in the As-sintered sample.
Powder particles are severely cross-rolled during ball
milling process which results in shear deformation in
different directions. This may affect the recrystallisation
behaviour by changing the strain path during SPS. It has
been reported that recrystallisation texture in FCC
samples is weakened in comparison with straight rolled
samples.[40] Thus, the weak texture in As-sintered
sample reveals that the processing route has minimum
effect on the anisotropic properties.

Fig. 9—EDS line scan of Alloy 617 ODS annealed at 1050 �C
(Color figure online).

Fig. 10—XRD spectrum of as-sintered Alloy 617 ODS and annealed
at different temperature.
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Fig. 11—(a) TEM Bright Field (BF) of 1050 �C annealed Alloy 617 ODS with different types of Y–Al–O complex oxide (highlighted with circle)
and Cr23C6 precipitates (highlighted with arrow mark), (b) corresponding dispersoid size distribution, (c) STEM-HAADF of 1050 �C annealed
Alloy 617 ODS with corresponding EDS in (d), (e) high-resolution aberration-corrected STEM-HAADF of Y4Al2O9 complex oxide (f) BF of
650 �C annealed Alloy 617 ODS.
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On the microstructure aspect, presence of different
Y–Al–O complex oxides such as YAM and YAG could
be attributed to phase transformation among Y–Al–O
complex oxide. Elizabeth et al.[41] reported phase trans-
formation from YAM to YAP and to YAG in the
temperature range of 1250 �C to 1350 �C by solid-state
reaction in the following sequence as represented in
equation (3)

Y2O3 þAl2O3 ! YAM þ Al2O3 ! YAP þ Al2O3

! YAG:

½3�

Zongquing et al.[42] reported the possible mechanism
of diffusion of Al cation into Y2O3 cubic lattice by
following reaction in 9Cr-ODS steel as mentioned in
Eq. [4]

3Y2O3 þ 10½Al� þ 15[O] ! 2Y3Al5O12: ½4�

Schaffer et al. reported the co-existing YAM, YAG,
YAP and YAH complex in hot extruded nickel-based
ODS alloy MA6000.[32] However, the existing different
Y–Al–O complex oxides are fine which is expected to
enhance the creep property. The contribution of disper-
soids to the YS and the different strengthening mech-
anisms is discussed in the following section.

B. Strengthening Mechanism

The YS of ODS can be expressed as the combination
of solid solution strengthening, grain boundary
strengthening and dispersion strengthening from nanos-
cale oxides.[43,44] YS of fine and coarse grains at 1050 �C
is estimated and compared with that of the experimental

Fig. 12—(a) Image quality map of 1050 �C annealed Alloy 617 ODS showing indentation on ultra-fine (highlighted in white circle) and coarse
grains, (b) average load-displacement curve of respective fine and coarse grains, (c) comparison of true stress–strain plots for fine and coarse
grains of Alloy 617 ODS annealed at 650 �C, 1050 �C and Alloy 617 annealed at 1050 �C, (d) corresponding flow relationship fitted using swift
equation.

Table I. Identified Work Hardening Parameters Using Swift

Equation

Condition KS (MPa) nS �0

617 ODS—1050 �C—Fine Grain 990 0.24 2.35
617 ODS—1050 �C—Coarse Grain 772 0.38 1.52
617 ODS—650 �C—Fine Grain 992 0.25 2.64
617 ODS—650 �C—Coarse Grain 825 0.36 1.79
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value obtained from instrumented hardness. YS from
solid solution strengthening due to multiple elements in
Alloy 617 ODS can be expressed as

rSS ¼ KiC
n
i ; ½5�

where Ki is the solid solution strengthening coefficient
for the solute, i and Ci is the atomic fraction of the
solute I, n is taken as 0.5.[45] Cr, Co and Mo are the
substitution solid solution strengtheners, and the corre-
sponding solid solution strengthening coefficient values
are Kcr = 337 MPa=

ffiffiffiffiffiffiffiffiffiffiffiffi
at pct

p
; KCo ¼ 39:4MPa=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
at pct

p

and KMo = 1015 MPa=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
at pct

p
, respectively.[46] The

composition of Cr, Co and Mo are 21.9, 11.2 and 5.3 at
pct, respectively, taken from the EDS which is shown in
inset of Figure 7(e). Using equation (5), the value of rSS
is found to be 405 MPa.

Yield strength from Hall–Petch relationship,

rHP ¼ r0 þ KHPD
�1=2; ½6�

where r0 is the friction stress, KHP is the Hall–Petch
constant, and D represents the grain size. r0 and KHP of
Ni taken from literature for a grain size of 470 nm is
8 MPa and 5538 MPanm1/2,[47] respectively. In the
current study measured ultra-fine grain size was 500
nm. With the above parameters, rHP is estimated as
255 MPa from Eq. [6].

The higher yield strength in ODS is attributed to the
presence of fine and uniformly distributed nanoscale
oxides. Dispersoid strengthening is calculated using
Eq. [7],[48] given below by taking the dispersoid size
and average distance between them into account,

rD ¼ 0:9M
½ln pd=bð Þ�3=2

½ln L=bð Þ�1=2
½Gb=4pð1� vÞ�
½L� pd=4ð Þ� ; ½7�

where m = 0.3 is the Poisson’s ratio, G is the shear
modulus, b = 0.25 nm is the modulus of burger
vector,[47] L and d represents the mean spacing between
dispersoid and dispersoid size, respectively. The average
dispersoids size and the average distance between the
dispersoids determined from the TEM analysis were 21
and 51 nm, respectively.

Shear modulus is calculated from the relation,

G ¼ E

2ð1þ vÞ ; ½8�

where E is elastic modulus. From the instrumented
hardness, E was found to be 220 GPa. G is
calculated as 83 GPa using Eq. [8]. Feeding the
values of L, b, d, m, and G in Eq. [3], rD was found
to be 531 MPa.

YS estimated from solid solution strengthening,
Hall–Petch strengthening and dispersoid strengthening
is found to be 1191 MPa which is comparable to that of
experimental YS value of 1298 MPa of alloy 617 ODS
annealed at 1050 �C. Thus Alloy 617 ODS derives
strength from Hall–Petch strengthening and dispersion
strengthening in addition to solid solution strengthen-
ing. Whereas the conventional Alloy 617 derives its
strength majorly from solid solution strengthening.

V. CONCLUSION

Alloy 617 ODS was synthesized by high energy ball
milling, consolidated by SPS technique and followed by
annealing at 650 �C and 1050 �C. Microstructural and
micro-texture characterization of both As-sintered and
annealed samples were carried out. Following are the
important results from the characterization.

1. Both As-sintered and annealed specimen exhibited
bimodal grain structure which is advantageous with
fine grains providing strength by Hall–Petch rela-
tionship, and coarse grains provide ductility.

2. In As-sintered specimen, weak h100i texture parallel
to compression axis due to dynamic recrystalliza-
tion during the SPS process. 650 �C annealed
sample exhibited weak h111i annealing texture
parallel to compression axis. Texture randomized
at 1050 �C annealed samples.

3. M23C6, M6C, Al2O3 precipitates are present in the
matrix of both As-sintered and annealed samples in
addition to the presence of fine uniform Y3Al5O12,
Y4Al2O9, and new complex oxide rich in Ni, Y, Al
and O. Alloy 617 ODS derives its strength from
both precipitates and dispersoids in addition to
solid solution strengthening element. c¢ is not
observed due to Al2O3 and Y–Al-O complex oxide
formation.

4. Alloy 617 ODS annealed at 1050 �C displayed
higher yield strength in comparison with conven-
tional Alloy 617 under similar condition due to the
presence of Y–Al–O dispersoids. Coarse grains
work hardened in both the annealed samples and
it is manifested as cross-over in stress–strain plot.
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