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a b s t r a c t

To investigate the effects of hafnium (Hf) addition on the microstructural and mechanical performance of
an aluminum (Al) added 16Cr ODS steel, the microstructures of the 16Cr ODS steel with and without Hf
were investigated by EBSD and TEM, and tensile tests were conducted at high temperature to evaluate
the strength and ductility changes at different temperatures. The Hf addition is beneficial to the grain
refinement of the 16Cr ODS steel. The average grain size decreases from 1.795 mm to 1.027 mm with Hf
addition. In addition to the YeAleO nanoparticles, YeHfeO complex oxides with a finer size are also
observed in the sample with the Hf addition, which reduces the mean size of oxides within the steel and
increases the number density of the oxide particles. The yield strength and tensile strength of the 16Cr
ODS steel are further improved by Hf addition due to its optimized microstructures with further refined
grains.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Due to excellent high-temperature strength and superior radi-
ation resistance, oxide dispersion strengthened (ODS) steels have
been considered as candidate materials for structural components
in the future fission and fusion reactor [1e3]. Outstanding oxida-
tion and corrosion resistance are required for ODS steels used in a
fission power plant due to their long continuous operating time. Al
has been regarded as one of the significant element in improving
the corrosion resistance of ODS steels due to the formation of dense
alumina layer on the surface [4]. Thus, different type of FeeCreAl
ODS steels have been developed including commercial alloys such
as PM2000 (20 wt% Cr and 5.5 wt% Al) and MA956 (20 wt% Cr and
4.5 wt% Al). It has been proved that FeeCreAl ODS steels possessed
superior corrosion resistance. For example, Lim et al. have
researched the corrosion behaviors of PM2000 and MA956 in
stagnant lead-bismuth eutectic (LBE) at 500 �C and 550 �C for 500 h
and observed only relatively thin continuous Al2O3 layers on the
surface but no LBE penetration into the metal [5,6].

As widely described, the formation of dispersed oxide particles
within matrix would go through two stages, oxides (i.e. Y2O3)
decompose and dissolve in matrix during ball milling and then re-
precipitate during the subsequent consolidation. However, the
presence of Al would coarsen the dispersed oxide particles by
combining with Y, O atoms to form YeAleO particles instead of
Y2O3 nanoparticles, which would deteriorate the high-temperature
strength of ODS steels [7]. In recent years, many researchers found
that the addition of Zr to Al-containing ODS steels could promote
the formation of finer YeZreO nanoparticles, which had higher
bonding energy than coarse YeAleO particles. As a result, finer
YeZreO particles could improve the high-temperature perfor-
mance of Al-containing ODS steels and maintain the corrosion
resistance simultaneously [8]. Kimura et al. found that small
addition of Zr to Al-added ODS steels could significantly increase
the creep strength at 973 K, and the high temperature compatibility
with LBE could be effectively improved [9,10]. Hf, belonging to the
IVB group as Zr element, also has a more negative oxide formation
energy than that of Al element [10]. Therefore, it is expected that
the addition of Hf would promote the formation of finer YeHfeO
phases instead of YeAleO phases and increase the number density
of oxide particles. The presence of Hf is inclined to form compounds
with high melting points and stable thermodynamic properties.
This feature is attractive to those components especially required to
serve in high temperature environment for a long time. To some
extent, Hf is helpful to improve the corrosion resistance [11].
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In this work, the effect of Hf addition on the microstructure and
tensile properties of an Al-added high-Cr ODS steel (16Cr ODS)
prepared by high-energy ball milling and HIPing was investigated.
The grain size and its distribution were investigated using EBSD.
The dispersion morphology and crystal structures of oxide particles
were studied by TEM and HRTEM. In addition, tensile properties at
different testing temperatures were measured and discussed in
detail.
2. Experimental

Powders of Fe16Cr3Al-1.5W-0.35Y2O3 (16Cr ODS) were pre-
pared using mechanical alloying of the argon-gas atomized
Fe16Cr3Al-1.5W (wt.%) pre-alloyed powders (average size 50 mm)
mixed with 0.35 wt% Y2O3 (40 nm) particles in high purity argon
atmosphere. The contents of impurity elements O, C, N were
strictly controlled during the preparation of pre-alloyed powders.
The ball milling process was carried out in a high-performance
planetary ball mill (QM-2SP12, Nanjing NanDa Instrument Plant,
China) with stainless steel containers (2000 ml) and a combina-
tion of 6 mm (80 wt%) and 10 mm (20 wt%) diameter steel balls at
the rotating speed of 250 rpm for 30 h, and the weight ratio of ball
to powder was 10:1. The as-milled powders were then sealed in
mild-steel cans and degassed at 450 �C until 0.002 Pa vacuumwas
achieved, and then consolidated by hot isostatic pressing (HIP) at
1150 �C for 3 h under a pressure of 150 MPa. The fabrication
process of the Hf added Fe16Cr3Al-1.5W-0.5Hf-0.35Y2O3 (16Cr-
0.5Hf ODS) was the same as described above. Hf was added as
elemental powders (purity 99.9%, mean size 10 mm) before
milling.

The actual densities of HIPed specimens were measured by
means of the Archimedes method, while the theoretical values
calculated were 7.41 g/cm3 and 7.42 g/cm3 for 16Cr ODS and 16Cr-
0.5Hf ODS, respectively. After calculation, the relative densities of
ODS samples with and without Hf which can be expressed by the
ratio of the actual density to the theoretical value were 96.1% and
98.6%.

The grain size and distribution of two ODS steels were observed
and measured by Hitachi S3400 scanning electron microscopy
(SEM) equipped with Oxford instruments electron backscatter
diffraction (EBSD), and the crystal structure and distribution were
investigated by transmission electronmicroscopy (TEM, JEM-2100f,
JEOL, Japan). EBSD specimens were prepared by a standard metal-
lographic preparation method, followed by Arþ-ion polishing
(RES101, Leica, Germany) to remove surface stress layer. Results
were analyzed using the HKL channel 5 software. TEM specimens
were prepared by mechanical grinding to about 50 mm thickness
and then punched into 3mm TEM discs. The TEM discs were etched
Fig. 1. BFTEM images of matrix microstructure of
by a twin-jet electro-polishing machine using 5% perchloric acid
and 95% ethanol polishing solution at �20 �C.

Tensile tests were carried out using a universal electronic ma-
terial testing machine (Z330, Zwick/Roell, Germany) with exten-
someter in air at four different temperatures (room temperature
(RT), 400, 600, 800 �C) with a nominal strain rate of 7 � 10�4 s�1.
The rod shaped specimens for tensile test were cut from the as-
HIPed products with a gauge length of 25 mm and a diameter of
5 mm.
3. Results and discussion

3.1. Microstructure of ODS steels matrix

Fig. 1 (a) and (b) show the microstructures of 16Cr ODS and
16Cr-0.5Hf ODS steels matrix, respectively. The matrix micro-
structures of two ODS steels consist of similar equiaxed ferrite
grains which exhibit hexagonal structure with different sizes. As it
will be shown in the EBSD study later, the sizes of some coarse
grains in 16Cr ODS steel are in a scale of a few micrometers while
some fine grains are hundreds of nanometers. On the other hand,
the grain sizes of the ODS sample containing Hf distribute from
500 nm to 4 mm. Generally, the 16Cr-0.5Hf ODS steel have smaller
grain size than the material without Hf addition. The main reasons
for this significant difference in grain size are the incomplete
recrystallization and non-uniform grain growth during the densi-
fication process [12,13]. However, for the enhancement of contrast
in this diffraction mode, a small number of dislocations can be
found in grains. It can also be seen from Fig. 1 that oxide particles
with different sizes are distributed homogeneously along the grain
boundaries as well as in the grains. These particles pin on grain
boundaries and dislocations and then hinder the movement of
them, which correspond to Hall-Petch and Orowan strengthening
mechanism, respectively [14e16]. As a result, the mechanical
strength can be significantly enhanced due to the limited grain
growth and dislocation movement.
3.2. Distribution and structure characterization of oxide particles

The TEM bright field micrographs of oxide particles and the
corresponding histograms of oxide particles distribution in both
ODS steels are illustrated in Fig. 2 (a) and (b). The histograms of
oxide particles size distribution are obtained by counting more
than 350 particles from different TEM regions. Oxide particles
distribute homogeneously in the grains with sizes varying from a
few nanometers to tens of nanometers. Almost all of the oxide
particles exhibit spherical shape in dark contrast at this diffraction
condition. It is observed from Fig. 2 (a) and (b) that the oxide
(a) 16Cr ODS steel (b) 16Cr-0.5Hf ODS steel.



Fig. 2. BFTEM images and corresponding histograms of oxide particles distribution within (a) 16Cr ODS (b) 16Cr-0.5Hf ODS steels.
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particles size and the inter-particle spacing become smaller, while
the number density increases obviously with 0.5 wt% Hf addition.
The statistical results of mean particle diameters, average inter-
particle distances, number densities of particles counted from
TEM micrographs are summarized in Table 1. It can be seen from
Table 1 that the mean size of oxide particles decreases from
9.832 nm to 6.801 nm and the mean inter-particle distance de-
creases from 14.586 nm to 9.250 nmwhen Hf is added. Meanwhile,
the number density of particles changes from 2.1 � 1023 m�3 to
3.7� 1023 m�3 with Hf addition. The particle size distribution of the
16Cr ODS steel is broad with a size varying from a minimum size of
2.92 nm to a maximum size of more than 40 nm, while the size of
most particles in the Hf-added sample is less than 10 nm.
Furthermore, the fraction of oxide particles smaller than 5 nm for
the 16Cr-0.5Hf ODS is almost five times more than that in the ODS
steels without Hf. These results demonstrate that adding Hf to the
Al-containing high-Cr ODS steels can further refine the oxide par-
ticles size and increase the number density of oxide particles.

The change in the particle distribution in the ODS steel with Hf
addition may be due to the transformation in the crystal structures
of the oxide particles. Therefore, it is necessary to characterize the
crystal structures of oxides.

Fig. 3 (a)e(d) shows HRTEM images of two different oxide
particles randomly selected in 16Cr ODS steel, combining with the
corresponding fast Fourier transformation (FFT) images. According
to the calibration of the FFT image shown in Fig. 3 (b), the particle
with an 8 nm diameter presented in Fig. 3 (a) is YAlO3 perovskite
Table 1
Mean particle diameters and particle radii, average inter-particle distances, number
densities of particles of two ODS steels counted from TEM micrographs.

dp (nm) rp (nm) l (nm) nv (m�3)

16Cr ODS 9.832 4.916 14.586 2.1 � 1023

16Cr-0.5Hf ODS 6.801 3.401 9.250 3.7 � 1023
(YAP) structure, which is oriented with a [210] crystal zone axis.
Three spots marked by circles represent three atomic planes (1 21),
(002), (1 21) with spacing 0.25 nm, 0.26 nm, 0.26 nm, respectively.
The angle between each two adjacent planes is 59.66�. The particle
presented in Fig. 3 (c) shows a different crystal structure. Here the
particle of 15 nm diameter is oriented with a [010] zone axis. The
angle is 32.47� between planes (402) and (305) and 49.4� between
planes (305) and (1 03). The interplanar spacing between these
adjacent planes are 0.26 nm, 0.21 nm, 0.38 nm, respectively, which
corresponds to Y3Al5O12 garnet (YAG) structure [17,18]. Although
the crystal structures of oxides are different, it can be concluded
that the oxide particles within the 16Cr ODS matrix are all YeAleO
phase.

The HRTEM image and the corresponding FFT image of oxide
particles randomly selected in the 16Cr-0.5Hf ODS steel are pre-
sented in Fig. 4 (a)e(d). The crystal structures change is evident
from the display of FFT images compared with Fig. 3 (b) and (d).
Fig. 4 (a) shows an 8 nm diameter oxide particle surrounded by
ferrite matrix, and the corresponding FFT image is presented in
Fig. 4 (b). The plane spacing measured from relevant spots dis-
tances in three directions are 0.29 nm, 0.19 nm and 0.30 nm,
respectively, which correspond to dY2Hf2O7(111) (0.30 nm),
dY2Hf2O7(202) (0.18 nm) and dY2Hf2O7(1 1 1) (0.30 nm). Thus, the
presence of Y2Hf2O7 is confirmed, which also indicates the addition
of Hf can promote the formation of YeHfeO particles. In addition,
there is also a YeAleO phase as a larger particle shown in Fig. 4 (c).
The measured plane distance is 0.38 nm, which corresponds to the
(220) plane of monoclinic Y4Al2O9 (YAM). The formation of Y2Hf2O7

may partly replace the YeAleO particles, and the coexistence of
both particles may be due to the insufficient content of Hf element,
which allows the large amount of Al atoms to have more oppor-
tunities to form YeAleO particles.

The precipitation of oxides is accomplished through nucleation
and growth. It is considered that oxide crystals nucleate on a
particular lattice plane of the ferrite matrix and the interfaces



Fig. 3. HRTEM micrographs (a, b) and corresponding FFT image (c, d) of oxide particles in 16Cr ODS steel.

Fig. 4. HRTEM micrographs (a, b) and corresponding FFT image (c, d) of oxide particles in 16Cr-0.5Hf ODS steel.
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Fig. 6. Statistical figure on grain size distribution of two ODS steels.
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between the particle and the matrix grow through the surface
diffusion with the minimum surface energy. Under the effect of
surface tension, atomic planes stacking leads to the formation of
spherical or faceted particles. According to Figs. 3 and 4, the in-
terfaces between the particles and the matrix in both alloys are
partially coherent. The formation of coherent or partially coherent
interfaces can lower the energy barrier for nucleation and reduce
the interfacial energy, which is beneficial to increasing the nucle-
ation and inhibiting the growth of oxides [19e21]. Additionally,
there is a strong affinity of Hf atoms with oxygen, meanwhile, both
reactive metal species Y and Hf have limited diffusion coefficient
and solubility in the a-(Fe, Cr) matrix. Hf and O atoms bond with
each other which is beneficial to prevent the coarsening of oxides
[19,23]. YeHfeO clusters have lower Gibbs energy than YeAleO
clusters in the Fe matrix, which indicates that adding Hf to Al-
containing ODS steels can promote the formation of YeHfeO par-
ticles with higher stability instead of YeAleO particles [22e24].
Therefore, the growth rate of oxides was restricted effectively and
the small size of particles can be maintained well at high temper-
ature. From the above, the formation of YeHfeO particles may be
the direct reason for the refinement and homogenization of oxide
particles. Furthermore, the uniform distribution of fine particles is
very beneficial to the mechanical properties improvement of ODS
steels.
3.3. EBSD analysis of grain size and distribution

The EBSD grain orientationmaps (inverse pole figure X, IPFX) for
16Cr ODS and 16Cr-0.5Hf ODS steels are shown in Fig. 5. Each
different color in IPF maps represents a different crystallographic
orientation in the standard triangle [25,26]. The grains for both ODS
steels show a random orientation. The microstructures of both ODS
steels exhibit equiaxed ferrite grains and display heterogeneous
grain size distribution for the irregular assembly of large grains,
surrounded by relatively small grains. The diameters of large par-
ticles reach dozens of times larger than that of small particles.
Furthermore, notable changes in the grain size and distribution can
be observed with Hf addition. As shown in Fig. 5 (a) with (b), the
mean grain size for the ODS samplewith Hf addition is smaller than
the ODS without Hf addition and its grains are also distributed
more uniformly. The statistical analysis results on the grain size
distribution for both ODS steels are shown in Fig. 6. It can be found
that the average grain size of 16Cr ODS steel is 1.795 mm and almost
all grains have grain sizes greater than 1 mm, while the mean size of
ODS steel containing Hf is only 1.027 mm and more than 60% of
grains have grain sizes in hundreds of nanometers. It can be
concluded from the above results and analysis that the addition of
Fig. 5. EBSD grain orientation maps (inverse pole figure X
Hf to 16Cr ODS steel has a notable influence on the refinement of
grain size.

The changes of grain size and distribution after Hf addition are
closely related to the changes of size and density of oxide particles
precipitated in the grain boundaries. The ultimate grain size de-
pends upon the effect of pinning particles which can be calculated
by Zener-Smith equation [27]:

R ¼ 4rp
3fv

(1)

where R and rp are the mean radii of the matrix grains and oxide
dispersion particles, respectively and fv is the volume fraction of
oxides in Fe matrix. According to Eq. (1), the size of matrix grains
decreases as the refinement of the oxide particles when volume
fraction is kept as a constant. As discussed above, the addition of Hf
element can further refine the grain size and increase the number
density of oxide particles in the ODSmatrix. Plenty of finer particles
such as YeHfeO or YeAleO pinning on the grain boundaries can
better prevent the migration of grain boundaries due to more en-
ergy required to overcome these obstacles, and thus hindering
further grain growth more effectively at high temperature [28].
Consequently, the grain size of 16Cr-0.5Hf ODS steel is significantly
smaller than that of 16Cr ODS steel during the grain coarsening
process of HIP.
, IPFX) of (a) 16Cr ODS and (b) 16Cr-0.5Hf ODS steels.



Fig. 7. Tensile curves of 16Cr ODS and 16Cr-0.5Hf ODS steels at several test tempera-
tures (RT, 400 �C, 600 �C, 800 �C).
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3.4. Tensile properties

Fig. 7 shows the tensile stress-strain curves measured at various
temperatures (from RT to 800 �C) for 16Cr ODS and 16Cr-0.5Hf ODS
steels. Obviously, the curves of 16Cr-0.5Hf ODS steel are higher than
those of 16Cr ODS at all four test temperatures, which represents
Fig. 8. Tensile properties as a function of temperature for 16Cr ODS, 16Cr-0.5Hf ODS steels
elongation (TE).
better tensile properties. It is observed a great deterioration of the
mechanical properties of both alloys at 800 �C. This phenomenon is
mainly due to the change of fracture mechanism from trans-
granular to intergranular caused by grain boundary decohesion at
elevated temperatures. Grain boundaries become the weakest part
of material due to the severe decrease of boundary strength at
800 �C. Cracks initialize and propagate along the grain boundaries
and thus the dispersion strengthening caused by oxides cannot be
well reflected. In addition, a larger degree of oxidation occurred to
the samples of both alloys at 800 �C which also deteriorate the
tensile performances. The tensile properties involving yield
strength (YS), ultimate tensile strength (UTS) and total elongation
(TE) are illustrated in Fig. 8. For a comparison purpose, the me-
chanical properties for a commercial ODS alloy MA956, which has
similar composition to the ODS steels presented in this study, are
also included [29].

As shown in Fig. 8 (a) and (b), the YS and UTS for all three steels
decrease with increasing temperature. It also can be noted from
Fig. 8 that both ODS steels in the present work exhibit superior
tensile strengths than MA956 at all test temperatures except
800 �C. Moreover, the YS and UTS of the 16Cr-0.5Hf ODS steel are
higher than those of the 16Cr ODS sample, which indicates that Hf
addition can effectively improve the tensile strength for such kind
of ODS steel. As shown in Fig. 8 (c), the total elongation for both
samples increases with the increasing temperature and reaches
22.0% for 16Cr ODS and 31.5% for 16Cr-0.5Hf ODS steel at 800 �C,
and MA956 [29]: (a) Yield strength (YS), (b) Ultimate tensile strength (UTS), (c) Total
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respectively. It also can be noted that for MA956, the TE increases
initially with an increasing temperature and reaches a significant
peak at 600 �C. At the temperature below 600 �C, the 16Cr-0.5Hf
ODS sample exhibits a similar TE to MA956. At 800 �C, it shows a
higher TE performance than MA956, reflecting its better high
temperature ductility. In generally, the ductility of the ODS steel
with Hf addition is higher than 16Cr ODS steel. Therefore, the
addition of Hf element can improve not only the strength but also
the ductility of ODS steel.

The improvement in tensile properties observed should be
attributed to the optimization in the microstructure of ODS steels.
Such reinforcement effects can be explained on the basis of the
combination of dispersion strengthening (DsOrowan) and grain
boundary strengthening (sH-P) [30]. According to Orowan pattern,
the presence of finely dispersed oxide particles can act as obsta-
cles to hinder the movement of dislocations during deformation
and thus improving the mechanical strength. The strength
improved by dispersed particles DsOrowan can be described as the
equation [31]:

DsOrowan ¼ 0:13Gmb
l

ln
dp
2b

(2)

where Gm is the shear modulus for ferrite (80 GPa), b is the Burgers
vector of matrix (0.248 nm), dp is the average diameter of particles,
and l is the mean inter-particle distance of dispersed particles in
matrix. As mentioned in section 3.2 and 3.3, the addition of Hf to
16Cr ODS steel can further refine the dispersed oxide particles and
increase the number density. Large amounts of fine particles
dispersed in thematrix provide greater resistance to the dislocation
movement during the deformation process. The theoretical
strength increments between DsOrowan (16Cr ODS) and DsOrowan
(16Cr-0.5Hf ODS), i.e. the incremental dispersion strengthening
effect of the Hf addition, calculated by Eq. (2) is 202 MPa, which
clearly indicates that adding Hf would greatly enhance the yield
strength of 16Cr ODS steel.

In addition, the yield strength can also be affected by the pres-
ence of grain boundaries. In accordance with Hall-Petch model, the
yield strength is inversely proportional to the grain size as shown in
Eq. (3):

sH�P ¼ s0 þ Kd�1=2 (3)

where sH-P is the yield strength, s0 is the single crystal yield
strength for ferrite (30 MPa), d is the average grain size and K is a
constant (0.274 MPa mm1/2). The grain refinement results in the
increase of strength and ductility simultaneously. Based on calcu-
lations from Eq. (3), the theoretical strength related to grain
boundaries are 234 MPa (s16Cr ODS) and 300 MPa (s16Cr-0.5Hf ODS).
However, the actual strength increments are much lower than the
theoretical values calculated fromDsOrowan and sH-P. This errormay
be due to the existence of pores and bonding defects in matrix,
which prevent the embodiment of the reinforcement. As shown in
the section “Experimental”, the relative density of 16Cr ODS sample
is 98.6%, while the relative density of ODS sample with Hf is 96.1%.
Much more pores can be regarded exist in 16Cr-0.5Hf ODS than
16Cr ODS steel which lower the strength of samples, therefore, the
actual strengthening caused by Hf addition cannot be accurately
reflected. And this may be a common problem for powder metal-
lurgy materials. On the other hand, the inter-particle distance
measurement and the statistics of particle number densities were
based on the micro 2-dimensional planes, while the tensile tests
showed the results of the macro 3-dimensional level. Artificial
statistical errors can also affect the accuracy of the results. Although
error exists between theoretical calculation and experimental
measurement, the increasing trend of tensile strength with Hf
addition is indisputable.

4. Conclusions

The effect of Hf element addition on the microstructure and
tensile properties of 16Cr ODS steel has been investigated. Based on
the results presented above, the following conclusions can be
summarized:

(1) The average size of the precipitated oxide particles is
significantly smaller and the number density is higher with
Hf addition than that of the original 16Cr ODS steel. Mean-
while, the grain size of matrix also decreases with the in-
crease in the refinement of the oxide particles.

(2) The addition of Hf element can suppress the formation of
YeAleO particles by forming more stable Y2Hf2O7 particles.
The dispersed particles in 16Cr-0.5Hf ODS steel are the
mixture of YeAleO and YeHfeO phases.

(3) Due to the formation of much finer oxide particles and the
grain refinement of the matrix as well, adding Hf element
can effectively improve the mechanical performances of Al
added ODS steels including yield strength, ultimate tensile
strength and ductility.
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