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Abstract: How to increase strength without sacrificing ductility has been developed as a key goal in the manufacture of high-performance
metals or alloys. Herein, the double-nanophase intragranular yttrium oxide dispersion strengthened iron alloy with high strength and appre-
ciable ductility was fabricated by solution combustion route and subsequent spark plasma sintering, and the influences of yttrium oxide content
and sintering temperature on microstructures and mechanical properties were investigated. The results show at the same sintering temperature,
with the increase of yttrium oxide content, the relative density of the sintered alloy decreases and the strength increases. For Fe–2wt%Y2O3 al-
loy,  as  the  sintering  temperature  increases  gradually,  the  compressive  strength  decreases,  while  the  strain-to-failure  increases.  The
Fe–2wt%Y2O3 alloy with 15.5 nm Y2O3 particles uniformly distributed into the 147.5 nm iron grain interior sintered at 650°C presents a high
ultimate compressive strength of 1.86 GPa and large strain-to-failure of 29%. The grain boundary strengthening and intragranular second-phase
particle dispersion strengthening are the main dominant mechanisms to enhance the mechanical properties of the alloy.
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 1. Introduction

High  strength,  stiffness,  and  remarkable  fracture  tough-
ness are the main requirements of structural materials in most
engineering  designs  [1–4].  A  long-standing  problem  for
structural  materials  is  how to increase strength while main-
taining good ductility. Oxide dispersion strengthening has at-
tracted great  attention to enhance the mechanical  properties
of  materials  [5–10].  Due  to  outstanding  strength,  stiffness,
and  creep  resistance,  the  oxide  dispersion  strengthened
(ODS) iron-based alloys have been identified as a promising
candidate for key components in the power, aerospace, and
nuclear  industries  [11–16].  Homogeneously  dispersed  and
ultrafine nanometric stable oxide particles in the matrix of the
ODS alloys can act as effective obstacles against dislocation
motion and grain boundary migration, which will contribute
to  further  improvement  of  mechanical  properties  [17–21].
The related studies suggest that when second-phase particles
in  ODS  alloys  are  uniformly  dispersed  within  the  matrix
grains,  it  can  become  a  reality  to  increase  strength  while
maintaining  good  ductility  [22–25].  On  the  contrary,  if
second-phase  particles  are  located  at  the  grain  boundaries,
they will act as stress concentrators to induce localized strains

and promote crack formation, and thus the resultant ductility
is  inadequate  [23,25].  Typically,  ODS  alloys  are  manufac-
tured by powder metallurgy,  involving mechanical  alloying
and subsequent hot consolidation, such as hot isostatic press-
ing,  hot  extrusion,  or  spark  plasma  sintering  (SPS).  The
second-phase  particles  in  ODS alloys  prepared  by  solid–li-
quid or solid–solid mixture synthesis processes usually tend
to be located at the grain boundaries, while the liquid–liquid
blends route can achieve the uniform dispersion of  second-
phase particles  into the grain interior  [23].  In  addition,  it  is
well  known  that  compared  with  other  consolidation  tech-
niques,  SPS can provide  a  much shorter  sintering  time and
higher  heating  rate,  which  can  effectively  suppress  grain
growth, to obtain high performance ODS alloys [19,25–27].
In our previous investigation [28],  we demonstrated a tech-
nique  involving  the  solution  combustion  process  and  sub-
sequent  SPS  to  fabricate  intragranular-oxide  strengthened
iron alloy. However,  the influence of oxide particle content
and  sintering  parameters  on  the  microstructure  and  proper-
ties of the alloy, distribution of oxide particles, and grain re-
finement mechanism are still unclear.

In  this  study,  the  effects  of  Y2O3 content  and  sintering
temperature on the microstructure and mechanical properties 

 
✉ Corresponding authors: Deyin Zhang      E-mail: zhangdeyin@ustb.edu.cn;        Mingli Qin      E-mail: qinml@mater.ustb.edu.cn
© University of Science and Technology Beijing 2023

International Journal of Minerals , Metallurgy and Materials
Volume 30, Number 9, September 2023, Page 1748
https://doi.org/10.1007/s12613-023-2631-8



of the iron alloys with uniformly nanosized Y2O3 dispersed
into  the  grain  interior  were  investigated  in  detail,  and  the
grain  refinement,  strengthening  mechanism,  and  oxide
particle distribution were also discussed.

 2. Experimental
 2.1. Materials preparation

Fe–Y2O3 nanocomposite  powders  with  different  Y2O3

contents were prepared by solution combustion synthesis and
subsequent  hydrogen  reduction  using  raw  materials  includ-
ing ferric nitrate (Fe(NO3)3·9H2O, 80.8 g), glycine (C2H5NO2,
15.0  g),  and  yttrium  nitrate  (Y(NO3)3·6H2O),  respectively.
Among them, the addition amounts of Y(NO3)3·6H2O were
0, 0.2wt%, 0.5wt%, 1.0wt% and 2.0wt% of Y2O3 in the syn-
thesized nanocomposite powder, respectively. All raw mater-
ials  with  analytical  reagent  grade were  commercially  avail-
able.

All  the above raw materials  were dissolved in deionized
water to prepare the mixture solution under continuous stir-
ring. The as-prepared solution was placed on an electric fur-
nace with controllable temperature and then heated in air. As
heating proceeded, the solution with the evaporation of water

gradually condensed into a reddish-brown gel. Then, the gel
swelled dramatically, ignited suddenly, and burned violently
with the release of a large number of gases. The entire pro-
cess took only a few minutes, and as a result, a puffy porous
combustion product was obtained. Subsequently, the as-syn-
thesized product was carried out in a tube furnace at 400°C
for 2 h under flowing hydrogen, forming the Fe–Y2O3 nano-
composite powders resulted.

The  synthesized  Fe–Y2O3 nanocomposite  powders  were
uniaxial  compaction  to  prepare  the  green  compacts  with  a
diameter of 15 mm by using a steel die under 300 MPa pres-
sure holding for 2 min. The green compacts were then treated
at 600°C for 2 h in a tube furnace under flowing hydrogen at-
mosphere with a gas flow of 1 L/min. The treated compacts
were put into carbide molds at 600, 650, 700, and 800°C for
SPS in vacuum atmosphere with the sintering pressure of 50
MPa for 5 min and the heating rate of 100°C/min. As the fur-
nace was cooled to room temperature, the sintered compacts
were  created.  Schematic  of  fabrication  of  Fe–Y2O3 alloy  is
presented in Fig. 1. The as-prepared Fe–Y2O3 alloys with 0,
0.2wt%, 0.5wt%, 1.0wt%, and 2.0wt% of Y2O3 were desig-
nated as sFe, sFeY2, sFeY5, sFeY10, and sFeY20, respect-
ively.
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Fig. 1.    Schematic of fabrication of Fe–Y2O3 alloy.
 

 2.2. Materials characterization

Sample  density  was  measured  using  the  Archimedes
method with at least five measurements. The Vickers micro-
hardness test of the compact with at least 10 readings on ran-
dom spots  was performed on a  Leica MH-6 microhardness
tester  under  a  1.96  N loading  with  a  duration  of  15  s.  The
TEM (transmission electron microscopy) foils from the com-
pact was prepared by a focused ion beam (FIB, Model). The
morphology and microstructure of samples were analyzed by
Tecnai G2 F30 S-TWIN TEM, equipped with an energy dis-
persive spectrometer (EDS). The grain size was evaluated us-
ing  the  image  analysis  software.  The  compression  test  was
conducted at room temperature with a strain rate of 10−4 s−1

using an Instron 5982 electronic universal testing machine.

 3. Results and discussion

Fig. 2 shows curves of the relative densities of Fe alloys
with  various  Y2O3 contents  obtained  at  different  sintering
temperatures. It can be clearly observed that when the sinter-
ing  temperature  is  600°C,  the  relative  densities  of  sFe,
sFeY2,  sFeY5,  sFeY10,  and  sFeY20  all  reach  or  exceed
95%,  which  are  96.8%,  96.5%,  96.3%,  95.8%,  and  95.0%,
respectively.  This  result  indicates  that  SPS is  beneficial  for
nanocomposite powders to obtain high densities at relatively
low  sintering  temperature,  reflecting  the  fast  densification
characteristics. As the sintering temperature increases, the re-
lative  density  increases  gradually.  When  the  sintering  tem-
perature rises to a certain level, the relative density increases
slightly with the temperature continuing to increase. With the
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sintering temperature increasing to 800°C, the relative dens-
ities  of  sFe,  sFeY2,  sFeY5,  sFeY10,  and  sFeY20  reach
98.9%, 98.7%, 98.5%, 98%, and 96.7%, respectively. At the
same  sintering  temperature,  with  the  increase  of  the  Y2O3

content, the relative density gradually decreases. Overall, the
addition of the Y2O3 hinders the atomic diffusion and grain
boundary migration in the sintering [24,29]. Therefore, when
the Y2O3 content is excessive, the densification of nanocom-
posite  powder  becomes difficult.  The high sintering energy
of SPS enables the sintering, where the dispersed Y2O3 nano-
particles  are  migrated over  or  even swallowed by the grain
boundary.  In  addition,  the  Fe–Y2O3 nanocomposite  powder
has the driving force of intrinsic excess surface energy, and
the increase of Y2O3 nanoparticles highlights the refining ef-
fect of nanocomposite powder [30–31]. Therefore, the densi-
fication behavior of Fe–Y2O3 nanocomposite powders can be
attributed to the combined effect of Y2O3 nanoparticles on the
migration hindrance to grain boundaries and the refinement
of composite powders.
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Fig. 2.    Curves of the relative densities of Fe alloy with differ-
ent Y2O3 contents varies at different sintering temperature.
 

Fig. 3 displays the microhardness of Fe alloy with differ-
ent Y2O3 contents obtained at various sintering temperatures.
It  can be noticed that the microhardness of the sFe, sFeY2,
sFeY5,  sFeY10,  and  sFeY20  is  HV0.2 298.0,  373.5,  391.9,
529.4, and 570.2, respectively, at a sintering temperature of

600°C. With the increase of sintering temperature, the micro-
hardness  gradually  decreases.  When the  sintering temperat-
ure  rises  to  800°C,  the  microhardness  of  the  sFe,  sFeY2,
sFeY5, sFeY10, and sFeY20 are HV0.2 203.9, 272.5, 304.4,
358.5, and 415.2, respectively. The higher temperature pro-
motes the growth and aggregation of second phase particles
and grain, and thus the grain refinement strengthening effect
weakens, resulting in a lower microhardness. Moreover, the
higher  Y2O3 content  has  a  stronger  hindering  effect  on  the
growth  of  iron  grains,  which  is  beneficial  to  obtain  a  fine
grain microstructure, resulting in higher microhardness.

To further verify the mechanical properties of the sintered
alloy,  the  sintered  alloy  with  2wt%  Y2O3 was  selected  to
characterize its  compressive properties.  Stress–strain curves
of Fe–2wt%Y2O3 alloys obtained at various sintering temper-
atures are displayed in Fig. 4. It is noticed that Fe–2wt%Y2O3

alloys sintered at 600°C exhibits a large ultimate compress-
ive  and  yield  strength  of  2.12  and  1.96  GPa  respectively,
while the strain-to-failure is only 8%. With the sintering tem-
perature  increasing,  the  ultimate  compressive  and  yield
strengths  decrease,  the  strain-to-failure  increases.  When the
sintering temperature reaches 650°C, the ultimate compress-
ive and yield strengths of Fe–2wt%Y2O3 alloys are 1.86 and
1.75 GPa respectively, and the strain-to-failure reaches 29%.
As  the  sintering  temperature  rises  to  700°C,  the  ultimate
compressive  and  yield  strengths  of  Fe–2wt%Y2O3 alloys
drop to 1.52 and 1.29 GPa respectively, and the strain-to-fail-
ure  becomes  54%.  With  the  sintering  temperature  further
rising to 800°C, Fe–2wt%Y2O3 alloys has a yield strength of
1.10  GPa,  and  no  fracture  occurs  during  the  experimental
compression process. The results show that the sintering tem-
perature is a crucial factor affecting the properties of the al-
loy. With the increase of sintering temperature,  the average
grain  size  of  the  sintered  alloy  gradually  increases,  and  the
grain refinement strengthening effect gradually weakens, res-
ulting that ultimate compressive and yield strengths decrease
and the strain-to-failure increases.

TEM images of Fe–2wt%Y2O3 alloys obtained at various
sintering temperatures are shown in Fig.  5.  It  is  clearly ob-
served that the Fe–Y2O3 alloys obtained at various sintering
temperatures  all  exhibit  equiaxed  grains  with  the  uniform
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second-phase particles dispersed into the grains. Fig. 5(e) dis-
plays the EDS analysis of the second-phase particle marked
by the open arrow in Fig. 5(d). The results show the Y and O
elements are the main components of the particles. For more
details,  the  high-resolutional  TEM  (HRTEM)  image  of
Fe–2wt%Y2O3 alloys  sintered  at  650°C  is  presented  in

Fig. 5(f). It can be noticed that the interplanar spacings (d) are
measured to be ~0.306 and 0.203 nm, in agreement with the
lattice spacing of the (222) and (110) planes of  cubic-Y2O3

and  Fe,  respectively.  The  results  confirm  that  the  second-
phase particle is Y2O3, which is uniformly distributed inside
the Fe grains.
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The  size  distributions  of  matrix  grain  and  Y2O3 nano-
particles of Fe–2wt%Y2O3 alloys sintered at various temper-
atures  are  displayed  in Fig.  6.  The  Fe–2wt%  Y2O3 alloys
sintered at 600°C has an average grain size of 119.6 nm with
the Y2O3 particle size of 11.6 nm. The sizes of matrix grains
and Y2O3 particles gradually increase with sintering temper-
ature. As the sintering temperature reaches 650 or 700°C, the
average grain size of the alloy reaches 147.5 or 178.7 nm, re-
spectively, along with the oxide particle size of 15.5 or 19.6
nm. The results show that the shorter sintering time and lower
sintering  temperature  during  SPS  process  as  well  as  the
hindrance  of  the  oxide  particles  can  suppress  the  grain
growth to form ultrafine grain microstructure.

Generally,  in  the  second-phase  dispersion-strengthened
material,  if  the  particle  size  and  volume  fraction  of  the
second-phase  are  known,  the  limit  grain  size  at  which  the
grains stop growing can be predicted. The limiting grain size
Gcrit can be expressed as

Gcrit =
4r
3 f

(1)

where f and r are the volume fraction and size of the second-

f ∗

phase particles,  respectively [32–33].  Therefore,  in order to
achieve  grain  minimization,  it  is  necessary  to  reduce  the
particle  size  or  increase  the  volume fraction  of  the  second-
phase particles. The increase of the second-phase content will
increase  the  difficulty  of  sintering  and  cost,  and  it  is  im-
possible to increase indefinitely. For a certain composition of
materials, the reduction of the second-phase particle size be-
comes the only available way to reduce the grain size. Grain
growth is achieved by grain boundary (GB) movement, and
the second-phase particles inhibit  grain growth by affecting
GB mobility,  thereby  achieving  grain  refinement  [34].  The
pinning force (Zener-force) of the second-phase particles can
be calculated from the GB area reduction caused by the inter-
section  of  the  second-phase  with  the  GB.  For  a  planar  GB
and a spherical second-phase particle with radius r in contact
with it, the maximum pinning force per particle ( ) can be
given as [32–34]:
f ∗ = 2πrσ (2)

∆Fcrit

where σ represents the surface tension of the GB. The critic-
al driving force of grain growth ( ) can be expressed by:
∆Fcrit = f ∗ ·n = 2πrσ ·n (3)
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∆F ∆Fcrit

∆F

∆Fcrit

where n is the second-phase particles number at the GB per
unit area. When the driving force  reaches the , the
GB will detach from the second-phase particles, leaving the
second-phase  particles  inside  the  grain  [33–35].  When  the
sintering  conditions  is  determined,  the  of  the  grain
growth  is  constant.  The  smaller  the  second-phase  particles
size,  the  smaller  the ,  and  the  easier  that  the  second-
phase  particles  enter  the  grain  interior.  Additionally,  it  is
noted  that  during  hot  consolidation,  the  externally  applied
stress remarkably increases ΔF value, further promoting that
the moving GBs detach from the particles.

rp

mp

The second-phase particle  size  also markedly affects  the
mobility of GBs and particles, and consequently the detach-
ment of the second-phase particles from GBs [34,36]. For a
spherical  second-phase  particle  with  radius ,  the  mobility
( ) is limited by the interface diffusion, which can be given

by [35]:

mp

(
rp

)
=
ρsDsΩ

2

πr4kT
(4)

ρs

Ω

vGB

where  is the atoms surface density, Ds is the surface diffu-
sion constant,  is the atomic volume, T is the absolute tem-
perature,  and k is  Boltzmann  constant.  The  velocity  of  a
planar GB ( ) can be given by [35–36]:

vGB =
∆F ·mb

1+
w ∞

0

n̄
(
rp

)
mb

mp

(
rp

) drp

(5)

r ∞
0 n̄

(
rp

)
drp

vGB

where mb is the GB mobility,  is the total number
of  particles  per  unit  area.  To estimate  the  effect  of  second-
phase mobility on GB motion, the  can be divided into the
following two-limiting cases [34–36]:
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where  is  corresponding  to  the  high

particle mobility of the second-phase particle, in which case,

 is equal to the GB velocity without the particles pinning.

When , corresponding to the low particle

mobility,  is  determined  by  the  mobility  of  the  second-
phase particles. According to Eq. (4), the second-phase mo-
bility  is  greatly  affected  by  particle  size,  and  decreases
sharply with increasing particle size. The size and number of
the second-phase particles will greatly affect the GB moving
speed,  thus  affecting  the  grain  growth.  Herein,  due  to  the
nanoscale and high content of the Y2O3 particles, the inhibit-
ory effect on grain growth is obvious. Consequently, the ob-
tained Fe–Y2O3 alloys with Y2O3 dispersed into the grain in-
terior still maintains a microstructure of ultrafine grains.

σY

To further explore the strengthening mechanism of the al-
loy,  the  yield  strength  ( )  of  as-fabricated  Fe–2wt%Y2O3

alloy can be expressed by [23,30,33]:
σY = σ0+∆σi+∆σGB (7)

∆σGB

∆σi

∆σGB

where σ0 is the inherent Peierls-Nabarro force of materials,
which is lattice-friction stress for the dislocations (the Peierls-
Nabarro force of Fe is ~28 MPa [30]),  is the strength
increased  by  grain  boundary  strengthening,  and  is  the
strength  increased  by  intragranular  dispersed  strengthening
of the second-phase particles. The  is given by the Hall-
Petch equation:

∆σGB =
K0√

D
(8)

K0

∆σi

where D and  are  the  average  grain  size  and  Hall-Petch
constant  (the  Hall-Petch  constant  of  Fe  is  7.8  GPa·nm−1/2

[37]), respectively. The  can be given by [23]:

∆σi = ∆σintra =
ϕGb
λintra

=
ϕGb
dintra

(
6 fintra

π

)1/3

(9)

ϕ

fintra

dintra

λintra

where  is  a  constant  of  order  of  2, G and b are  the  shear
modulus (the value of 82 GPa [31]) and the Burgers vector
(the value of 0.25 nm [31]) of the Fe, respectively,  (con-
verted by the mass fraction) and  are volume fraction and
average particle size of the intragranular oxide particles, 
(estimated by the average particle size and volume fraction)
is  interparticle  spacing  of  the  intragranular  oxide  particles.
The  calculation  results  are  presented  in Fig.  7.  It  can  be
clearly observed that intragranular second-phase particle dis-
persion strengthening and grain boundary strengthening are
the  main  dominant  mechanisms  for  the  mechanical  proper-
ties of the alloy. There are some deviations between the cal-
culated values and the experimental results, which may be at-

tributed to the change of the volume fraction of the second-
phase particles, or the neglect of strengthening effect of few
intergranular  particles.  Owing  to  the  double-nanophase  mi-
crostructure  of  intragranular-oxide  strengthened  iron  alloy,
the second-phase oxide particles can increase the resistance
of GB migration, hinder the growth of matrix grains, and thus
improve the strength of the alloy by fine-grain strengthening.
At the same time, the uniform dispersion of the second-phase
oxide particles into the grains can act as pinning, storing, ac-
cumulating,  and  hindering  the  migration  of  dislocations,
which facilitates maintaining work hardening and homogen-
eous elongation, resulting in the alloys with high strength and
remarkable toughness.
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 4. Conclusion

In conclusion, we have successfully designed and fabric-
ated  the  double-nanophase  intragranular  yttrium  oxide  dis-
persion strengthened iron alloy with high strength and appre-
ciable  ductility  by  SPS  using  the  as-synthesized  Fe–Y2O3

nanocomposites  by  solution  combustion  route.  The  relative
densities of the alloys with different Y2O3 contents sintered at
600°C all reach or exceed 95%, and with the Y2O3 content in-
creasing, the relative density gradually decreases, while mi-
crohardness  gradually  increases.  The relative  density  of  the
alloy increases with sintering temperature, while the micro-
hardness decreases. Compression test results and microstruc-
ture  of  the  Fe–2wt%Y2O3 alloys  show that  higher  sintering
temperature  increases  the  average  grain  size,  resulting  in
lower compressive strength and higher strain-to-failure. The
Fe–2wt%Y2O3 alloy  sintered  at  650°C  with  15.5  nm  Y2O3

particles  uniformly distributed into the 147.5 nm iron grain
interior achieves a suitable ultimate compressive strength of
1.86  GPa  and  strain-to-failure  of  29%.  The  intragranular
second-phase  particle  dispersion  strengthening  and  grain
boundary strengthening are the main dominant mechanisms
for  the  enhancement  of  the  alloy  properties.  Our  strategy
achieves  the  fabrication  of  a  double-nanophase  iron  alloy
with  intragranular-oxide  particles  uniform  dispersion,  and
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will provide a promising way for the design and manufacture
of other ODS materials with excellent strength and ductility.
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