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Abstract
With Al addition, dual-phase oxide dispersion strengthened (ODS) steels consisting of martensite and ferrite are fabricated 
by spark plasma sintering. It is found that Al addition has a negligible effect on martensite lath size, while the amount and 
size of ferrite grains are related to the Al content.  M23C6 (M = Fe, Cr) carbides have been identified within the ferrite grains 
or along ferrite boundaries. With increasing Al concentration, more fine Y–Al–O oxide nanoparticles are formed. Upon 
annealing treatment, homogeneous and refined distribution of ferrite grains is obtained, which may involve the particle-
stimulated nucleation of recrystallization caused by the large sized  M23C6. As Al is increased from 0.05 to 0.1 wt%, the 
tensile strength of the annealed steel is decreased, as well as its ductility. For the annealed 9Cr-ODS steel containing 0.1 wt% 
Al, in tensile loading the large sized  M23C6 along ferrite boundaries would facilitate the cracking along boundaries between 
the hard annealed ferrite and soft annealed martensite, producing the mixed fracture of dimple and intergranular fracture.
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1 Introduction

Oxide dispersion strengthened (ODS) ferritic/martensi-
tic steels have been considered as promising and potential 
structural materials for both Generation IV fission reactors 
and advanced fusion reactors, due to their better radiation 
resistance and high-temperature strength than austenitic 
stainless steels [1–6]. The excellent performance of ODS 
steels under hostile service conditions primarily drive from 
the nanostructured grains and a high density of nanometer-
scale oxides with good thermal stability [7, 8]. In terms 
of matrix structure, the ODS steels can be classified into 
martensitic/dual-phase martensitic–ferritic steels contain-
ing 0.1–0.2 wt% C and 9–11 wt% Cr, and ferritic steels 
containing 12 wt% Cr or above. The α-γ transformation 
of 9–11 wt% Cr transformable steels can produce more 

equiaxed grains and thus reduce the mechanical property 
anisotropy, facilitating the effective control on structure and 
processing of these steels [9, 10].

Nevertheless, high-temperature resistance of transform-
able steels is generally inferior to that of ferritic steels, espe-
cially those steels with full martensitic structure [7]. As the 
pinning force for α/γ boundary by oxides overcomes the 
driving force for α-γ transformation, certain amount of meta-
stable ferrite is retained, yielding ferrite-martensite dual-
phase structure [11]. Japan paid considerable attention to 
the development of dual-phase transformable steels [12–16]. 
It was found that creep strength of 9Cr-ODS steels can be 
significantly improved by the optimum balance between 
tempered martensite and residual ferrite, and the amount of 
residual ferrite can be tailored by adjusting the concentra-
tions of Ti and excess O (the value obtained by subtracting 
oxygen concentration coupled with yttrium in  Y2O3 from 
total oxygen concentration in steel) [11, 17, 18].

With respect to nano-particle control in ODS steels, vari-
ous types of alloying elements were added in small quanti-
ties to react with  Y2O3, forming nano-clusters or complex 
oxides like Y–Ti–O, Y–Al–O or Y–Zr–O oxides [19–24]. 
However, the published literature is usually concerned with 
non-transformable ferritic steels. The effects of alloying ele-
ments on microstructure and mechanical performance of 9Cr 
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transformable steels are seldom reported. Ohtsuka et al. stud-
ied the high-temperature strength of hot-extruded 9Cr-ODS 
steels with small amount of Al addition (< 0.1wt%). The 
ultimate tensile strengths at 700 and 800 °C are decreased 
with increasing Al concentration [25]. Since Al is a ferrite 
stabilizer, in this work small amount of Al is also added 
to ensure the ferrite-martensite dual-phase structure. Spark 
plasma sintering (SPS), one comparatively novel sintering 
process with fast heating rate and short holding time, will be 
used to fabricate the 9Cr-ODS bulk. The microstructure of 
the 9Cr-ODS steels with Al addition will be characterized 
in detail, and their mechanical property will also be evalu-
ated, to provide important information for nano-mesoscopic 
structure control in transformable 9Cr-ODS steel.

2  Experimental Procedures

Pre-alloyed powders with the nominal composition Fe-9Cr-
0.1C-2 W-0.2 V-0.07Ta (in weight) were produced by inert-
gas atomizing, and 0.05 and 0.1 wt% Al element powders 
were respectively blended with the pre-alloyed powders and 
0.35 wt%  Y2O3 nanoparticles. Then, the mixed powders 
were mechanically milled in an argon atmosphere in a plan-
etary ball mill for 45 h. The rotation speed was 400 rpm, and 
the ball-to-powder ratio was 15:1. The mechanically milled 
powders were capsuled in a graphite die with 20 mm inner 
diameter, and consolidated by SPS with Dr. Sinter SPS-625 
machine. Compacts of about 20 mm diameter and 15 mm 
height were obtained. The detailed sintering regime was as 
follows: powders were first heated to 800 °C for 5 min at a 
rate of ~ 100 K/min, and then continuously heated to 1100 °C 
for 10 min with an pressure of 40 MPa, followed by continu-
ous cooling in spark plasma furnace. The SPSed steels were 
annealed at 800 °C for 1 h under Ar protection, aimed at 
restoring ductility. In this study, the 9Cr-ODS steel contain-
ing 0.05 wt% Al and 0.1 wt% Al is respectively referred as 
9Cr-0.05Al steel and 9Cr-0.1Al steel.

The microstructures of 9Cr-0.05Al and 9Cr-0.1Al steels 
in sintered and annealed conditions were examined through 
optical microscopy (OM), scanning electron microscope 
(SEM) and high resolution transmission electron micro-
scope (HRTEM). For OM and SEM observation, metallo-
graphic specimens were etched in a mixed solution of water 
(100 mL), hydrochloric acid (20 mL) and iron trichloride 
(5 g). Standard 3 mm TEM discs were ground to a thick-
ness of about 0.07 mm and then thinned by twin-jet electro-
polisher with a solution of 5 vol.% perchloric acid in ethanol. 
To evaluate the hardness of martensite, tempered martensite 
and ferrite, Vickers microhardness testing was performed 
with 25 g load and 5 s dwell time. Micro-tensile test was car-
ried out to clarify the effects of Al addition on mechanical 
properties of annealed steels. The gauge size of plate tensile 

samples is 5 mm (length) × 1.5 mm (width) × 2 mm (thick-
ness), and prior to tensile test, certain stress was imposed 
on tensile specimen to make it upright. The fracture surface 
was examined by SEM.

To quantitatively analyze the volume fraction and size 
of residual ferrites with different Al contents, the optical 
micrographs were processed by image processing software 
to examine the distribution of ferrite in matrix. The area 
fraction and sizes of ferrite can be obtained in image anal-
ysis software. In this work, the area fraction of ferrite is 
estimated as its volume fraction, and the length of the line 
joining two points of ferrite outline and passing through the 
centroid is defined as the ferrite size.

3  Results and Discussion

3.1  SPSed Condition

Figure 1a, d respectively shows the optical micrograph of 
as-sintered 9Cr-0.05Al steel and 9Cr-0.1Al steel. The dark 
region represents martensite while the bright region repre-
sents ferrite. Ferrite grains are uniformly distributed, and 
some large-sized aggregates of ferrite grains can also be 
observed, as indicated by the yellow arrows in Fig. 1a, d. 
Figure 1b, e is respectively the image obtained by process-
ing Fig. 1a, d with image software, clearly displaying the 
ferrite distribution. It can be seen that the boundaries of 
ferrite are not straight but unshaped. The aggregated ferrite 
grains appear to be compressed, and the size of aggregates 
can be up to 30–40 μm. The ferrite formation may involve 
the increase in pinning force for α/γ boundary by the forma-
tion of Y–Al–O oxides, or the decrease in driving force for 
α-γ transformation by Al alloying. Size distribution of fer-
rite in 9Cr-0.05Al steel and 9Cr-0.1Al steel is respectively 
presented in Fig. 1c, f. The mean ferrite size of 9Cr-0.05Al 
steel (5.1 ± 3.3 μm) is slightly smaller than that of 9Cr-0.1Al 
steel (5.7 ± 4.4 μm), and the larger percent of ferrite with 
size larger than 15 μm in 9Cr-0.1Al steel should also be 
noted. The volume fraction of ferrite in 9Cr-0.05Al steel 
and 9Cr-0.1Al steel is respectively estimated as 18.7 ± 0.5% 
and 17.1 ± 0.8%. With the increase in amount of Al addition, 
the volume fraction of ferrite is decreased, which may be 
related to the non-equilibrium microstructures in mechani-
cally-alloyed alloys [25].

Figure 2 represents the TEM images of 9Cr-0.05Al and 
9Cr-0.1Al steels, displaying morphologies of martensite. 
Martensite laths can be clearly seen in both 9Cr-0.05Al and 
9Cr-0.1Al steels, as shown in Fig. 2a, c. However, different 
from the lath martensite in conventional ferritic/martensi-
tic heat resistant steels, the laths in 9Cr-0.05Al and 9Cr-
0.1Al steels exhibit much smaller lengths, meaning smaller 
aspect ratio values. The width of martensite laths in these 
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two steels changes from dozens to hundreds nanometer, and 
Al addition has a negligible effect on the size of lath mar-
tensite. High density of dislocations can also be readily seen, 
and they derive from either martensitic transformation or 

the dislocations retained due to fast heating rate and short 
holding time in SPS. The lath characteristics cannot always 
be observed, as shown in Fig. 2b, d. In Fig. 2b, the short 
martensite lath is surrounded by the martensite without lath 

Fig. 1  Optical micrograph, ferrite distribution and the size frequency of ferrite in sintered 9Cr-ODS steels with different Al contents. a–c 
0.05 wt% Al added, and d–f 0.1 wt% Al added

Fig. 2  Martensite exhibiting different morphologies in SPSed a and b 9Cr-0.05Al and c and d 9Cr-0.1Al steels
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morphologies, and in Fig. 2d, it seems that martensite is 
divided by the low-angle boundaries consisting of disloca-
tions. It is suggested that the martensite without lath char-
acteristic is still supersaturated with carbon, and it is related 
to the annihilation of high density of dislocations. As indi-
cated by the white arrows in Fig. 2b, d, piled dislocations 
enclose a region with low density of dislocations, which is 
suspected to represent the product of dislocation annihila-
tion. In Fig. 2d, one prior austenite grain boundary at the 
bottom of the micrograph appears waved in shape owing to 
the pinning effect of oxide particles which are marked by 
yellow arrows.

In TEM examination of SPSed 9Cr-0.05Al steel, long 
striped microstructure was occasionally found within mar-
tensite, as shown in Fig. 3a. Figure 3b, c respectively rep-
resents the diffraction pattern of the striped microstructure 
and the matrix. Based on the diffraction pattern in Fig. 3b, 
the striped microstructure is identified as iron aluminide 
 (Fe3Al). The striped microstructure was just observed in 
SPSed 9Cr-0.05Al steel for once, and in SPSed 9Cr-0.1Al 
steel, the similar microstructure was not found. Its forma-
tion is suggested to be related to the segregation of Al in 
iron matrix caused by inhomogeneous mechanical milling.

Regarding the ferrite in 9Cr-0.05Al and 9Cr-0.1Al 
steels, Fig. 4 displays more details. In 9Cr-0.05Al steel, 
 M23C6 (M = Fe, Cr) carbides are precipitated within ferrite 
grains (Fig. 4a), along martensite/ferrite boundaries and 
ferrite/ferrite boundaries (Fig. 4b). Long  M23C6 carbides 
are formed at boundaries, while more globular  M23C6 pre-
cipitates are distributed in ferrite grains. The distribution 
of  M23C6 in ferrite is not homogeneous. Nano-sized oxides 
can also be found in ferrite grains, as shown in Fig. 4b. As 
the Al addition is increased to 0.1 wt%,  M23C6 carbides 
with larger size are prone to precipitate, and the density 
of  M23C6 carbides within ferrite grains is decreased. It 
should also be noted that in some areas, the boundary 

between ferrite and martensite is not distinct, and the fer-
rite is transited to martensite, as marked with dotted line 
in the lower right corner in Fig. 4d. For the transformable 
ODS steels, the residual ferrite formed in heating stage 
by pinning effect of oxides on α/γ boundaries represents 
a ferrite phase that would not be transformed at austeni-
tization temperature. On the other hand, in cooling stage 
transformed ferrite phase may also be produced by austen-
ite to ferrite transformation, which is related to the aus-
tenite stability and cooling rate. Oka et al. [26] suggested 
that residual ferrite and transformed ferrite can be dis-
tinguished in terms of grain size, dislocation density and 
number density of nano-sized oxides in them. Residual fer-
rite has smaller grain size, higher dislocation density and 
larger number density of oxides than transformed ferrite. 
However, no carbides were found in either residual ferrite 
or transformed ferrite [26]. Since the size of octahedral 
interstice in b.c.c. iron is much smaller than that in f.c.c. 
iron, the solubility of carbon in ferrite is much smaller 
than that in austenite [27]. For the residual ferrite that 
can be stable at austenitization temperature, carbon atoms 
tend to dissolve into austenite, and carbides would not 
precipitate within residual ferrite. Moreover, in our previ-
ous study concerning the SPSed 9Cr-ODS steel without Al 
addition, small amount of residual ferrite without carbide 
precipitation has been observed, and the ferrite bounda-
ries are also clean [28]. Here, if the austenite to ferrite 
transformation occurs upon cooling, the low solubility of 
carbon in ferrite would facilitate the carbide precipitation. 
Thus, in this work, ferrite in SPSed 9Cr-0.05Al and 9Cr-
0.1Al steels should be the transformed ferrite, rather than 
the residual ferrite. Since the austenite is not completely 
transformed into ferrite, the remained austenite transforms 
to the martensite supersaturated with carbon atoms. The 
microstructure of SPSed 9Cr-0.05Al and 9Cr-0.1Al steels 
consists of martensite and transformed ferrite.

Fig. 3  a TEM image of  Fe3Al in 
SPSed 9Cr-0.05Al steel and the 
diffraction patterns of, b  Fe3Al 
and the matrix
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Figure 5 shows the SEM images of 9Cr-0.05Al and 9Cr-
0.1Al steels, from which it can be more clearly seen that 
Al addition has a significant effect on the  M23C6 carbides 
in SPSed 9Cr-0.05Al and 9Cr-0.1Al steels. In the 9Cr-
0.05Al steel,  M23C6 carbides are distributed dispersedly 
along ferrite/ferrite and ferrite/martensite boundaries, 
and within the ferrite, carbides with smaller size can also 
be readily seen. For the 9Cr-0.1Al steel, more carbides 
are precipitated along boundaries with larger size, and 
carbides are seldom formed in ferrite. Influences of Al 

addition on carbide distribution can be explained as fol-
lows. In mechanical milling, Al element was alloyed with 
pre-alloyed powders as substitutional solute. Since the 
presence of Al would decrease the activity coefficient of 
C in ferrite, i.e. increase the solubility of C in ferrite [29, 
30], as the Al addition is increased from 0.05 to 0.1 wt%, 
precipitation of carbides in ferrite becomes more difficult. 
Thus, the carbon rejected from ferrite would partition to 
the grain boundaries, combining with Fe and Cr to produce 
the  M23C6 with larger size.

Fig. 4  TEM images showing the ferrite and carbides in SPSed a and b 9Cr-0.05Al and c and d 9Cr-0.1Al steels. The insets give the diffraction 
patterns of carbides

Fig. 5  SEM micrographs of SPSed a and b 9Cr-0.05Al, and c and d 9Cr-0.1Al steels
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Figure 6a and b respectively shows the oxides in 9Cr-
0.05Al and 9Cr-0.1Al steels, and the inset represents the 
size distribution of oxides. With the Al addition increas-
ing from 0.05 to 0.1 wt%, more oxides with smaller size 
(< 10 nm) are produced. The average size of oxide nano-
particles in 9Cr-0.05Al and 9Cr-0.1Al steels is respec-
tively determined as 11.1 nm and 9.0 nm. The oxide size 
is closely related to its type, and it is necessary to identify 
the oxides in steels. By adding Al, four types of Y–Al–O 
oxides can be formed, i.e. orthorhombic-YAlO3 (YAP), 
bcc-Y3Al5O12 (YAG), momoclinic-Y4Al2O9 (YAM), and 
hexagonal-YAlO3 (YAH) [31]. HRTEM images of oxides 
in 9Cr-0.05Al and 9Cr-0.1Al steels are shown in Fig. 7. 
The large isolated oxide nanoparticle (43 nm in diameter) 
in Fig. 7a is identified to be  Y2O3 according to the fast 
Fourier transformation (FFT) image. Small nanoparticles 
(< 5 nm in diameter) densely distributed are identified 
to be Y–Al–O complex oxides,  Y4Al2O9. Notice that the 

border of large  Y2O3 contains some  Y4Al2O9 particles, 
as indicated by the yellow arrows. This implies that the 
 Y4Al2O9 formation is closely related to the  Y2O3 par-
ticle. Figure 7b shows the nanoparticle (about 5 nm in 
diameter) in 9Cr-0.1Al steel, which is also identified to be 
YAM particle. Looking into the stoichiometric ratios of 
four types of Y–Al–O oxides, the  Y4Al2O9 has the small-
est Al/Y ratio. Thus, it is suggested that the favorable 
formation of  Y4Al2O9 is associated with the little addi-
tion of Al in this work. The oxide formation reaction: 
 2Y2O3 + Al2O3 → Y4Al2O9 can take place at tempera-
tures between 900 and 1100 °C [32], which is within the 
sintering temperature in this work. As the Al addition is 
increased from 0.05 to 0.1 wt%, the above reaction under-
goes more sufficiently, and less large-sized  Y2O3 particles 
are remained, which can explain the larger proportion of 
small oxide nanoparticles (< 10 nm in diameter) in 9Cr-
0.1Al steel.

Fig. 6  Oxide nanoparticles in SPSed a 9Cr-0.05Al, and b 9Cr-0.1Al steels

Fig. 7  HRTEM images of oxide nanoparticles in a 9Cr-0.05Al and b 9Cr-0.1Al steels, as well as the corresponding FFT patterns
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3.2  Annealed at 800 °C

For the ferritic/martensitic steels, annealing treatment 
is mandatory, aimed at restoring ductility and improving 
microstructure stability at high temperatures. Figure 8a, d 
respectively shows the optical micrograph of the 9Cr-0.05Al 
and 9Cr-0.1Al steels subjected to annealing treatment at 
800 °C. Figure 8b, e display the distribution of annealed 
ferrite, respectively. The size distribution of annealed ferrite 
in 9Cr-0.05Al steel and 9Cr-0.1Al steel is respectively pre-
sented in Fig. 8c, f. Compared with the ferrite distribution 
in sintered condition, the ferrite distributes more uniformly 
after the annealing treatment. The average ferrite size of 
9Cr-0.05Al steel is decreased from 5.1 to 3.2 μm, and that 
of 9Cr-0.1Al steel is decreased from 5.7 to 3.2 μm. However, 
the volume fraction (i.e. area fraction) of ferrite in annealed 
condition is approximately the same as that in sintered con-
dition. In Fig. 4, it can be seen that the dislocation density 
in ferrite is low. It is not likely to refine the ferrite by the 
recovery and rearrangement of dislocations and the resultant 
recrystallization. Actually, if sufficiently large particles are 
present in the matrix, an additional recrystallization nuclea-
tion mechanism can be initiated, namely particle-stimulated 
nucleation (PSN) of recrystallization. This would promote a 
more homogeneous and refined grain size distribution [33, 
34]. The particle-stimulated nucleation of recrystallization 
depends on particle size and strain. In aluminum, iron, cop-
per and nickel, PSN was found to occur at particles of diam-
eter greater than approximately 1 μm, while a lower limit 

of 0.8 μm was inferred from the indirect measurements on 
Fe–C alloys [33]. Upon annealing,  M23C6 carbides will pre-
cipitate from tempered martensite, and the  M23C6 in sintered 
condition will grow further. Figure 9 shows the SEM micro-
graphs of the annealed 9Cr-0.05Al and 9Cr-0.1Al steels, 
as well as the size distribution of  M23C6 carbides. In both 
steels, the  M23C6 carbides in tempered martensite are much 
smaller than those along ferrite/ferrite and ferrite/tempered 
martensite boundaries, while the density of carbides in tem-
pered martensite is larger, as shown in Fig. 9a, b, d, e. In 
9Cr-0.1Al steel, the  M23C6 along ferrite/ferrite and ferrite/
tempered martensite boundaries are still larger than those 
in 9Cr-0.05Al steel. From the insets in Fig. 9c, f, it can be 
seen certain amount of  M23C6 with size larger than 0.8 μm 
exist, which is related to the coarsening of  M23C6 along 
boundaries in annealing. These coarse  M23C6 may initiate 
particle-stimulated nucleation of recrystallization, leading to 
the homogeneous and refined distribution of ferrite.

Figures 10 and 11 respectively displays the microstruc-
tural characteristics of annealed 9Cr-0.05Al and 9Cr-0.1Al 
steels. As indicated by the dotted line in Fig. 10a, one large 
sized ferrite grain can be distinguished. It is noted that at 
the boarder of the large sized ferrite, two equiaxed fer-
rite grains with smaller size are formed, and one ferrite 
is adjacent to the large sized  M23C6 up to about 550 nm. 
Combing with the particle-stimulated nucleation of recrys-
tallization, the two small ferrite grains formed within the 
original large sized ferrite are suggested to be recrystallized 
ferrite. Annealed martensite surrounded by ferrite grains is 

Fig. 8  Optical micrograph, ferrite distribution and the size frequency of ferrite in annealed 9Cr-ODS steels with different Al contents. a–c 
0.05 wt% Al added, and d–f 0.1 wt% Al added
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shown in Fig. 10b. High density of dislocations can still be 
observed in annealed martensite, despite of the dislocation 
recovery in annealing, and no recrystallized grains are found. 

Figure 10c shows the rectangle part in Fig. 10b with higher 
magnification times. Large amount of Y–Al–O oxide nano-
particles can be clearly seen in annealed martensite. These 

Fig. 9  SEM micrographs under different magnification times and the size frequency of  M23C6 in annealed 9Cr-ODS steels with different Al con-
tents. a–c 0.05 wt% Al added, and d–f 0.1 wt% Al added

Fig. 10  TEM images showing the a recrystallized ferrite, b annealed martensite and c the annealed ferrite/martensite interphase boundary in 
annealed 9Cr-0.05Al steel

Fig. 11  TEM images showing the a annealed martensite with high density of dislocations, b carbides in ferrite and c the dislocations and oxides 
in annealed 9Cr-0.05Al steel
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fine sized nanoparticles would effectively pin the dislocation 
motion, retarding the dislocation recovery in annealing. For 
the annealed 9Cr-0.1Al steel, it seems that the dislocation 
density in annealed martensite is higher than that in the 9Cr-
0.05Al steel (Fig. 11a), which can be explained by the more 
Y–Al–O particles smaller than 10 nm in 9Cr-0.1Al steel. 
Dislocations are tangled together in annealed martensite, 
and small sized  M23C6 (about 100 nm) are precipitated at 
lath boundaries.  M23C6 carbides with larger size (> 200 nm) 
are found near the ferrite boundaries, as shown in Fig. 11b. 
The growth of  M23C6 within ferrite is related to Ostwald 
ripening. In the annealed ferrite, the dislocations are also 
pinned by the densely distributed Y–Al–O oxides. Insets in 
Figs. 10c and  11c represent the size distribution of oxides 
in annealed steels. The average size of oxide nanoparticles in 
9Cr-0.05Al and 9Cr-0.1Al steels is respectively determined 
as 9.0 and 7.7 nm, smaller than those in sintered condition. 
Due to the fast heating rate and short holding time in SPS 

consolidation, the Y–Al–O cannot be fully precipitated in 
sintering. Annealing treatment would promote the precipita-
tion of fine Y–Al–O oxides. Thus, the average size of oxide 
nanoparticles in annealed steel is decreased.

3.3  Hardness Behavior

Hardness of a material characterizes the resistance of the 
material against plastic deformation [27]. Figure 12 shows 
the hardness of martensite and ferrite in both sintered and 
annealed 9Cr-0.05Al and 9Cr-0.1Al steels. It can be seen 
despite of Al addition, there is little difference in hardness 
of martensite or ferrite in 9Cr-0.05Al and 9Cr-0.1Al steels. 
In sintered condition, the hardness of martensite is higher 
than that of ferrite. However, after the annealing treatment, 
the hardness of martensite drops sharply, while the hard-
ness of ferrite changes slightly. The decrease in hardness of 
martensite after annealing treatment can be ascribed to the 
dislocation recovery. It is interesting to note that in annealed 
condition, the hardness of ferrite is higher than that of mar-
tensite. The dislocation density in annealed martensite is 
larger than that in annealed ferrite. The higher hardness of 
annealed ferrite compared to annealed martensite may be 
related to oxide nanoparticles. One possible mechanism is 
that Al as a ferrite stabilizer may partition into ferrite upon 
austenite to ferrite transformation, facilitating the formation 
of Y–Al–O oxides, which in turn increases the hardness of 
annealed ferrite.

3.4  Tensile Strength and Fractograph

Tensile flow curves and fracture surfaces of the sintered 
9Cr-Al ODS steels tested at room temperature are shown in 
Fig. 13. The ultimate tensile strengths of the sintered 9Cr-
0.05Al and 9Cr-0.1Al steels are respectively determined to 
be 1172 ± 12 MPa and 1200 ± 9 MPa. As the Al addition 
increases, the tensile strength of sintered 9Cr-Al ODS steel 
is slightly increased, which is related to the formation of fine 

Fig. 12  Hardness of martensite and ferrite in 9Cr-0.05Al and 9Cr-
0.1Al steels under sintered and annealed conditions

Fig. 13  a Tensile flow curves of the sintered 9Cr-Al ODS steels tested at room temperature and tensile fracture surfaces of the sintered, b 9Cr-
0.05Al and c 9Cr-0.1Al steels
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Y–Al–O oxide nanoparticles. The total elongation of the sin-
tered 9Cr-0.05Al steel is larger than that of 9Cr-0.1Al steel. 
In Fig. 13b, c, the amount of dimples of the 9Cr-0.05Al 
steel is larger than that of 9Cr-0.1Al steel, and transgranular 
fracture of the ferrite can be seen on the fracture surface of 
the sintered 9Cr-0.1Al steel. Although the volume fraction 
of ferrite in 9Cr-0.05Al steel is larger than 9Cr-0.1Al steel, 
more large-sized ferrite grains are present in the 9Cr-0.1Al 
steel, as shown in Figs. 1c, f. In tensile loading, as the dis-
locations cross over the nanoparticles, dislocations will be 
piled up at grain boundaries, and these large-sized ferrites 
would facilitate the stress concentration, resulting in the pre-
failure of the 9Cr-Al steel.

Since the transformable 9Cr-ODS steels are always 
served in annealed condition, the tensile performance of 
annealed 9Cr-Al steels is more concerned, and the result 
is shown in Fig. 14a. The ultimate tensile strengths of the 
annealed 9Cr-0.05Al and 9Cr-0.1Al steels are respectively 
determined to be 980 ± 10 and 940 ± 12 MPa. With the Al 
addition increasing, the ultimate tensile strength of annealed 
9Cr-Al steel is decreased. Both steels exhibit poor ductility, 
and the ductility of the annealed 9Cr-0.1Al steel is worse. 
Compared with the 9Cr-ODS steel without Al addition [28], 
although Al addition contributes to the decrease in average 
size of oxide nanoparticles, the mechanical performance of 
the 9Cr-ODS steel is not improved significantly. Moreover, 
Al addition quite impedes the ductility. To reveal the fac-
tors accounting for the decreased tensile strength and duc-
tility of annealed 9Cr-0.1Al steel, fracture surfaces of these 
two steels are examined, as shown in Fig. 14b, c. Fracture 
behaviors of annealed 9Cr-0.05Al and 9Cr-0.1Al steels are 
quite different. With respect to the annealed 9Cr-0.05Al 
steel, dimple fracture is dominated, and on certain part of 
the fracture surface, smooth fracture surface of annealed fer-
rite can be observed. As for the annealed 9Cr-0.1Al steel, 
the fracture surface is characterized by the dimple fracture 
and intergranular fracture of annealed ferrite. By the com-
parison between Fig. 14b, c, the following differences can 
be identified: (1) the dimple size of annealed 9Cr-0.05Al 

steel is larger than that of annealed 9Cr-0.1Al steel; (2) 
the fracture surface of ferrite in annealed 9Cr-0.05Al steel 
is much flatter, and on it slip band can be observed; nev-
ertheless, the fracture surface of ferrite in annealed 9Cr-
0.1Al steel is irregular and uneven, and no slip bands are 
observed; (3)  M23C6 carbides are exposed on the fracture 
surface of ferrite in annealed 9Cr-0.1Al steel. The smaller 
dimple size of annealed 9Cr-0.1Al steel is related to the fine 
distribution of oxides in it. The different fracture behaviors 
of annealed ferrites are suggested to be the primary factors 
affecting the tensile performances of annealed 9Cr-0.05Al 
and 9Cr-0.1Al steels. Annealed ferrite has a higher hardness 
than annealed martensite. In tensile loading, the dislocation 
would concentrate at annealed ferrite/martensite boundaries, 
stimulating stress concentration. On the other hand, with the 
Al content increasing, larger sized  M23C6 carbides tend to 
form at or adjacent ferrite/martensite boundaries and ferrite/
ferrite boundaries. These  M23C6 would further deteriorate 
the boundary strength, facilitating cracking growth. Thus, 
the fracture of ferrite in annealed 9Cr-0.1Al steel exhibits 
intergranular fracture characteristics.

4  Conclusions

Dual-phase transformable Al-alloyed 9Cr-ODS steels can 
be fabricated by spark plasma sintering, with martensite and 
transformed ferrite as phase constituents. It is found that Al 
content has an evident effect on the amount of the trans-
formed ferrite, distribution and sizes of  M23C6 particles in 
the ferrite, and the formation of fine Y–Al–O oxide nanopar-
ticles. Upon annealing treatment at 800 °C, the coarse  M23C6 
will stimulate recrystallization nucleation of the ferrite, 
resulting in the homogeneous distribution and refinement of 
ferrite grains. As Al addition increases, the tensile strength 
of the sintered 9Cr-Al steel will be increased, while the ten-
sile strength of the annealed 9Cr-Al steel will be decreased. 
Both large-sized ferrite grains and coarse  M23C6 carbides 
will deteriorate the ductility of the 9Cr-Al ODS steels.

Fig. 14  a Stress–strain curves of the annealed 9Cr-Al ODS steels tested at room temperature and tensile fracture surfaces of the annealed, b 9Cr-
0.05Al and c 9Cr-0.1Al steels
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