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Oxide dispersion strengthened (ODS) ferritic steels are the candidate structural materials for the advanced
nuclear reactors due to their excellent swelling resistance and creep strength. Herein, a 22Cr-3A1 ODS steel
was prepared through the surface treatment of gas atomized powder, followed by reactive synthesis route
and hot isostatic pressing without the mechanical alloying step. As a result, the metastable Fe and Cr oxides
formed on the powder surface and promoted the precipitation of Y-Al-O particles at the grain boundaries of
the as-hot isostatic pressed steel. In addition, the dispersed oxides with an average size of 97 nm at grain
boundaries ensured that the average ultimate tensile strength of the 22Cr-3Al ODS steel is 797 MPa at room

temperature.
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1. Introduction

Oxide dispersion strengthened (ODS) ferritic steels are the
candidate structural materials for the advanced nuclear reactors
because of their high strength at high temperatures, excellent
creep resistance (Ref 1-5), and radiation tolerance (Ref 6). In
addition to the fine microstructure, the superior performance of
ODS ferritic steels is also attributed to the fine and dispersed
stable oxide particles. Moreover, oxide dispersion strengthen-
ing plays a vital role in improving the performance of the ODS
steels (Ref 7-9). Notably, the dispersed oxides mainly belong to
yttrium and titanium, including Y,O; and Y-Ti-O (Y,Ti,O-,
YTiOs, and Y,TiOs) (Ref 10-13), which have high stability and
a low coarsening rate at high temperatures (Ref 14).

Mechanical alloying (MA) is the most common method of
introducing the dispersed oxides in ODS steel. During the MA
process, the pre-alloyed powders are milled with yttrium oxide
particles using a high-energy ball to ensure that the particles are
crushed and form a solid solution in the matrix (Ref 15).
Following this, the Y-containing powders are consolidated
through hot isostatic pressing (HIP) or hot extrusion to obtain
fully dense materials. During the consolidation process, the
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stable nano-oxides precipitated at the matrix. In addition,
adjusting the parameters of ball milling (Ref 16) and introduc-
ing the reactive elements can further reduce the size of the
nano-oxides (Ref 17, 18). However, some inherent drawbacks
of MA, like long durations, a high cost, and contamination from
the jars or atmosphere, limit the large-scale application of ODS
steel in the industry.

The Surface Treatment of gas Atomized powder followed by
the Reactive Synthesis (STARS) route is a way to produce ODS
alloys without the MA. In the STARS route, the Y-containing
powders were produced by gas atomization firstly and the as-
atomized powders were then oxidized in the air with suit-
able temperature and time, which avoided the MA step to
introduce yttrium and oxygen in the pre-alloyed powders. The
STARS route can effectively improve the purity and uniformity
of the powders (Ref 19-21) and shorten the time of preparing
the pre-alloyed powders. Notably, there are some differences in
the microstructure and properties of the ODS steels produced
with and without MA. ODS alloys produced via MA possessed
finer microstructure, higher density dislocations and dispersive
nano-oxides. The ultimate tensile strength (UTS) of the
14YWT produced with the MA process could be up to 1.2
GPa at room temperature (Ref 7), while through the STARS
route, the UTS was merely about 500 MPa (Ref 22). Similarly,
the UTS of the ODS PM2000 with higher Cr and Al content
produced via SLM is about 500 MPa as well (Ref 23, 24). Big
grain size is one reason for the low strength of the ODS steels
produced by STARS and SLM. So decreasing the diameter of
gas-atomized powders and refining grain of alloy by thermal
mechanical treatment (TMT) are operative approaches to
improve the properties of the ODS alloys produced through
the STARS route via optimizing the microstructure.

In the present study, the 22Cr-3A1-0.4Y powders were
produced through the STARS processing route and then
consolidated through the HIP. The oxides on the powder
surface after the STARS process and the precipitates in the as-
HIPed steel were characterized in detail. In addition, the tensile
properties and fracture mechanisms of the as-HIPed alloy were
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investigated at different temperatures. Moreover, the effects of
powder surface oxides on the precipitates and tensile properties
of 22Cr-3Al ODS steel were discussed.

2. Material and Methods

The powders produced through Ar-gas-atomization were
mainly spherical, with a mean size of about 6.5 um. The gas-
atomized powders were then oxidized at 400 °C for 24 hours in
the muffle furnace to form the metastable oxides on the powder
surfaces. Following this, the powders were consolidated
through HIP under a pressure of 150 MPa at 1100 °C for 2
hours. The chemical composition of the as-HIPed alloy is
shown in Table 1.

Moreover, the oxides on the powder surfaces were analyzed
through X-ray photoelectron spectroscopy (XPS) in a Kratos
AXIS SUPRA using a monochromatic source of X-ray Al Ko
(1486.6 eV). The microstructure and distribution of precipitates
in the as-HIPed alloy were then investigated using the scanning
electron microscope (SEM, Quanta 450FEG) and transmission
electron microscopy (TEM, JEM-2100F). Notably, the foil
samples were mechanically thinned to 60 um and a diameter of
3 mm, for TEM analysis. Thereafter, the thin foils were
electropolished using an MTA-1A twin jet polisher with a
solution of 10% perchloric acid + 90% alcohol at —30 °C. The
tensile tests were carried out with a strain rate of 1 mm/min at
25, 500, and 1000 °C, respectively. Finally, the fracture
surfaces of the tensile samples were observed through SEM.

3. Results

3.1 Microstructure of the powders

Figure 1(a) and (b) shows the morphology of the oxidized
powders. These powders are mainly spherical. Numerous
precipitates were observed on the powder surface, part of them
was pointed by white arrows, as shown in Fig. 1(c) (high
magnification of the area inside the dashed red line in (b)). The
size of oxide particles on the powder surface is too small to
exceed the resolution of SEM, which is difficult to count the
size of the oxide particles.

3.2 XPS Results of Oxides on the Powder Surfaces

The XPS results of the oxidized powders are shown in
Figs. 2 and 3. The XPS survey spectra in Fig. 2 revealed the
presence of Fe, Y, Al, W, Cr, Mn, O, and C elements on the
surface of the powders. Figure 3 shows the detailed high-
resolution spectra of Fe, Cr, Al, O, and Y. Notably, the Fe
element on the powder surfaces was partially oxidized
(Fig. 3a), and the Fe-oxide layers were mainly composed of
Fe,05 (Fe’") and FeO (Fe*"). The Cr element on the powder

Table 1 Chemical composition of the 22Cr-3Al ODS steel
(wt.%)

Materials Cr Al Y (0] Mn Zr Ti Fe

Fe-22Cr-3A1 2248 267 04 028 034 006 0.06 Bal
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surfaces mainly appeared in the form of chromium oxide (Cr°*,
2p3» and 2pi, peak positions at 575.8 eV and 586 eV,
respectively), as shown in Fig. 3(b). Combined with the O 1s
spectrum in Fig. 3(a) and (d), oxygen existed in two states and
these contributed to the formation of metallic oxides (O2-,
529.7 eV) and hydroxyl groups (OH-, 531.2 eV). Additionally,
the peak pairs with binding energies of about 156.8 ¢V and
158.8 eV observed in Fig. 3(e) corresponded to Y 3ds, and Y
3d;, (Ref 25), indicating that the Y element on the powder
surfaces mainly existed as Y-rich oxides.

3.3 Microstructure of the as-HIPed Steel

Figure 4 shows the microstructures of the as-HIPed samples.
SEM micrographs of the microstructure are shown in Fig. 4(a),
and the average grain size was 6.3 um as shown by the
statistical result in Fig. 4(b). Dispersed precipitates were
observed in the matrix and were highlighted by the white
arrows in Fig. 4(c). In addition, the precipitates were mainly
located at the grain boundaries, and part of the precipitates

Fig. 1 SEM image of the STARSed powder. (a) Macro-
morphology and (b) micro-morphology of the powder; (c) high
magnification of the area inside the dashed red line in (b) (Color
figure online)
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Fig. 2 XPS survey spectra of the as-atomized powders after
oxidation at 400 °C
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Fig. 3 Detailed XPS spectra of Fe, Cr, Al, O and Y on the surface of the as-atomized powders after oxidation at 400 °C

locates inside grains. The statistical results showed that those
precipitates had an average diameter of about 97 nm (Fig. 4d).
Figure 4(e) shows the TEM micrographs of the precipitates at
grain boundaries. The EDS results of the precipitates (pointed
by white arrows) are shown in Fig. 4(f). The results showed that
the precipitates were mainly (Y, Al)-containing oxides. The
presence of Zr/Ti-rich oxides in Fig. 4(e) may be the elements
segregation within the individual powder.

3.4 Tensile Properties and Fracture Surfaces

Figure 5 shows the ultimate tensile strength (UTS), the yield
strength (YS), and elongation of the as-HIPed alloy, tested at
25, 500, and 1000 °C. Notably, the average UTS, YS, and
elongation of the alloy at 25 °C were 797 MPa, 669 MPa, and
9%, respectively. With the test temperature raised to 500 °C, the
average UTS and YS decreased to 536 and 425 MPa,
respectively, and the average elongation of the alloy increased
to 24%. Moreover, when the test temperature up to 1000 °C, the
average UTS, Y, and elongation of the alloy were 50 MPa, 26
MPa, and 43%, respectively.

Figure 6 shows fractography of the as-HIPed samples tested
at 25, 500, 1000 °C. Figure 6(a) shows the macro-morphology
of the fracture at 25 °C, as can be seen, the fracture surface is
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relatively flat. Micro-image (Fig. 6b) of the sample displayed a
dimpled and cleavage fracture morphology on the fracture
surface. The cleavage steps on the fracture surface are also
highlighted by the red arrows in Fig. 6(b). At higher
temperatures (500 and 1000 °C), the samples underwent more
deformation before fracture and the fracture mode changed to
ductility mode as shown in Fig. 6(c) and (e¢). More depth
dimples were found on the fracture surfaces when the test
temperature increased to 500 °C (Fig. 6d) and 1000 °C (Fig. 6f)
and the precipitates presented in the dimples.

4. Discussion

4.1 Effect of Powder Surface Oxide on the Precipitates

In the present study, various metal oxides formed on the
surface of the powders after oxidation treatment at 400 °C, as
shown in Fig. 3. The metastable Fe,O; and Cr,Oz; and
stable Y,05; and y-Al,O3 oxides (Ref 26) formed on the
powder surface. As the reports of D. Pazos (Ref 22) and E. Gil
(Ref 20, 27), the oxide layer of metastable Fe,O5 and Cr,O3 on
the powder surface was about 60 nm, and the Al- and Y-rich
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Fig. 4 Microstructure of the 22Cr-3Al ODS steel: (a) SEM image and (b) distribution of grain size of the steel; (c¢) TEM macro-image of the
precipitates at the grain boundaries and inside grains; (d) distribution of oxide size in alloys; (¢) TEM micro-image of the precipitates at grain
boundaries; (f) EDS results of the precipitates pointed by white arrows in (e)
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Fig. 5 Ultimate tensile strength (UTS), yield strength (YS) and
elongation of the 22Cr-3Al ODS steel at 25, 500 and 1000 °C

oxides preferentially appeared at the grain boundaries as the
isolated particles.

During the HIP process, the metastable Fe- and Cr-oxides
decomposed (Ref 27), and the Y and Al oxides remained due to
their high thermal stability. The oxygen from the decomposed
metastable oxides is available and diffuse inside grains. It can
react with Al and Y to form thermodynamically stable o-Al,O3
and Y,0;3 oxides within the matrix. Besides, the Al,O5; could
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directly react with Y,0; to form Y-Al-O oxides (YAIO;,
Y3Al50,, and Y4A;;09) (Ref 28, 29). Because selected area
electron diffraction was not conducted to further analysis the
type of oxides, these oxides shown in Fig. 4(e) and (f) were
collectively referred to as (Y, Al)-containing oxides. These
stable nano-oxides can pin the grain boundaries and suppress
the growth of grains.

4.2 Effect of Microstructure on Tensile Properties

The strength of ODS steel is affected by many factors, and
the following Eq 1 is usually used to predict the strength of the
ODS steel (Ref 30):

_ [ 2
oy =00+ 0+ 0gp + adis—}—og

where o, represents the yield strength of ODS steel, o
represents the friction stress of pure iron, o and oy, represent
the solid solution strengthening and grain boundary strength-
ening, ag; and o, represent the dislocation strengthening and
oxide dispersion strengthening, respectively. The alloy with
smaller grain sizes, smaller and dispersed oxides could possess
higher yield stress. Due to the low HIP temperature and the

(Eq 1)
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precipitation of nano-oxides, the small size of the grains was
inherited and not coarse during the HIP process. Thus, the
22Cr-3Al ODS steel has a uniform and fine microstructure, and
the average size of grain and oxides was 6.3 um and 97 nm,
which are smaller than that of the 14Cr-2W ODS alloy (Ref 22)
and the PM2000 alloy (Ref 7). In addition, PPBs formed within
the 14Cr-2W ODS alloys produced the STARS route (Ref 22),
and poly-crystalline and coarsen oxides formed within the
PM2000 alloy. Thus, the 22Cr-3Al alloy possesses higher
strength compared to that of the 14Cr-2W (Ref 22) and the
PM2000 (Ref 7), while maintaining a similar strength to the
APMT alloy (Ref 31), as shown in Fig. 7. There are small error
bars of mechanical strength at different temperatures, as shown

Fig. 6 SEM images of the fracture surface of the tensile tested
samples at 25 , 500, 1000 °C, respectively: (a, b) macro- and micro-
morphology of the brittle fracture of an as-HIPed sample tested at 25
°C. The cleavage steps are indicated by write arrows; (c), (d) macro-
and micro-morphology of the dimple fracture surface of an as-HIPed
sample tested at 500 °C. Precipitates are pointed by white arrows; (e,
f) macro- and micro-morphology of the fracture of an as-HIPed
sample tested at 1000 °C. Precipitates are pointed by white arrows

1400

Il YS
Il UTS

Stress (MPa)

22Cr-3Al 14Cr-2W APMT PM2000 14YWT

Fig. 7 Comparison of mechanical properties at room temperature
of ODS steels prepared by different compositions and processes (Ref
7,22, 23, 31)
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in Fig. 5. Compared to the 14YWT alloys produced through
MA (Ref 7) with grain size about a few hundred nanometers
and oxide diameter about 10 nm, the 22Cr-3Al alloy possessed
coarser grain and oxides. Thus, the UTS of 14YWT (about
1253 MPa) (Ref 7) is higher than the UTS of 22Cr-3Al alloy.

The high content of Cr and Al, and the big precipitates at the
grain boundaries are the main reasons for the low elongation of
the 22Cr-3Al ODS steel (only 9% at room temperature) (Ref
32-36). The oxide particles were found on the fracture surface,
as shown in Fig. 6(b). Under the applied load, the difference in
stiffness of the matrix and oxide particles leads to the initiation
and propagation of microcracks along with the interfaces of
them, eventually occur brittle fracture of the alloy (Ref 36).

The strength of the 22Cr-3Al ODS steel decreased with
temperature up. When tested temperatures increased from 25 to
1000 °C, the UTS of the steel decreased from 797 to 50 MPa.
The fracture mode changed from cleavage fracture to ductility
fracture, and there are more small dimples on the fracture
surfaces tested at elevated temperatures as shown in Fig. 6(d)
and (f). When the tested temperature was above 700 °C, the
contribution of solution strengthening, fine grain strengthening,
and dislocation strengthening decreased (Ref 37, 38). The
dispersed and stable oxides become the key to improve the
elevated-temperature strength by hindering boundary move-
ment (Ref 3, 31, 39-41). In the 22Cr-3A1 ODS steel, the
intragranular Al-containing oxides could cause the Orowan
strengthening effect (Ref 29, 38, 42, 43), and the oxides at grain
boundaries could effectively inhibit grain boundary movement
and grain coarsening. So the steel still had a certain strength at
elevated temperatures.

Compared to the ODS steel produced through MA (Ref 7,
24, 26, 27), the grain size of the 22Cr-3A1 ODS steel in the
present study was large (about 6.3 um), and the precipitates
within the grain were less. Both of these significantly affect the
performance of the steel. Also, suitable thermal mechanical
treatment process may improve the mechanical properties of the
22Cr-3Al1 ODS steel via optimizing the grain size and
dispersing the grain boundaries precipitates (Ref 44, 45).

5. Conclusion

The study successfully prepared the 22Cr-3A1 ODS steel
through the STARS and HIP processes. In addition, the
microstructure and tensile properties of the 22Cr-3A1 ODS
steel were investigated in detail. Consequently, two main
conclusions were drawn:

(1) Fe-, Cr-, Al- and Y-oxides were present on the surfaces
of powders produced through STARS route. After the
HIP process, the stable (Y, Al)-containing oxides precip-
itated at the grain boundaries and the average grain size
was 6.3 um.

(2) The average ultimate tensile strength and elongation of
as-HIPed alloy were 797 MPa and 9%, respectively, at
25 °C. However, the average ultimate tensile strength
decreased to 536 MPa, while average elongation in-
creased to 24% with a dimple fracture, when the temper-
ature increased to 500 °C. Moreover, the average
ultimate tensile strength and elongation were 50 MPa
and 43%, respectively, at 1000 °C.
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