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Abstract

Oxide dispersion-strengthened (ODS) steels are being developed and investigated for nuclear fission and nuclear

fusion applications in Japan, Europe, and the United States. In addition, commercial ODS products are available

and have been used in niche applications. Microstructural and mechanical properties studies have been conducted at

Oak Ridge National Laboratory and elsewhere on various commercial and experimental ODS steels. Tensile and creep

properties have been obtained and collected from literature and commercial sources. These data are compared to show

the differences and similarities of different ODS steels, and observations are explained in terms of the microstructures of

the steels.

Published by Elsevier B.V.
1. Introduction

If the conventional high-chromium ferritic/martens-

itic steels, such as modified 9Cr–1Mo and Sandvik

HT9, or the reduced-activation steels, such as F82H,

ORNL 9Cr-2WVTa, EUROFER, and JLF-1, were used

for a fusion power plant first wall and blanket structure

or for applications in Generation IV fission reactors, the

upper operating temperature would be limited to 550–

600 �C. Similar limitations are being realized in the use

of ferritic/martensitic steels in fossil-fired plants. One

way suggested to increase this limit to higher tempera-

tures and maintain the advantages inherent in ferritic/

martensitic steels (i.e. high thermal conductivity, low
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thermal expansion coefficient, and low void swelling

during neutron irradiation relative to alternate ele-

vated-temperature structural materials) is to use oxide

dispersion-strengthened (ODS) steels. Elevated tem-

perature strength in these steels is obtained through

microstructures that contain a high density of small

Y2O3 and/or TiO2 particles dispersed in a ferrite

matrix.

ODS steels are being developed and investigated for

nuclear fission and fusion applications in Japan [1,2],

Europe [3,4], and the United States [5,6]. Commercial

ODS products are available and are being used in lim-

ited quantities; commercial alloys include MA956 and

PM 2000 from Special Metals Corporation in the United

States and Metallwerk Plansee GmbH in Germany,

respectively. The MA957 discussed in this paper was

developed by International Nickel Company (INCO),

as was MA956. Although there is continued interest in

MA957 for nuclear applications, there is presently no

commercial source for the product.

mailto:kluehrl@ornl.gov


Fig. 1. Transmission electron micrographs of experimental ODS steels (a) 12Y1 (Fe–12Cr–0.25Y2O3) and (b) 12YWT (Fe–12Cr–

2.5W–0.4Ti–0.25Y2O3).

Table 1

Chemical compositions of ODS steels

Element* 12Y1 12YWT MA956 MA957 PM 2000

C 0.045 0.050 0.03 0.030 0.01

Mn 0.04 0.60 0.06 0.09 0.11

P <0.001 0.019 0.008 0.007 <0.002

S 0.002 0.005 0.005 0.006 0.0021

Si 0.03 0.18 0.05 0.04 0.04

Ni 0.24 0.27 0.11 0.13 0.01

Cr 12.85 12.58 21.7 13.7 18.92

Mo 0.03 0.02 <0.05 0.30 0.01

V 0.007 0.002

Ti 0.003 0.35 0.33 0.98 0.45

Co 0.005 0.02 0.03 0.01

Cu 0.01 0.02 0.01

Al 0.007 5.77 0.03 5.10

B 0.004 0.0009 <0.0003

W <0.01 2.44 0.04

Zr 0.003 <0.01

N 0.017 0.014 0.029 0.044 0.0028

O 0.15 0.16 0.21 0.21 0.25

Y 0.20 0.16 0.38 0.28 0.37

* Balance iron.
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In previous work at Oak Ridge National Laboratory

(ORNL), the microstructures and tensile and creep

properties of two experimental ODS steels with nomi-

nal compositions of Fe–12Cr–0.25Y2O3 (designated

12Y1) and Fe–12Cr–2.5W–0.4Ti–0.25Y2O3 (designated

12YWT) were investigated [7]. Optical microscopy,

transmission electron microscopy (TEM) [8], and atom

probe field ion microscopy [6,9] studies indicated that

the 12Y1 microstructures were very different from those

of 12YWT (Fig. 1). For 12Y1 (Fig. 1(a)), particles were

estimated to be 10–40 nm in diameter at a number den-

sity of 1020 � 1021 m�3; the dislocation density was esti-

mated at �1015 m�2. Diffraction studies indicated the

particles were essentially pure, crystalline Y2O3. For

12YWT (Fig. 1(b)), dislocation density, particle size,

and particle number density were estimated at 1015–

1016 m�2, 3–5 nm diameter, and 1–2 · 1023 m�3, respec-

tively. For this alloy, three-dimensional atom probe

analysis revealed compositionally distinct nano-sized

clusters enriched in Y, Ti, and O, slightly enriched in

Cr, and slightly depleted in Fe and W.

These differences in microstructure were obviously

the origin of the large differences in tensile and creep

properties of the two steels [7]. Room-temperature yield

stress of 12YWT was about 20% greater than 12Y1, but

at 900 �C, the 12YWT was about 2.5 times as strong.

This large difference at the highest temperatures trans-

lated into a much higher creep strength for the

12YWT [7].

In this paper, microstructural and mechanical prop-

erties studies at ORNL and elsewhere are presented,

compared, and discussed to show the differences and

similarities of different experimental (12Y1 and

12YWT) and commercial (MA956, MA957, and PM

2000) ODS steels. Implications of the mechanical prop-
erty results from the commercial steels will be discussed

in terms of microstructural observations.
2. Experimental procedure

Table 1 gives chemical compositions of the ODS

steels to be discussed. Experimental alloys 12Y1 and

12YWT were produced in Japan by Kobe Special Tube

Co. Ltd. PM 2000 is a commercial product of Metall-

werk Plansee GMbH of Germany. The MA957 was
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manufactured by INCO Metals, and MA956 is a prod-

uct of Special Metals Corporation.

General processing of all the ODS alloys involved

mechanical alloying, compaction, and extrusion, after

which they were processed into the final geometry and

given a final recrystallization heat treatment. For the

commercial alloys, detailed processing procedures were

not available. The processing procedures involved in

producing ODS steels can be illustrated by describing

the processing used for the experimental 12Y1 and

12YWT alloys produced by Kobe Steel. These alloy

compositions were prepared by mechanical alloying of

argon-gas-atomized 70-lm diameter pre-alloyed metal

powder with 20-nm Y2O3 powder in a high-energy attr-

itor in an argon atmosphere for 48 h. Mechanically al-

loyed flakes were then degassed 2 h at 400 �C in

vacuum, after which they were canned in mild steel

and hot extruded at 1150 �C into bar. The 12Y1 and

12YWT bars were hot rolled at 1150 �C to 7-mm plate.

The 12Y1 plate was cold rolled to 2 mm, and the

12YWT was warm rolled at 600 �C to this thickness.

Warm rolling was used for the 12YWT because of its

higher strength. Both alloys were given a final anneal

of 1 h at 1050 �C in vacuum.

Results from tensile and creep tests conducted at

ORNL on the experimental alloys 12Y1 and 12YWT

were previously reported [7]. Creep tests were conducted

at ORNL on the commercial steels MA957 [10] and PM

2000 [11]. For comparison, data were also taken from

literature or vendor data sheets for creep and tensile

behavior of MA956 [5,12], MA957 [13,14] and PM

2000 [15]. Creep tests at ORNL on 12Y1 and 12YWT

were conducted at 600–900 �C, those on MA957 were

at 800–925 �C, those on MA957 were at 800–925 �C,
and those on PM 2000 at 850–1000 �C. Vendor data

were at 800–1150 �C for MA956 [12], at 650 �C for

MA957 [13], and 900–1200 �C for PM 2000 [15]. All

mechanical-property data are for specimens taken in

the worked direction–the high-strength direction. Tests

were conducted in air.
Fig. 2. (a) Yield stress and (b) ultimate tensile strength as a function

12YWT compared to the non-ODS reduced-activation steel ORNL 9
Different product forms for the different alloys were

used in the creep and tensile tests at ORNL. The 12Y1

and 12YWT specimens were from 2-mm sheet, MA957

specimens were from a tube 65-mm OD with a 25-mm

wall thickness, and the PM 2000 specimens were from

0.08- and 0.13-mm sheet.
3. Results

3.1. Tensile behavior

Yield stress and ultimate tensile strength data for the

experimental 12Y1 and 12YWT steels over the range

room temperature to 900 �C are shown in Fig. 2, along

with data for a non-ODS reduced-activation steel,

ORNL 9Cr-2WVTa [16]. The obvious strength advan-

tage of 12YWT is evident.

Of the commercial ODS steels, the MA957 had the

highest yield stress and ultimate tensile strength, and

the MA956 had the lowest values (Fig. 3). In fact, up

to 700 �C, the yield stress of the MA956 was less than

that of 9Cr-2WVTa – a non-ODS martensitic steel.

The strength of PM 2000 fell between the values for

the MA956 and MA957.

When the commercial steels are compared with the

experimental steels (Fig. 4), the MA957 and 12YWT,

the strongest of the commercial and experimental steels,

respectively, have similar strengths. The 12Y1 is similar

to PM 2000 at low temperatures, but it then approaches

the values for MA956 at the higher temperatures. All

steels appear to approach a common low-strength value

as the temperature is increased to 900 �C.
Minor differences were observed in the total

elongations of the experimental and commercial steels

(Fig. 5). The 12Y1 and 12YWT had the lowest values

at room temperature, and the 12Y1 had the highest

values between 600 and 800 �C. Otherwise, the elonga-

tions of the commercial steels and the 12YWT were

comparable.
of test temperature for the experimental ODS steels 12Y1 and

Cr-2WVTa.



Fig. 3. A comparison of the (a) yield stress and (b) ultimate tensile strength as a function of test temperature for the three commercial

ODS steels and the non-ODS reduced-activation steel ORNL 9Cr-2WVTa.

Fig. 4. A comparison of (a) yield stress and (b) ultimate tensile strength as a function of test temperature of the experimental and

commercial ODS steels.

Fig. 5. A comparison of the total elongation as a function of

test temperature of the experimental and commercial ODS

steels.
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3.2. Creep-rupture behavior

Creep-rupture behavior of the different steels was

compared using a Larson–Miller Parameter (LMP) with
a constant of 25, which was used for MA956 and

MA957 previously [5]. A comparison of the experimen-

tal steels (Fig. 6) showed the superiority of the 12YWT

to the 12Y1, in agreement with the yield stress behavior.

Also shown in Fig. 6 are data for a conventional 9Cr-

WMoVNb steel (a commercial steel designated NF616

or Grade 92). The creep behavior of the 12Y1 was sim-

ilar to that of the conventional steel.

Comparison of the creep-rupture properties of the

experimental ODS steels with the strongest (highest yield

stress) commercial ODS steel MA957 and the weakest

commercial ODS steel MA956 indicates that MA956

and 12YWT have similar properties at high LMP. At

low LMP, MA956 and MA957 are weaker than

12YWT (Fig. 7). Over the range where the LMP data

for MA957 and MA956 overlap, they appear to ap-

proach similar values, indicating an eventual conver-

gence of the data for MA957 and 12YWT, although

that still needs to be demonstrated.

A comparison of the LMP values for creep tests at

ORNL on the PM 2000 sheet with the experimental

steels (Fig. 8) indicates that the creep-rupture strength

of PM 2000 is as good as that of 12YWT for the condi-

tions tested. For the different sheet thicknesses, the

thinner 0.08-mm sheet had better properties than the



Fig. 9. Rupture stress vs. Larson–Miller parameter for the

commercial PM 2000 data 0.08- and 0.13-mm sheet tested at

ORNL and data taken from the vendor (Plansee) on bar and

sheet compared to the experimental ODS steels and the non-

ODS steel.

Fig. 8. Rupture stress vs. Larson–Miller parameter for the

commercial PM 2000 0.08- and 0.13-mm sheet tested at ORNL

compared to the experimental ODS steels and the non-ODS

steel.

Fig. 7. Rupture stress vs. Larson–Miller parameter for the

commercial steels MA956 and MA957 compared to the

experimental ODS steels and a non-ODS steel.

Fig. 6. Rupture stress vs. Larson–Miller parameter for the

experimental ODS steels 12Y1 and 12YWT and a conventional

non-ODS steel NF616 (9Cr-WMoVNb).
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0.13-mm sheet. This evaluation is further strengthened

when the ORNL data are compared with those from

the vendor (Plansee) data sheet for bar and sheet (Fig.

9) [15]. In this case, the bar was the strongest, but both

products for the high-temperature tests conducted indi-

cated a tendency similar to the MA956 for high LMPs.

When all the ODS steel data are compared (Fig. 10),

all but the 12Y1 appear to approach similar values for

high LMP (low-stress and/or high temperature tests).

This occurs despite the quite different yield stress values

for the different steels.

3.3. Microstructures

Optical microscopy of the three commercial (Fig. 11)

and two experimental (Fig. 12) ODS steels were exam-

ined. The anisotropy present in each of the steels is obvi-
ous from these photomicrographs, as is the variation of

grain size. The MA956 had a relatively large grain size,

while the PM 2000 had a relatively small grain size. The

12YWT was not completely recrystallized [dark regions

in Fig. 12(b) are unrecrystallized]. The MA957 and PM

2000 contained unrecrystallized regions, but it was diffi-

cult to determine how much. It appeared that MA956

was completely recrystallized. Microstructures of all the

steels showed indications of large second-phase particles,

usually aligned in the rolling direction, that were not re-

lated to the fine oxide particles that give ODS steels their

strength. The particles probably limit the strength of the

steels, and in this study, these features in MA957 were

examined and are discussed in the following.



Fig. 10. Rupture stress vs. Larson–Miller parameter for all the

commercial and experimental ODS steels.
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Detailed optical microscopy of the MA957 revealed

large second-phase particles that often appeared as rela-
Fig. 11. Photomicrographs of commercial ODS steels: (a) M

Fig. 12. Photomicrographs of experimental
tively large �stringers� (Fig. 13) aligned along the rolling

direction. A failed creep-rupture specimen was exam-

ined, and the failure appeared to be associated with

the stringer material (Fig. 14). That is, it appeared that

cavities formed in conjunction with the particles of strin-

ger material and other extraneous particles not in the

stringers, and these cavities linked up perpendicular to

the worked direction (parallel to the eventual fracture

surface).

To determine the nature of the particles in the string-

ers and other extraneous particles (not the fine distribu-

tion of oxide particles that strengthen ODS steels), the

gage section of the creep-rupture specimen shown in

Fig. 14 was examined by scanning electron microscopy

(SEM) with a field emission gun (FEG) using backscat-

tered and secondary electrons (Fig. 15). Such large par-

ticles are expected to be deleterious to the mechanical

properties.

As expected, the primary elements identified in the

matrix of the MA957 were Fe, Cr, and Ti. The extrane-

ous particles in and out of the stringers were rich in sev-
A956 plate, (b) MA957 tube, and (c) PM 2000 rod.

ODS steels: (a) 12Y1 and (b) 12YWT.



Fig. 13. Optical microstructure of MA957 ODS steel (a) as polished and (b) etched.

Fig. 14. Optical micrographs at two different magnifications of creep-rupture specimen of MA957 tested at 100 MPa at 900 �C that

ruptured in 36.7 h: (a) unetched and (b) etched.

Fig. 15. Scanning electron microscopy (a) secondary electron image and (b) backstattered electron image (compositional contrast) of

�stringers� in gage length of MA957 creep specimen.
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eral different elements. Many particles in the stringers

were carbon rich (Fig. 16); the presence of carbon
is probably the result of mill contamination during

the mechanical alloying process. Small precipitates



Fig. 16. Results of scanning electron microscopy backscattered image analyses that show the presence of high carbon and aluminum

enrichment in the large particles present in the ODS steel MA957.

Fig. 17. Scanning electron microscopy backscattered image showing that segregation occurs perpendicular to the worked direction in

the region of the creep fracture.
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throughout the microstructure were found to be alumi-

num rich (Fig. 16). Aluminum is probably also from mill

contamination, since the specification for MA957 does

not contain aluminum.

Examination of a region near the creep failure indi-

cated the presence of segregation that links up regions

between stringers (Fig. 17) and probably leads to the rel-

atively brittle creep failure shown in Fig. 14. The segre-

gation, especially in the stringers, is rich in chromium,

titanium, and carbon, which probably indicates the pres-

ence of carbide particles. These particles in the stringers

were joined by �trails� of segregation that were found to

be chromium rich. There were also indications of cavita-

tion associated with areas of the segregation, indicating

that it could be the joining of such cavitation that leads

to the creep failure.
4. Discussion

Development of ODS steels for fast reactor cladding

began in Belgium in the late 1960s [18], and work for

that application has continued over the years [1,2,19–

21]. The main problem keeping the steels from being

used for that application is anisotropy in properties

resulting from the fabrication process. Fabrication in-

volves mechanical alloying of metal alloy powders with

oxide (Y2O3) powders, followed by compaction, and

then extrusion at an elevated temperature. The steels

have superior creep strength in the longitudinal (extru-

sion) direction (properties most often studied), but, in

the case of tubes, not in the biaxial direction. The prob-

lem with anisotropy still exists in the recent steels being

developed [19–22], although there have been advances in
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reducing it [23]. Anisotropy is present in the microstruc-

tures of the steels discussed in this paper (Figs. 11 and

12), although that subject will not be discussed further.

The objective of these studies was to compare strength

properties in the strong (longitudinal) direction to deter-

mine similarities and differences among the different

commercial and experimental steels that have been stud-

ied recently.

The TEM examination at ORNL of the experimental

Fe–12.3Cr–3W–0.39Ti–0.25Y2O3 (12YWT) and an Fe–

12.4Cr–0.25Y2O3 (12Y1) ODS steels indicated that the

12YWT contained 3–5-nm diameter particles at a

number density of 1–2 · 1023 m�3, whereas the 12Y1

contained 10–40 nm particles at a number density of

1020–1021 m�3 (Fig. 1) [8]. There was also a lower dislo-

cation density in the 12Y1, and it was more fully recrys-

tallized than 12YWT. Electron diffraction indicated that

particles in the 12Y1 were essentially pure Y2O3. Be-

cause of the small size of the particles in 12CrYWT,

the three-dimensional atom probe (3-DAP) was required

to determine that the small particles were primarily atom

clusters enriched in Y, Ti, and O [6,9]. From this [6,9]

and previous work [24], it was concluded that the origi-

nal Y2O3 particles dissolved during mechanical alloying,

and atom clusters as small as 2-nm in diameter formed

during subsequent processing (extrusion, etc.). Particle

dissolution and subsequent reformation was obvious,

since the atom probe indicated that the concentration

of titanium in the high-oxygen clusters was higher than

the concentration of yttrium, which was introduced by

the addition of Y2O3 [6,9]. The presence of the high tita-

nium concentration in the atom clusters indicated that it

played a role in the dissolution of the Y2O3, and this is

the reason that the dissolution did not occur in the

12Y1.

Differences in the microstructures of 12Y1 and

12YWT were reflected in the differences in tensile (Fig.

2) and creep-rupture (Fig. 6) strengths, with the

12YWT having much higher tensile and creep-rupture

strengths than 12Y1. The yield stress of the 12YWT

was also significantly higher than that of the commercial

MA956 and PM 2000, and it was comparable to that of

MA957 (Fig. 4).

The difference in creep-rupture properties of the com-

mercial steels and 12YWT did not follow from the rela-

tive strengths observed in the tensile tests. In particular,

although 12YWT had the highest yield stress and ulti-

mate tensile strength of the experimental steels and all

the commercial steels but MA957 (Fig. 4), creep-rupture

properties based on the LMP comparison indicated that

in the limit of low stresses (long rupture times) and/or

high test temperatures, the commercial steels and the

12YWT are expected to approach a common strength

level (Fig. 10).

The MA956 had yield stress and ultimate tensile

strength values from room temperature to 800 �C that
were much less than those for 12YWT. Although at

the higher LMPs, the MA956 had lower creep-rupture

strength than 12YWT, for long-time tests and/or high-

temperature creep tests, the values for MA956

approached those for 12YWT. Part of the difference in

tensile properties could be reflected in the difference in

grain size and the amount of recrystallized structure.

Although no grain-size measurements were attempted

because of the high anisotropy and because some of

the steels were not completely recrystallized, it was obvi-

ous that the grain size of the MA956 was the largest of

any of the steels, and this steel appeared to be com-

pletely recrystallized (Fig. 11(a)). A completely recrystal-

lized structure will have a lower dislocation density, and

thus, a lower strength. Likewise, in accordance with the

Hall–Petch relationship, the larger grain size of the

MA956 will contribute to a lower yield stress.

Similarly, the yield stress and ultimate tensile

strength of PM 2000 were less than for 12YWT – prob-

ably due to the presence of more unrecrystallized

material in the 12YWT – but the long-time, low-stress

creep-rupture properties determined at ORNL on PM

2000 0.08- and 0.13-mm sheet specimens were as good

as those for the 12YWT (Fig. 8). Note that the tensile

properties in Fig. 4 for PM 2000 are from vendor data

on bar product, and the ORNL creep tests were on sheet

at 850–1000 �C. Vendor data for ultimate tensile

strength (no yield stress data were given) for 1–8-mm

sheet showed the sheet to be weaker than the bar [15].

A similar strength difference was present in the vendor

creep-rupture data for bar and sheet (Fig. 9). These lat-

ter high-LMP data, determined at higher temperatures

(900–1150 �C) than the ORNL data for the MA957

(800–925 �C) and the two experimental steels (600–

900 �C), show the same trend with increasing LMP as

that of the MA956 (determined at 800–1200 �C). The
vendor creep-rupture data for MA956 and PM 2000 at

high LMP appear to have similar slopes and therefore

define a band. The difference between the PM 2000 bar

and sheet could be an effect of the amount of recrystal-

lized material and/or a grain-size effect.

Finally, the MA957 and 12YWT had equivalent yield

stresses and ultimate tensile strengths. The explanation

for this must be found in the microstructure comparison,

which will be discussed below. Comparison of the LMP

for these two steels indicated that for the completed

creep tests for MA957, there was an advantage for

12YWT (Fig. 7). However, these were relatively high-

stress, low-temperature (low LMP) tests, and just as

for the other commercial products, at high LMP the val-

ues for MA957 approached those for MA956, which ap-

pear to converge with those for 12YWT.

These results indicate that, with the exception of

12Y1, the creep-rupture properties of the other four

steels approach a similar strength level with decreasing

creep-rupture stress and/or increasing test temperature
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(high LMP). As stated above, the excellent creep

strength of the 12YWT relative to 12Y1 was caused by

the fine distribution of particles (atom clusters) and

unrecrystallized material in the 12YWT [6–9]. Recent

atom-probe studies on the MA957 indicated the pres-

ence of 2-nm-diameter particles similar to those in

12YWT [17]. Just as in 12YWT, the particles were rich

in Ti, Y, and O. These results indicate that the same dis-

solution of the Y2O3 that occurred during mechanical

alloying in 12YWT [9,17] also occurred during mechan-

ical alloying of MA957. Since the creep properties of

these steels depend on the distribution of oxide particles,

the convergence of rupture properties at long times

would be expected, given the similarity of the

microstructures.

Given the convergence of creep-rupture properties of

MA956, MA957, PM 2000, and 12YWT at long rupture

time and/or high temperatures (Fig. 10), one explanation

is that the MA956 and PM 2000 also contain the high

density of small particles found in MA957 and

12YWT. As stated above, the dissolution of Y2O3 in

12YWT and not in 12Y1 was attributed to the presence

of titanium in the 12YWT and not in 12Y1. The

MA957, which also had the atom clusters, contained

titanium, as do MA956 and PM 2000 (Table 1), thus

enhancing the possibility that fine atom clusters form

in these latter two steels.

Generally, relative creep strengths are comparable to

relative strengths observed in a tensile test. Therefore, at

first glance, it appears there may be a problem with the

explanation that the similarity of creep-rupture behavior

of the 12YWT and the commercial steels is caused by

similar nano-sized particles. Although there was an ap-

proach of the tensile properties at high temperatures

for all the steels, there was a relatively large difference

in tensile properties at lower test temperatures (Fig. 4).

From optical microscopy, TEM, and atom-probe

observations on the 12Y1 and 12YWT, it appeared that

the major microstructural differences in the two was the

absence of small nano-sized clusters in 12Y1 [6,8,9] and

a larger amount of unrecrystallized material in 12YWT.

These observations were used above to explain why

12Y1 has inferior tensile and creep-rupture properties

compared to 12YWT. The observation of nano-sized

clusters in the MA957 [17] and some unrecrystallized

material also explains the similarity in tensile and creep

properties of this steel and 12YWT. All indications are

that the MA 956 examined here is completely recrystal-

lized, although this was not necessarily the MA 956 for

which the literature data are plotted in the figures.

Therefore, even if all the commercial steels contain the

nano-sized clusters postulated above and tensile and

creep properties are determined by these particles, then

all the commercial steels might be expected to have sim-

ilar tensile properties over the entire test temperature

range, which was not the case.
As discussed above, the yield stress and ultimate ten-

sile strength for all the steels converged at the highest

test temperatures, although the 12Y1 had the lowest val-

ues at the highest temperatures (Fig. 4). Convergence for

this steel appeared to be at a much higher temperature

than for the other steels. If it is assumed that 12YWT,

MA956, MA957, and PM 2000 all contained a similar

fine distribution of nano-size particles, and since the ap-

proach of properties occurs for long-time, high-temper-

ature creep-rupture tests, it probably means that the fine

particles determine the creep-rupture properties under

these conditions. This follows because dislocation recov-

ery and/or recrystallization can occur during the test at

increasing rates with increasing temperature. Note that

the vendor tests on MA 956 [12] and PM 2000 [15] were

at temperatures up to 1200 �C, considerably higher than

for the ORNL tests on 12YWT [7], MA 957 [10], and

PM 2000 [11]. This means the unrecrystallized material

has a large effect on the low-temperature tensile proper-

ties, but it has a decreasing effect on the properties as the

test temperature is increased. It also means that the

hardening by the small atom clusters does not play a

major role in the tensile properties at the lower

temperatures.

This explanation can account for the approach of the

yield stress and ultimate tensile strength of all the steels

in elevated-temperature tests. It also explains why the

12Y1 has inferior tensile and creep properties compared

to the other steels. Namely, the 12Y1 contains fewer par-

ticles and they are larger than those in the other steels.

Furthermore, the band of data in the stress-LMP curves

observed for the highest LMPs for the MA956 and the

PM 2000 bar and sheet (Fig. 10), may then be explained

by differences in grain size. Detailed SEM, TEM, and

quantitative optical microscopy studies are required to

determine if these hypotheses can be correlated with

the mechanical properties observations.

The above discussion assumed creep occurred by a

dislocation mechanism where creep rate is determined

by the climb and glide of dislocations through the distri-

bution of oxide particles (power-law creep). For this

mechanism, the steady-state creep rate is given by

_e ¼ krn;

where _e is the creep rate, r is the stress, and k and n are

constants. For dislocation climb and glide mechanisms,

the stress exponent n has values of 3 or higher. Values of

10 and higher are found for some dispersion-strength-

ened materials. However, as the stress is lowered and/

or the temperature is increased, the creep mechanism

eventually changes to grain-boundary sliding, diffusion

creep, and/or Harper–Dorn creep, and the value of n is

reduced to 1–2. Under what test conditions this change

occurs depends on the material. A detailed creep testing

program is required to determine the stress–temperature

regimes for the different mechanisms, which can be rep-
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resented on deformation-mechanism maps [25,26]. No

such map is available for ODS steels.

The convergence of the Larson–Miller parameters of

the different ODS steels at high Larson–Miller parame-

ters (high temperature and long rupture time) as stress

decreases might indicate a change to a creep mechanism

with less dependence on the oxide-particle distribution.

Again, the band of creep-rupture properties at high

LMP values could signify an effect of grain size. More

creep testing is required to verify if there was a change

in the creep mechanism with increasing LMP.
5. Summary and conclusions

Tensile and creep-rupture data for two experimental

and three commercial ODS steels were compared. Exper-

imental steels are: 12Y1 (nominally Fe–12Cr–0.25Y2O3)

and 12YWT (Fe–12Cr–3W–0.4Ti–0.25Y2O3); commer-

cial steels are: MA956 (Fe–20Cr–4.5Al–0.33Ti–

0.5Y2O3), MA957 (Fe–14Cr–0.3Mo–1Ti–0.25Y2O3),

and PM 2000 (Fe–19Cr–5.5Al–0.5Ti–0.5Y2O3).

A significant variation in the yield stress and ultimate

tensile strength of the different steels occurred for tests at

room temperature to 800 �C. The 12YWT was much

stronger than the 12Y1. Of the commercial steels,

MA957 was the strongest with properties similar to

those of 12YWT. The MA956 was the weakest of the

commercial steels; it was also weaker than 12Y1 below

650 �C. The PM 2000 had a strength between that of

MA956 and MA957; up to �550 �C, the strength of

PM 2000 was comparable to that of 12Y1, but at higher

temperatures, PM 2000 was substantially stronger.

Strength properties of all steels appeared to merge for

extrapolations above �900 �C.
Creep-rupture properties were compared using a Lar-

son–Miller parameter with a constant of 25. Properties

of the PM 2000 sheet tested at ORNL were similar to

the 12YWT over all the test temperatures common to

the two steels. Although the 12YWT had better creep-

rupture properties than MA956 and MA957 for high

stresses and low Larson–Miller values, at high Larson–

Miller parameters (high-temperature, long rupture life)

there appeared to be a convergence of properties. Lar-

son–Miller parameters for 12YWT, PM 2000, MA956,

and MA957 were greater than those for 12Y1 at all

stresses.

The reason for the similar tensile and creep behavior

of MA957 and 12YWT was concluded to be the distri-

bution of nano-sized particles rich in Y, Ti, and O ob-

served by TEM and atom probe studies on the two

steels. In contrast, such studies found much larger

Y2O3 particles in the weaker 12Y1, explaining why this

steel had inferior tensile and creep properties. Although

it was postulated that the excellent long-term, high-

temperature creep properties of MA956 and PM 2000
was also due to the presence of a fine distribution of

nano-size particles, more work is required to verify

this.
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