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Abstract
Leading technology development of the oxide dispersion strengthened (ODS) steels has

being conducted in JNC particularly emphasizing fuel cladding application for the fast
reactors, since they have a potential to realize the high burnup fuel and higher outlet coolant
temperature operation. The improvement in formability and ductility, which are
indispensable in the cold-rolling method for manufacturing cladding tube, were achieved by
controlling the microstructure using technique a to phase transformation. The
cold-rolling of hardened 9Cr-ODS steels was successfully made to manufacture cladding
tubes by using cold-rolling pilger mill. The 9Cr-ODS martensitic cladding tubes
manufactured using the technique showed that ring tensile and internal creep rupture strengths
exhibit excellent performance far beyond that of conventional ferritic-martensitic steel
(PNC-FMS). Adequate ductility in hoop direction was also maintained. These
improvement in high temperature mechanical properties have been accomplished through a
uniform distribution of nano-scale Y203-TiO2 oxide particles of less than nm size by
mechanical milling process.

Keywords Oxide dispersion strengthend steel, Martensitic steel, a toy phase transformation,
Y203, TiO2, Cold-rolling, Cladding, Tensile strength, Creep rupture strength, Fast reactor

1. Introduction
The ferritic steels are well known to have excellent radiation resistant, but have inferior

high temperature strength compared with the austenitic steels. This disadvantage can be
overcome by introducing thermally stable dspersoids in the ferritic matrix. The ODS
ferritic steels are the prospective cladding material for the advanced Liquid Metal Fast

11-51 161Reactors as well as being applicable as a low activated fusion reactor material
In the ODS ferritic steels with a basic composition of Fe-Cr-W-Ti-Y203, grain

morphology control by recrystallization has been shown to be indispensable not only in
softening the material hardened in the process of cold-rolling but also for suppressing the
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strength degradation by grain boundary sliding [7-1111 . As another approach, atoy phase
transformation was demonstrated to be capable method for controlling the grain morphology
by using the ODS martensitic steels

In this study, by applying a to -y phase transformation in the 9Cr-ODS martensitic
steels, cladding manufacturing test is executed using the cold-rolling process at room
temperature. The high temperature mechanical properties of the manufactured claddings are
investigated, focusing on varyingY203 and Ti contents, which could significantly affect the
mechanical properties of the 9Cr-ODS martensitic steels.

2. Experimental Procedure
2. 1 Manufacturing Process

The manufacturing process of the 9Cr-ODS martensitic claddings is represented in Fig. .
The Ar gas atomized powders of martensitic steel (less than 150 1i in 4 ) were mechanically
alloyed wthY203 powders (average diameter 20nm and Ti powders in orde t adjust the
target composition as a function Of Y203 and Ti contents. 10kg powder batches were
agitated for 48hr in an Ar gas atmosphere at a rotational speed of 220rpm. The mechanically
alloyed powders were then canned in 67mm diameter cans, and degassed at 673K in a IN
vacuum for 2hr. By using the hot-extrusion method 25mm. diameter bars were made at an
elevated temperature of 1423K.

N191, M92 and M93 claddings are manufactured by 2 times cold-rolling of about 50%
reduction ratio at each rolling using pilger mill, nFder to evaluate effects of Y203 and Ti
contents on the mechanical Properties. Ml claddings are manufactured through 4 times
cold-rolling and intermediate heat-treatment to investigate possibility for demonstrating the
fast reactor claddings.
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Fig.1 Manufacturing process of the 9Cr-ODS martensitic cladding

2.2 Eialuation Tests
The phase transformation temperature of 9Cr-ODS martensitic steels is determined by

dilatometric measurement method. The disc type of specimens are used in 8mm diameter
and 12mm thickness that are cut from the extruded bar of Ml L The phase transformation is
identified from vickers hardness and optical micrographs. The cladding manufacturing test
is conducted using 2 rolled type of cold-pilger mill. For manufactured cladding, high
temperature mechanical properties are evaluated by means of ring tensile and pressurized
internal creep rupture tests, since the circumferential hoop is a dominant stress-loading
direction in the fuel pin. In order to investigate the high temperature strength of 9Cr-ODS
martensitic steels, oxide dispersion parameters are determined by the transmission electron
microscopy observation of the thin foils. The partition of Ti into oxide particles and TiC
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carbide precipitate is determined from quantitative analysis of the extracted residue that is
separated from electrolytes by the filter with 200nm size mesh.

3. Phase Transformation
3.1 Phase Tran�formation Temperature

The thermal expansion data of MI I were measured using dlatometric measurement
method. A characteristic Ac, and AG3 points, which are temperature for starting and
finishing transformation of ferrite-martensite a into austenite ( during heating, were
1157K and 1233K, respectively. The phase transformation temperatures of the 9Cr-ODS

1121martensitic steel are slightly higher than conventional ones . Based on above
measurement, standard temperature for normalizing and tempering of 9Cr-ODS martensitic
steels was selected as 1323 K for 1hr and 1073K for 1hr.

3.2 Continuous Cooling Tran�formation (CCT) Diagram
At varying cooling rate from 1323K to room temperature after normalizing at 1323K,

vickers hardness measurement and optical microstructure observation were executed for MI I
cladding. The cooling rate was varied in the range of 5K/hr to 18,OOOK/hr. Te hardness
reaches more than 50OHv at the cooling rate of 18,OOOK/hr, and adequately decreases with
decreasing cooling rate; the hardness is reduced to only 33OHv at cooling rate of less than
I OOK/hr. These drastic hardness responses in relation to the cooling rate are considered to
be closely associated with morphology change caused by the martensite transformation from
the austenite phase.

Based on above results, continuous cooling transformation (CCT) diagram was originally
constructed for 9Cr-ODS martensitic steels, which is shown in Fig.2. In this diagram,
martensite and ferrite phase fields are distinguished by characteristic ines� martensite start
(Ms) and finish (Mf) lines and ferrite start (Fs) and finish (Ff) lines. At the highest cooling
rate curve of 18,OOOK/hr that intersects with Ms and Mf lines, nucrostructure consists of
martensite and small amount of 6 -ferrite with hi-her hardness of 502Hv as shown in optical
micrograph. On the other hand, slow cooling rate curve corresponding to 100K/hr and 5K/hr
cut across Fs and Ff lines alone. Thus, their microstructure is formed only ferrite of 7 m
grain size and carbides that induced lower hardness of 33OHv. The intermediate cooling rate
of 1000K/hr contains both ferrite and martensite structures. 18,OOOK/hr (502Hv)
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Fig.2 CCT diagram and corresponding optical macrograph of M11 cladding
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With regard to the martensite phase transformation, its starting temperature Ms is around
673K, and is located within the range of published data band of conventional
ferritic-martensitic steels 1121.This Ms point is reasonably interpreted with a content of the
interstitial carbon in the steel, and effect of oxide particles could be minor. In contrast, the
minimal cooling rate to obtain martensite phase is ranged 'In a few hundred K/hr for 9Cr-ODS
martensitic steel, whereas conventional ferritic-martensitic steels take around 2K/hr,
depending on the prior austenite grain size; finer grains display higher critical cooling rate [121.

Significant higher critical cooling rate in 9Cr-ODS martensitic steels, that is measured in this
experiment, could be attributed to the very fine grain size of prior austenite, since grain
growth is retarded through pinning by oxide particles during normalizing at 1323K for I hr.

4. Cladding Manufacturing Test
In order to study a feasibility of manufacturing claddings from the mother tubes in the

dimension of 18mm outer diameter and 3mm thickness, cladding manufacturing test was
executed by means of pilger-mill rolling by 4 times into the final dimension of 8.5mm outer
diameter, 0.5mm thickness and about m length. Based on the CCT diagram, cold-rolling of
9Cr-ODS martensitic steel claddings was carried out under the softened ferritic structure for
mother tubes that is induced by slow cooling rate at lOOK/h after normalizing at 1423K.
Fig.3 represents the results of hardness change in the course of cladding manufacturing
process. The cold-rolling was repeated 4 times with a reduction rate of near 45%- hardening
occurs due to accumulation of cold-rolled deformation. The intermediate heat-treatment,
that consists of slow cooling rate at 15OK/hr from the austenitic phase, can successfully
induce softening the hardened claddings. At the final step of cladding manufacturing,
normalizing at 1323K for hr and then tempering at 1073K for hr were undertaken, in order
to destroy the substantially elongated grain structure formed by cold-rolling.

450
CR Cold-rolling

HT Heat-treatment

400 C1 323K X 0.5hr-1 50k/hr)

FHT Final heat-treatment

1323K X I r AC
350 1-1073KX 1h AC

AC Air cooling

300

Fig.3 Hardness change in the course of M11 cladding manufacturing

The results of analyses of chemical composition in the manufactured claddings are listed
in Table 1. The M93 and MI I have a nominal composition of 0.2mass% Ti and 0.35mass%
Y203. M91 was prepared for evaluating the effect of lower Ti content of 0.12mass%, and
M92 was for lower Y203 of 0.30mass%. Excessive oxygen (Ex.0) is defined as the oxygen
content by subtracting oxygen coupled with Y203 from the total amount of oxygen in the
material, which was analyzed by the inert gas melt method. The Y content was also
analyzed by the inductively coupled plasma method, from which the Ex.0 and Y203 contents
were estimated. The Ex.0, N and Ar gases appear to be contained during mechanical
alloying process. The 1.94mass% W was introduced as a solution hardening element.
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Table I Chemical composition of manufactured claddings
Specimen Chemical composition ass%)

No. C Cr w Ni Ti Y'0'(11) Ex.O"" N Ar

M91 0.11 9.26 1.94 0.022 0.12 0.34 0.05 0.010 0.0033
M92 0.13 9.00 1.94 0.022 0.20 0.30 0.04 0.010 0.0034
M93 0.12 8.99 1.94 0.022 0.20 0.15 0.06 0.010 0.0033
M11 0.13 9.00 1.95 0.021 0.20 0.37 0.06 0.013 0.0025

(*I)Ycontentxl.27, (*2)Totaloxygen content - Y content X 027

5. Mechanical properties
5. 1 Tensile P�,operties

Fig.4 represents the ultimate tensile strength in the hoop direction at room temperature to
1073K, and that of the conventional ferritic-martensitic stainless steel (PNC-FMS) is also
plotted 1131. All manufactured claddings show the improved tensile strength in the hoop
direction over the entire temperature region. By increasing the T content from 0 12 (M9 1)
to 0.20mass% (M93), the ultimate tensile strength is step-wise increase. The improvement
in the ultimate tensile strength due to more addition Of Y203 from 030 (M92) to 0.35mass%
(M93) with the same content of 0.20massTl is less significant. MI I claddings, that were
manufactured by 4 times cold-rolling, have almost same composition as that of M93. From
a comparison of results of tensile tests in M93 and Ml I claddings, different manufacturing
process has less effect on tensile properties. All of claddings show higher strength level than
PNC-FMS, and strength ratio increases with increasing temperature particularly above 90OK;
strength improvement by Y203 dispersion was confirmed to be superior at the higher
temperature.
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Fig.4 Ultimate tensile strength in the hoop direction of M91, M92, M93 andMI I caddings

The uniform elongation of PNC-FMS tends to decrease with increasing temperature,
whereas in MI I claddings the uniform elongation is adequately maintained and increases over
about 800K. This performance coincides with trend of ultimate tensile strength. The
improved uniform elongation in NIN cladding could arise from the retardation of recovery
and continuing work-hardening due to pining the dislocation by Y203 particles.

5.2 Creep ruptureproperties
The internal creep rupture strengths of M91, M92, M93 and M11 claddings and

PNC-FMS 113lat973KareshownforcomparisoninFig.5. Theslopeofinternalcreeprupture
lines among the 9Cr-ODS martensitic claddings is identical, and the only difference is the
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strength level at the shorter times to rupture. This different strength level could be caused by
the size Of Y203 particles and inter-particles spacing among these claddings. The creep
rupture strength also tends to significantly increase with increasing T contents from 012 to
0.20mass% in M92, M93 and M11 laddings. The addition Of Y203 from 0.30 to
0.35weight% results in slightly improved strength. The longitudinal creep upture data of
M93 cladding are also represented. There is no difference in longitudinal and internal creep
rupture strength� disappearance of strength anisotropy in both directions. Thus, the equi-axed
grains induced by a to phase transformation led to the isotropic strength in 9Cr-ODS
martensitic steel claddings.
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Fig.5 Internal creep rupture strength in the hoop direction at 973K

6. High Temperature Strength Evaluation
61 Oxide Particle Distribution

Since the high temperature strength of 9Cr-ODS martensitic steels is dominated by an
existence of oxide particles in the martensitic steel matrix, a dispersion parameter of the oxide
particles was measured based on the high magnification transmission electron micrographs.
The high magnification0f Y203 particles by transmission electron micrograph of thin film is
represented in Fig.6. The shape Of Y203 particles is nearly spherical. The oxide particle
size is obviously reduced, and inter-particles spacing is shortened in M92 and M93 as

M91 M92 M93

Fig.6 Transmission electron micrograph0fY203particles
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compared with M91. The original size of oxide particles is about 20nm, and thus M92 and
M93 containing 0.20mass% Ti have a significantly reduced size at a center of 3nm diameter
with regular size distribution. In contrast, broad distribution ranging from 5 to l0nm in
diameter is dominated in M91 with Ti content of only 0.12mass%. These observations
provide evidence that T content significantly affects the particle size redistribution. It is
considered that the results of significant reduction Of Y203 Particle size and shortened
inter-particle spacing in the M92 and M93 by addition of 0.2mass% Ti is owing to the step-wise
increase of tensile and creep rupture strength, as compared with M91 of 0. 12mass% Ti.

6.2 Complex Oxide Composition
The noticeable improvement in tensile and creep rupture strength of M93 and Ml I is

attributed to remarkable refinement of the oxide particles. The major difference in the
chemical composition among the manufactured claddings is only content Of Y203 and Ti.
Thus, Ti partition between oxide particles and other precipitates was investigated to clarify
phenomena of the oxide particle refinement. From the electron diffraction measurement, TiC
was confirmed to be main precipitate with a few hundred nm size that could be formed during
the tempering at 1023K. Therefore, the electrolytes of M91 to M93 were taken, and then
separated by the filter with 200nm size mesh. The quantitative analyses of each element in
the extracted residue was executed. The Ti in the electrolytes passed through the filter with
200nm size mesh is assumed to be included in the very fine Y203 particles. Table 2 shows
the results of analyses, where the soluble content of each element was calculated by
subtracting concentration in precipitate from the total. The large parts of T exists as TiC
precipitate, and most of W are solved in the matrix. Table 3 represents amount of TiO2
estimated from the soluble Ti and Ex.0 contents. The TiO2 formation is restricted to an
amount of soluble Ti in these cases, thus consequently rnol% of TiO2 is less than equivalent to
Y203. These results suggest that 0.27Y203-0-73ay2Ti0s are co-existed in the oxide
partt les of M91 and .06Y203-0-94 ay2TiO-, in M92 and 0 19Y203-0- 8 a Y2TiO,, in M93.
The co-authors discovered that complex oxide formation of a Y2TiO-, by combiningY203
and TiO2 significantly reduces the oxide particle size. Thus, the extent of refinement would
be dependent on degree of stoichiometry. The reason why M92 shows the extremely reduced
size of oxide particles could be attributed to the nearly stoichiornetric composition of a
YJiOs.

Table 2 Results of quantitative analyses of elements in the extracted residue from electrolyte
�r (mass%). Ti (rnass%) W (mass%) C (mass%)N o . .. . . .. .......... . . . ....... ........... .................. ........ ... ............ . .... .... ... ...... .. ......... ...... .. .... .. ........ ..

Total lPrecipitate.Soluble Total PrecipitatelSoluble Total !Precipitate'Soluble Total Precipitate Soluble
M91 9.08 1.22 7.86 0.13 0.077 0.053 1.93 0.32 1.61 0.12 0.12 0.00

....... ......... ............. ............. .... ....................... ............................... .......... ..... ....... .. .. ............................... .......... ......... .. .. ..........
M92 8.72 1.13 7.59 0.20 0.140 0.060 1.91 0.34 1.57 0.13 0.12 0.01

.. .... ...... ............... ............ .......... .... ........... ......... ................. .......... .................. .. ................... ....... ........... ......................... .. ..... ...... .. .. ... ...

M93 872 1.15 7.57 0.21 1 0.150 I 0.060 192 0.35 1.57 0.13 0.12 0.01
*Elenmt concentration ir� soluble \as estunated by subtractuig concentration precipitates from the total

Table 3 Results of estimation of chemical form in complex oxide particles from soluble Ti�
Y203 and Ex.0
Soluble Ti Y'0' EX.0 Estimated O2 (masso/o) Chemical form (mol%)N o . .. ... ... ..................... .......... ................... ....................... ........... ...... .. .. ....
(mass%) (mass%) (rnass%) from Ex. 0 from soluble Ti Y201 TiO2

M91 0.053 0.34 0.05 0.125 0.088 1 I 0.73
.. ..... .. ........... ..... .... ... .. . ................ ........ .. ... .... . ...... ...... . .... . . . .. .. ..... . ........ .... ... ......... ...................................... .......

M92 0.060 0.30 0.04 0.10( 0.100 I 0.94. ...... ...... ...... .. .. ................................. ............ .... ....... .............. ... ... ..... ..... .. ....... .......... .... ... ..... . .. .... .. ..... ....... .. .............. ............ ........................ ... ................................... ........ ..

M93 0.060 0.35 0.06 0.150 0.100 I 0.81
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7. Conclusion
The following results were obtained in this study:

(1) The CCT diagram of 9Cr-ODS martensitic steels was constructed, and higher minimum
cooling rate is necessary for inducing the martensitic phase transformation due to their
finer prior austenite grains in compared with conventional ferritc-martensitic steels.

(2) It was originally shown on the basis of the CCT diagram that caddings are able to be
manufactured by cold-rolling under the softened ferrite phase induced by slow cooling at
15OK/hr from austenite phase. Substantially elongated grains produced by cold-rolling
were destroyed and successfully changed to the equi-axed homogeneous grains by using
a to phase transformation at the final stage of the cladding manufacturing process.

(3) The homogeneous grains induced isotropic creep strength as we expected, although
as-rolled claddings with elongated grains along rolling direction exhibited strong strength
anisotropy. The manufactured claddings showed noticeable improvement in tensile and
creep rupture strength that are considerably superior to PNC-FMS and even austenitic
PNC316 at higher temperature and longer time to rupture. Adequate ductility is also
maintained.

(4) The oxide particle distribution significantly affects the strength. From experiment with
varying Ti and Y203 contents, Ti addition is the most effective for improving both tensile
and creep rupture strength by reduction fY203 particle size and shortening inter-particles
spacing. The behavior of oxide particle size reduction is associated with a stoichiometry
between Y203 and TiO2.
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