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Abstract

Increasing Cr content from 9 to 12 mass % leads to superior corrosion and
high-temperature oxidation resistances, but usually changes microstructure from
martensite to full-ferrite. Alloy design was conducted for 12CrODS steels to modify
their structure to the martensite-base matrix, since the transformable martensititic ODS
steels have superior processing capability by using o/y phase transformation. The two
types of ferrite are included; the equilibrium ferrite is predictable from the equilibrium
phase diagram. Formation of the metastable residual ferrite was assessed through
pinning of o/y interfacial boundaries by oxide particles as well as chemical driving force

for the a to y transformation.
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1. Introduction

As candidate materials for the advanced fission and fusion materials, the 9Cr
oxide-dispersion-strengthened (ODS) steels have an advantage for controlling
processing-fabrication routes by an a/y phase transformation, however they exhibit
inferior corrosion and high-temperature oxidation resistance. Increasing chromium
content improves this disadvantage, but amount of chromium addition induces
embrittlemet due to o’ precipitate [1, 2]. Therefore, we selected 12 mass % Cr ODS
steels within a limited amount of chromium addition [3]. These steels are usually
full-ferrite. In this study, the transformable martensitic base 12CrODS steels are
designed to lead to better processing formability by the a/y transformation. For
transformable 9CrODS steels, it is known that their structure is a dual phase composed
of tempered martensite and ferrite[4-6], although the full-tempered martensite is
predicted in the equilibrium phase diagram. This ferrite is designated as a metastable
residual ferrite, and it is also known that the residual ferrite significantly improves the
high-temperature strength in 9CrODS steels [7-12]. The structure of martensitic base
12CrODS steels is, therefore, investigated, focusing on residual ferrite formation
improving high-temperature strength.  The microstructural change induced by
increasing chromium content from 9 to 12 mass % was evaluated in terms of SEM and

TEM observation, hardness measurement and thermodynamic analysis.

2. Experimental Procedure

Pure elemental powders of iron (99.5 mass%, 45-100 um), carbon (99.7 mass%, 5

um), chromium (99.9 mass%, under 250 um), nickel (99.9 mass%, under 250 pum),



tungsten (99.9 mass%, 4.5-7.5 um) and titanium (99.7 mass%, under 150 um) were

mechanically alloyed (MAed) together with Y,03 powder (99.9 mass%, 20 nm) for 48 h

in an argon gas atmosphere using a planetary-type ball mill (Fritsch P-5).  The rotation

speed is 450 rpm and powder to ball ratio is 1/10.

The MAed powders were consolidated by spark plasma sintering (SPS) at 1100 °C

and 44 MPa for 2 h. A size of the consolidated specimens is 12 mm in diameter and

40 mm in height, and this cylindric type of specimens were embedded into plate made

of stainless steel (SS).  The SS plates containing 12CrODS steel cylinders were kept

at temperature of 1150 °C in the electric furnace, and they were hot-rolled (HRed) up to

total reduction rate of 77 %, and followed by air-cooling (AC) to room temperature at a

cooling rate of about 3,400 °C/h. Some of the hot-rolled specimens were subsequently

normalized at 1050 °C for 1 h and tempered at 800 °C for 1h (N-T).

The composition of 12CrODS steels was set to be 12Cr-0.15C-1.5W-0.3Ti-

0.35Y,03 (mass %) with parameters of 0, 0.5 and 1.0 mass % in nickel content, where

three specimens fabricated are designated as ONi, 0.5Ni and 1Ni specimens. The phase

diagram of 12Cr-0.15C-1.5W-0.3Ti system was calculated by means of Pandat code as a

function of nickel content. As shown in Fig. 1, 1Ni specimen belongs to the single

y-austenite, and 0.5Ni and ONi specimens are composed of dual o and y phases at the



normalizing temperature of 1050 °C. The fraction of o and y phases for 0.5Ni and ONi

specimens can be also predicted by Pandat code. The metallographic specimens were

polishing with 400-4000 emery paper, 1um diamond paste and alumina colloidal silica,

and microstructure was analyzed by means of JEOL JSM-6500F field-emission

scanning electron microscope (FE-SEM). The micro Vickers hardness was measured

using a Shimazu HVM-2 micro hardness tester. The specimens for transmission

electron microscopy (TEM) were prepared by electro-chemically polishing using a

Tenupol-5 and a solution of perchloric acid: acetic acid = 1:19. The size and

distribution of the dispersed oxide particles were analyzed by a LaB6 type JEM-2010

with an acceleration voltage of 200kv.

3. Results

The SEM photos of the ONi, 0.5Ni and 1Ni specimens after normalizing at 1050 °C

for 1 h are represented in Fig.2, where the flat surface and wavy surface areas

correspond to ferrite and martensite, respectively, as shown by arrows. It can be seen

that three specimens are composed of dual phases, ferrite and martensite. Even though

the single y-austenite is predicted for 1Ni specimen at 1050 °C shown in Fig.1, the

ferrite with the flat surface exists; thus this ferrite corresponds to the metastable residual



ferrite. The structure of all of specimens is martensite-base, and an area fraction of the

ferrite measured by image analyses led to 32 % for ONi, 19 % for 0.5Ni and 10 % for

INi specimens.

The micro Vickers hardness measurement was conducted for these specimens

normalized at 1050 °C for 1 h and followed by tempering at 800 °C for 1 h. Their

results are plotted in relation to the ferrite fraction in Fig. 3: the hardness increases with

increasing the ferrite fraction. It is well known that the ferrite is softer than the

tempered martensite, so increasing ferrite fraction induces decrease of hardness in the

conventional ferrite-martensitic steels. Our results are opposite to this general trend.

This reason is ascribed to dispersion strengthening of oxide particles in both phases. It

was reported in our previous study on 9CrODS steels [5] that a few nm size oxide

particles are finely dispersed in the ferrite phase. Inversely their size in the martensite

phase is coarser in association with o/y reverse transformation that could disturb the

interfacial coherency between oxide particle and matrix, and thus could coarsen the

oxide particles to minimize the interfacial energy [13]. Based on above previous study,

the ferrite fraction measured by image analyses of the SEM is reasonable for ONi, 0.5Ni

and 1Ni specimens.

The ferrite fraction for the different nickel content estimated by image analyses of



SEM photos of Fig. 2 is represented by solid circles in Fig. 4.  This ferrite includes the

equilibrium ferrite as well as metastable residual ferrite. Both ferrites can’t be

separated by the SEM photos, however the equilibrium ferrite can be

thermodynamically predicted by means of Pandat code. Their results are shown by the

solid squares in Fig. 4. The difference of both ferrite fraction, therefore, corresponds

to the metastable residual ferrite. This fraction slightly decreases with increasing

nickel contents.

4. Discussion

The formation process of the residual ferrite is discussed for 12CrODS steels.

Based on the computed phase diagram shown in Fig. 1, My3Cg carbide in a ferrite is

decomposed when normalized at 1050 °C, and y phase is concomitantly stabilized.

The free energies of the o and y phases predicted by Pandat code at 1050 °C is

illustrated as G" and G' in Fig. 5 as a function of carbon content. The o phase

containing 0.017 mass % carbon and y phase containing 0.109 mass % carbon are

mutually equilibrium by the common tangent line.  These points are indicated by A and

B. Focusing on a process of y phase formation from a phase, however, the carbon



content around the carbide increases, when the carbide precipitates are decomposed.
For instance, at pint C, the chemical driving force for the y phase formation from o
phase corresponds to distance B-D by making tangential line at C on the free energy
curve of a phase, G*.

The TEM photographs of the oxide particle are shown in Fig. 6 for ONi, 0.5Ni and
1.0Ni specimens. Average radius of the oxide particles is about 4 nm; thus pinning
force by oxide particles against movement of the a/y interface was estimated to be 8

MJ/m?, according to following equation [14];

o- f2/3

r

F_3.
4

where ¢ is aly interfacial energy (0.56 J/m?) [15], r is radius and f is volume fraction of
the oxide particles. This pinning force by the oxide particles is shown by the shade in
Fig. 5. In this case, pinning force exceeds the chemical driving force for o to y phase
transformation, implying that some of the ferrite retain at the normalizing condition.
This ferrite was designated as the residual ferrite. For 12CrODS steels, transformable
martensite-base structure was constructed with respect to the nickel content, and the
formation of the equilibrium ferrite and the metastable residual ferrite are able to be

designed in terms of the equilibrium phase diagram and thermodynamic assessment.



5. Conclusion

The results obtained in this study are summarized as follows;

(1) Alloy design was conducted for 12CrODS steels, and its structure was successfully

modified from full-ferrite to the transformable martensitic matrix containing ferrite.

This ferrite consists of the equilibrium ferrite and the metastable residual ferrite.

(2) The fraction of the equilibrium ferrite is predictable on the basis of computed

equilibrium phase diagram. Formation of the residual ferrite was evaluated through

pinning of o/y interfacial boundaries by oxide particles as well as chemical driving

force for a to y transformation by thermodynamic assessment.
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Figure Caption

Fig. 1 Computed phase diagram of Fe-12Cr-0.15C-1.5W-0.3Ti as a function of nickel

content.

Fig. 2 SEM photographs of the fabricated specimens after normalizing at 1050 °C for

1h.

Fig. 3 Vickers hardness vs. ferrite fraction of the fabricated specimens after

normalizing at 1050 °C for 1 h followed by tempering at 800 °C for 1 h.

Fig. 4 The ferrite fraction vs. nickel content evaluated by SEM microstructure (total
ferrite) and Pandat code (equilibrium ferrite). Difference of both ferrite

fraction corresponds to the fraction of the metastable residual ferrite.

Fig. 5 Schematic illustration of free energy change during y phase formation from the
a phase at normalizing temperature of 1050 °C. The chemical driving force for

v phase formation is shown by B-D, and pinning force is shown by shade.

Fig. 6 TEM micrographs of the oxide particles.
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