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Abstract 

 

It is recognized that the high-temperature strength of 9Cr-ODS ferritic steels is 

maintained by the presence of a ferrite phase.  In order to clarify the formation 

process of the ferrite phase, 9Cr-ODS ferritic steels containing various contents of 

Y2O3, i.e., 0 mass%, 0.1 mass%, 0.35 mass%, and 0.7 mass%, are prepared by 

means of mechanical alloying and hot pressing.  The ferrite phase is formed by 

the addition of 0.35 mass% and 0.7 mass% Y2O3; however, it is not formed for 

steels without and with 0.1 mass% Y2O3 normalized for 1 h at 1050 °C.  It is 

considered from the thermodynamic analyses that the pinning of the α-γ interface 

motion by the dispersed Y–Ti complex oxide particles can be attributed to the 

retention of the ferrite phase normalized at 1050 °C, and this ferrite phase cannot 

be δ-ferrite that is in equilibrium with the γ-phase.   
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1. Introduction 

Oxide-dispersion-strengthened (ODS) ferritic steels are known to be promising 

candidates for use as advanced fission and fusion materials that require excellent 

radiation resistance and high-temperature capabilities [1–3].  We focus on the 

development of 9Cr-ODS ferritic steels [4–9]; their microstructures can be easily 

controlled by a reversible martensite phase transformation with a remarkably high 

driving force of a few hundred megajoules per cubic meter as compared to the driving 

force of irreversible recrystallization of a few megajoules per cubic meter for 

12Cr-ODS ferritic steels [10].  9Cr-ODS ferritic steel claddings are currently being 

manufactured for use in fast reactor fuel elements at the Japan Atomic Energy Agency 

by inducing reversible martensitic and α/γ phase transformations.   

From a series of extensive experiments, it has been recognized that 9Cr-ODS 

ferritic steel claddings manufactured in an engineering process exhibit a dual phase 

structure comprising tempered martensite and ferrite.  The high-temperature strength 

of the manufactured 9Cr-ODS ferritic steel claddings is significantly improved by the 

presence of the ferrite phase [11–15].  

The formation of the ferrite phase in 9Cr-ODS ferritic steel is unusual because 

under normalizing and air-cooling conditions, only the full martensite phase can be 

expected in 9Cr ferritic steel without yttria.  However, Cayron et al. also reported the 

presence of ferritic grains during the normalizing heat treatment of 9Cr-ODS Eurofer 

steel [16].  In this study, in order to elucidate the cause of the formation of the ferrite 

phase in 9Cr-ODS ferritic steels, mechanically alloyed (MAed) powders with various 

amounts of yttria were fabricated and hot-pressed in the laboratory.  The origin and 
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the formation process of the ferrite phase were investigated by X-ray diffraction, 

dilatometric experiments, and thermodynamic analyses. 

 

2. Experimental  

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

µm), chromium (99.9 mass%, under 250 µm), tungsten (99.9 mass%, 4.5–7.5 µm), and 

titanium (99.7 mass%, under 150 µm) were mechanically alloyed together with Y2O3 

powder (99.9 mass%, 20 nm) for 48 h in an argon gas atmosphere using a 

planetary-type ball mill (Fritsch P-6).  A pot with a volume of 250 cm3 was rotated at 

a speed of 420 rpm; the pot contained the powders (35 g) and balls (total weight: 350 

g); the weight ratio of the balls to the powders was set at 10:1.  The chemical 

composition of the MAed powder produced was Fe–9Cr–0.13C–2W–0.2Ti–0.35Y2O3 

(mass%).  The excess oxygen (Ex. O) was measured to be 0.09 mass%, which was 

determined by subtracting the amount of oxygen contained in Y2O3 from the total 

oxygen content; this amount of oxygen is sufficient for the formation of a Y–Ti 

complex oxide.  Specimens containing 0.1 mass% and 0.7 mass% Y2O3 and without 

Y2O3 were also prepared in an identical manner, and the compositions of Cr, C, W, and 

Ti were unchanged. 

The MAed powder was sealed in quartz glasses under vacuum and normalized at 

1050 °C for 1 h; this was followed by quenching in water.  The microstructure of the 

MAed powders was observed using the secondary electron microscope (SEM) of 

JEOL JSM-6390 after polishing and etching with 50% dilute aqua regia containing 

hydrochloric acid and nitric acid in the ratio of 3:1.  High-temperature X-ray 
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diffraction measurement was conducted at 950 °C using Philips X’Part Pro, which is 

equipped with a Mo X-ray source and a sample stage made of Pt that facilitates direct 

electrical heating.  The bulk samples with a dimension of 3 mm × 3 mm × 10 mm 

were prepared by hot-pressing the MAed powders at 55 MPa and 1100 °C for 3 h, and 

their bulk density was measured to be 7.52g/cm3.  The dilatometric measurement was 

performed using hot-pressed specimens by Rigaku TMA–8140C during heating at a 

rate of 0.33 °C/s. 

The computation of the phase diagram and the thermodynamic analyses of the 

Fe–9Cr–0.13C–2W–0.2Ti system were performed using the Thermo-Calc code and 

the TCFE6 database, and the Gibbs energy difference between ferrite (α) and 

austenite (γ) was considered for predicting the driving force for the reverse 

transformation of the α-phase to the γ-phase.  

 

3. Results 

The computed phase diagram of the Fe–9Cr–0.13C–2W–0.2Ti system without 

Y2O3 is shown in Fig. 1 with respect to the carbon content.  For a carbon content of 

0.13 mass%, the single austenite γ-phase containing TiC carbide exists at the 

normalizing temperature of 1050 °C.  The equilibrium γ/γ+δ phase boundary at this 

temperature corresponds to a carbon content of 0.08 mass%, beyond which δ-ferrite is 

not stable. 

Fig. 2 shows SEM micrographs of the MAed powders for specimens with 0.1 

mass%, 0.35 mass%, and 0.7 mass% Y2O3 and without Y2O3 that were heat-treated by 

normalizing at 1050 °C and quenching in water after mechanical alloying.  The 
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specimens without and with 0.1 mass% Y2O3 have the full martensite structure, which 

was obtained by inducing the transformation from the γ-phase by water quenching.  

This result is completely consistent with the computed phase diagram shown in Fig. 1.  

Nevertheless, the specimens with 0.35 mass% and 0.7 mass% Y2O3 exhibit a dual 

phase comprising martensite and uniform contrast phases.  Digital image analyses 

showed that the area fraction of the uniform contrast phase was approximately 0.2 for 

specimens with 0.35 mass% and 0.7 mass% Y2O3.  No obvious difference was 

observed between X-ray diffraction peaks of the martensite phase and uniform contrast 

phases at room temperature.  However, high-temperature X-ray diffraction 

measurement at 950 °C showed a considerable difference, as shown in Fig. 3; the 

specimen without Y2O3 had diffraction peaks corresponding only to the austenite 

γ-phase, whereas specimens with 0.35 mass% and 0.7 mass% Y2O3 had diffraction 

peaks corresponding to the austenite γ-phase and the ferrite phase.  The austenite 

γ-phase transformed to the martensite phase, but the ferrite phase remained unchanged 

by water quenching.  These results prove that the uniform contrast phase is composed 

of ferrite.  Considering that the ferrite phase is formed only in the specimens 

containing 0.35 mass% and 0.7 mass% Y2O3 and that four types of ODS steels shown 

in Fig. 2 have an identical chemical composition except for Y2O3 content, it seems that 

the presence of a Y2O3 particle favors the retention of the ferrite phase at 950 °C (Fig. 

3) and 1050 °C (Fig. 2), which leads to inconsistency with the computed phase 

diagram shown in Fig. 1. 

Dilatometric measurement was carried out from room temperature to 1200 °C with 

a heating rate and a cooling rate of 5 °C/min.  Fig. 4 shows the results of the 
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dilatometric measurement when Fe–9Cr–0.13C–2W–0.2Ti was heated without and 

with 0.35 mass% Y2O3.  In the case of the specimen without Y2O3, the linear thermal 

expansion coefficients started decreasing from AC1 point of 850 °C to AC3 point of 

880 °C because of the reverse transformation of the martensite-phase to the γ-phase, 

which was in reasonably good agreement with the computed phase diagram shown in 

Fig. 1.  The addition of 0.35 mass% Y2O3 induced an increase of up to the AC3 point 

of 930 °C.  By comparing both the curves, we found that the specimen with 0.35 

mass% Y2O3 exhibited a smaller amount of reduction in the linear thermal expansion 

during the reverse transformation of the martensite-phase to the γ-phase; this 

observation indicates that the entire martensite-phase could not be transformed to the 

γ-phase.  The untransformed ferrite phase corresponds to the X-ray diffraction peaks 

observed in the specimen with 0.35 mass% Y2O3 at 950 °C (Fig. 3).   

The linear thermal expansion coefficients between 1,000 °C and 1,200 °C were 

determined by calculating the thermal expansion differences at temperature intervals of 

5 °C; the values obtained are presented in Fig. 5.  In this temperature range, the linear 

thermal expansion coefficient of the specimens without Y2O3 was constant at 22 × 

10–6 °C–1; this value coincides with that of the austenite γ-phase.  Similarly, the linear 

thermal expansion coefficient of the specimen with 0.35 mass% Y2O3 was almost 

constant at around 19 × 10–6 °C–1 in this temperature range.  The error band of the 

data was estimated to be about ±1 × 10–6 °C–1.  From equation (1), we could calculate 

the linear thermal expansion coefficient (αODS) of the specimen with 0.35 mass% Y2O3 

by considering the linear fraction of ferrite (fα) and linear thermal expansion coefficient 

of ferrite (αF) and austenite (αA): 
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αODS = fα × αF ＋ (1 – fα) × αA,           (1) 

where αA and αF are 22 × 10–6 °C–1 and 14 × 10–6 °C–1, respectively [17].  The value 

of the linear fraction of ferrite, fα, was obtained by using the following relation: 

    fα = 
)8.02.0(

2.0
+

,        

      = 0.33,                        

where the numbers 0.2 and 0.8 correspond to the area fraction of the ferrite and 

austenite, which were obtained by the SEM observation as shown previously.  When 

these values were substituted into equation (1), the resultant value of αODS obtained 

was 19.4 × 10–6 °C–1; which is represented by a broken straight line in Fig. 5.  This 

computed value roughly agreed with the result of the dilatometric measurement of the 

0.35 mass% Y2O3 specimen.   

If the untransformed ferrite would correspond to a δ-ferrite in equilibrium with the 

γ-phase, its linear thermal expansion coefficient between 1,000 °C and 1,200 °C can be 

estimated by the lever rule of the computed phase diagram.  The volume fraction of 

the δ-ferrite could be converted from the area fraction by the following relation, 

assuming that the untransformed ferrite belonged to δ-ferrite: 

Fδ  = 0.21.5/ (0.21.5 + 0.81.5) ,                                            

     = 0.11, 

where the volume fraction of δ-ferrite is denoted as Fδ.  Setting Fδ with 0.11 at 

1,050 °C, we estimated the ratio of Fδ to the volume fraction of the γ-phase, Fγ at a 

temperature between 1,000 °C and 1,200 °C, according to the lever rule between 

δ-ferrite and the γ-phase.  The results are shown in Fig. 6, where the Fδ increased with 

an increase in temperature.  The estimated Fδ was converted to the linear fraction fδ, 
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and the trend of linear thermal expansion coefficient could be derived according to 

equation (1).  As shown by the broken thin curve in Fig. 5, the thermal expansion 

coefficient decreased slightly with an increase in temperature.  On the other hand, if 

the ferrite phase is not δ-ferrite, but the untransformed residual ferrite in a 

non-equilibrium state, the lever rule cannot be satisfied.  The volume fraction of the 

untransformed residual ferrite should be constant even when the temperature increased 

to up to 1,180 °C, where the γ-phase decomposed into the γ + δ phases; this condition 

leads to a constant thermal expansion coefficient between 1,000 °C and 1,180 °C.  

However, whether the measured thermal expansion coefficient of 9Cr-ODS ferritic 

steel with 0.35Y2O3 corresponded to the broken straight line (residual ferrite) or the 

broken thin curve (δ-ferrite) is not obvious from only the thermal expansion coefficient 

data shown in Fig. 5. 

 

4. Discussion 

Alinger et al. have carried out a small angle neutron scattering (SANS) experiment 

for a U14YWT specimen (Fe–14Cr–0.4Ti–3W–0.25Y2O3).  The neutron scattering 

cross section (dΣ/dΩ) and scattering vector (q2) were measured for the MAed powder 

after hot-isostatic-pressing (HIP) or thermal annealing at 700 °C, 850 °C, 1000 °C, and 

1150 °C [18].  Their results indicate that the MAed powder annealed at 700 °C shows 

the smallest radius and highest density for the Y–Ti complex oxide particles.  

Assuming that the Y2O3 particles were decomposed during mechanical alloying [18, 

19], the subsequent annealing resulted in the formation and precipitation of Y–Ti 

complex oxide particles at elevated temperatures of 700 °C or higher.  Since the 
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reverse transformation of the ferrite δ-phase to the austenite γ-phase took place at the 

elevated temperature of over 850 °C, which is higher than the precipitation temperature 

of the Y–Ti complex oxide particles, it is possible to consider that the partial retention 

of the residual α-ferrite can be attributed to the presence of the Y–Ti complex oxide 

particles in the 9Cr-ODS ferritic steels; these particles should block the motion of the 

α–γ interface [20], thereby partly suppressing the reverse transformation of the α-phase 

to the γ-phase.  In this section, we present more quantitative evaluation. 

The chemical driving force (ΔG) for the reverse transformation of the α-phase to 

the γ-phase in the Fe–0.13C–2W–0.2Ti system without Y2O3 can be evaluated in terms 

of Gibbs energy vs. carbon content curves at each temperature; these curves were 

derived by using the Thermo-Calc code and TCFE6 database.  The result of the 

calculation is presented in Fig. 7.  ΔG corresponds to the Gibbs energy difference in 

the γ-phase and the α-phase, where a positive value of the driving force, i.e., ΔG > 0, 

indicates the complete transformation to the single γ-phase, while a zero value, i.e., ΔG 

= 0, represents the equilibrium between the α-phase and the γ-phase at low 

temperatures and between the γ-phase and the δ-phase at high temperatures above 

1180 °C.  The peak value of the driving force for the reverse transformation of the 

α-phase to the γ-phase reaches 4 MJ m–3 at 1000 °C. 

The pinning force (F) against the motion of the α/γ interface can be expressed as 

equation (2), which was obtained from the modified Zener equation by Mishizawa et al. 

[21]. 

r
f

8
3F

32
p⋅σ

= ,                     (2) 

where σ (J/m2) is the interfacial energy between α and γ and its value was selected to 
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be 0.56 J/m2 [22].  r (m) is the radius of the oxide particles in the α-phase.  The 

chemical form of the oxide particles was determined to be Y2Ti2O7 by TEM[1], and 

their diameter was estimated to be about 3 nm in the specimen of the same 

composition by authors[11][14].  Thus, r was set as 1.5 nm.  fp is the volume fraction 

of dispersed oxide particles (–), and it was derived on the basis of the experimental 

evidence that oxide particles consist of Y2Ti2O7.  By substituting these values into 

equation (2), we determined the value of the pinning force F for 0.1 mass%, 0.35 

mass%, and 0.7 mass% Y2O3, which are shown in Fig. 7.  The value of F increases 

with the amount of Y2O3 added according to the relation of 32f . 

The velocity of the α–γ interface motion (v) is proportional to the difference 

between F and ΔG, as shown in equation (3): 

    v = M × (ΔG – F).                      (3) 

M is the mobility of the interface.  ΔG and F are competitive, and ΔG > F indicates a 

positive velocity for the interface motion, i.e., the reverse transformation of the 

α-phase to the γ-phase.  On the other hand, ΔG < F indicated that the α–γ interface 

could be pinned by oxide particles, and thus the α-phase was retained.  The results of 

calculation shown in Fig. 7 reveal that in the case of Y2O3 contents of 0.35 mass% and 

0.7 mass%, the pinning force is larger than the driving force, which is reasonably 

consistent with the experimental observation of retaining the residual α-ferrite at the 

α/γ reverse transformation.   

On the basis of the above discussion, the process of the formation of the residual 

α-ferrite is schematically represented in Fig. 8.  In the case of the 

Fe–Cr–0.13C–2W–0.2Ti system without Y2O3, the γ-phase exhibited nucleation and 
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growth at AC1 point (850 °C, from Fig. 4) and the reverse transformation of the α-phase 

to the γ-phase could be completed at the AC3 point (880 °C, from Fig. 4).  In contrast, 

for the specimens with 0.35 mass% and 0.7 mass% Y2O3, the velocity of the α–γ 

interface motion is markedly reduced because of the dragging by the oxide particles, 

and this reduction in the velocity leads to the retention of the AC3 point.  It is 

considered that some of the α-ferrite remains in the γ-phase at a temperature above the 

AC3 point. 

 

5. Conclusion 

The origin and formation process of the ferrite phase in 9Cr-ODS ferritic steels 

were investigated by SEM observation, high-temperature X-ray diffraction analysis, 

and the dilatometric measurement of the MAed powders that were milled by a 

planetary-type ball.  Thermodynamic analyses were also carried out.  The results 

obtained in this study can be summarized as follows:  

(1) An addition of 0.35 mass% and 0.7 mass% Y2O3 to 9Cr-ODS ferritic steels induced 

the retention of the ferrite phase at the normalizing heat-treatment, whereas the 

addition of 0 mass% and 0.1 mass% Y2O3 led to the full martensite structure 

without the ferrite phase.  The normalizing was conducted at the elevated 

temperature of 1050 °C for 1 h.  This finding indicates that the α–γ reverse 

transformation could be partly suppressed rather than delayed by Y–Ti complex 

oxide particles in the 9Cr-ODS ferritic steels,  

(2) Quantitative analyses performed using the Thermo-Calc code and TCFE6 database 

also indicated the possibility for the retention of the residual α-ferrite because of 
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the pinning of the α–γ interface motion by the dispersed Y–Ti complex oxide 

particles at the AC3 point.  

(3) Therefore, it is considered that the ferrite phase is not a δ-phase in equilibrium with 

the γ-phase at 1050 °C in Fe–9Cr–0.13C–2W–0.2Ti–0.35Y2O3, but this ferrite can 

be retained by the un-transforming to the austenite γ-phase at the AC3 point. 
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Figure Captions 

 

Fig.1  Computed phase diagram with respect to carbon content for 

Fe−9Cr−xC−0.2Ti−2W system without Y2O3. 

Fig.2  SEM photographs of the MAed powders for 0 mass%, 0.1 mass%, 0.35 mass% 

and 0.7 mass% Y2O3 specimens after normalizing at 1050 ºC and subsequently 

quenched to water. 

Fig.3  Results of X-ray diffraction measurement at 950 ºC for 0 mass%, 0.35 mass%, 

and 0.7 mass% Y2O3 specimens. 

Fig.4  Results of thermal expansion measurement between 700 ºC and 1100 ºC at 

temperature rising of 0.33 ºC/s for 0 mass% and 0.35 mass% Y2O3 specimens. 

Fig.5  Estimated thermal expansion coefficients between 1000 ºC and 1200 ºC at 

temperature rising of 0.33 ºC/s for 0 mass% and 0.35 mass% Y2O3 specimens.  

The broken straight line shows the αODS, assuming that volume of ferrite phase 

is constant at this temperature range.  The broken fine curve was estimated on 

the assumption that the δ−phase is in equilibrium with γ−phase and its volume 

fraction increases with rising temperature, as illustrated in Fig.6.  

Fig.6  Lever rule showing the volume fraction between δ−ferrite (Fδ) and  

γ−austenite (Fγ) at the temperature between 1,000 ºC and 1,200 ºC.  

 

Fig.7  Comparison of the driving force for α to γ reverse transformation derived by 

using Thermo-Calc code and pinning force due to oxide particles derived 

according to Equation (2) for 0.1 mass%, 0.35 mass% and 0.7 mass% Y2O3 
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specimens. 

Fig.8  Schematic representation of the residual α−ferrite formation in 9Cr−ODS 

ferritic steel. 
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Fig.1  Computed phase diagram with respect to carbon content for 

Fe−9Cr−xC−0.2Ti−2W system without Y2O3. 
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Fig.2  SEM photographs of the MAed powders for 0 mass%, 0.1 mass%, 0.35 mass% 

and 0.7 mass% Y2O3 specimens after normalizing at 1050 ºC and subsequently 

quenched to water. 
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Fig.3  Results of X-ray diffraction measurement at 950 ºC for 0 mass%, 0.35 

mass% , and 0.7 mass% Y2O3 specimens. 
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Fig.4  Results of thermal expansion measurement between 700 ºC and 1100 ºC at 

temperature rising of 0.33 ºC/s for 0 mass% and 0.35 mass% Y2O3 

specimens. 
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Fig.5  Estimated thermal expansion coefficients between 1000 ºC and 1200 ºC at 

temperature rising of 0.33 ºC/s for 0 mass% and 0.35 mass% Y2O3 

specimens.  The broken straight line shows the αODS, assuming that volume 

of ferrite phase is constant at this temperature range.  The broken fine curve 

was estimated on the assumption that the δ−phase is in equilibrium with 

γ−phase and its volume fraction increases with rising temperature, as 

illustrated in Fig.6.  
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Fig.6  Lever rule showing the volume fraction between δ−ferrite (Fδ) and  

γ−austenite (Fγ) at the temperature between 1,000 ºC and 1,200 ºC.  
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Fig.7  Comparison of the driving force for α to γ reverse transformation derived by 

using Thermo-Calc code and pinning force due to oxide particles derived 

according to Equation (2) for 0.1 mass%, 0.35 mass% and 0.7 mass% Y2O3 

specimens. 
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Fig.8  Schematic representation of the residual α−ferrite formation in 9Cr−ODS 

ferritic steel. 
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