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Effect of Ceramic Crucible (Al2O3 or MgO) on Y Pre-Alloyed Ferritic Steel Fabricated  
by Vacuum Induction Melting 

In this study, yttrium (Y) pre-alloyed ferritic steel was produced by vacuum induction melting casting. During casting, two 
types of ceramic crucible, Al2O3 and MgO, were used. The initial Y content was set to 1.2 wt.% in Fe-14.6Cr (in wt.%) ferritic steel. 
Inductively coupled plasma-atomic emission spectroscopy revealed that the remaining Y content was 0.04 wt.% in ferritic steel 
using an Al2O3 crucible, compared with 1.06 wt.% in steel using an MgO crucible. Energy dispersive X-ray spectroscopy analysis 
confirmed the formation of Y-Al-O oxides in ferritic steel (Al2O3), while X-ray diffraction detected the Fe5Y phase in ferritic steel 
(MgO). According to reported Y2O3-Al2O3 and Y2O3-MgO phase diagrams, the Y2O3 is insoluble in Al2O3 but soluble to MgO. 
These results indicate that MgO crucible is more suitable for preventing Y loss during vacuum induction melting. 
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1. Introduction

Yttrium (Y) is a Group 3 rare earth element and is crucial 
to enhance mechanical properties [1] in the form of Y2O3 nano 
oxide, as well as corrosion resistance [2] through the forma-
tion of Y2O3 protective layer. In particular, thermally stable 
Y2O3 nanoparticles effectively restrict dislocation movement 
and grain growth. Consequently, Y2O3-based oxide dispersion 
strengthened (ODS) steels are considered candidate structural 
materials for fission and fusion reactors [3,4]. 

To date, ODS steels have generally been fabricated using 
powder metallurgy process. In this approach, Y2O3 nanoparticles 
are dispersed into steel powder by ball milling, followed by hot 
consolidation and thermomechanical treatment [5]. However, 
the cost effectiveness of producing ODS steel powder via ball 
milling is challenging [6].

Recently, ODS steels have been fabricated using Y pre-
alloyed gas atomized powders as an alternative to ball milling 
[7,8]. The Y pre-alloyed powder is oxidized to form a thin Fe-O 
or Cr-O oxide layer on the surface of powder, which subsequently 
evolves into Y2O3 during thermomechanical treatment. Prior to 
producing Y pre-alloyed steel powders, all pure elements are 
charged and melted in a ceramic crucible [9]. Therefore, studying 

the reaction between Y retained steel and ceramic crucibles is 
essential to prevent Y loss, as Y has a strong oxygen affinity. 

This study aims to fabricate Y pre-alloyed steel and to 
investigate the reactions between Y retained steel and ceramic 
crucible. For this purpose, material was produced by vacuum 
induction melting (VIM) because VIM processed Y retained steel 
serves as feedstock for gas atomization, and the molten steel 
experiences direct interaction with the ceramic crucible during 
VIM. Fe-14.5Cr ferritic steel was selected as the base steel, as it 
has been widely studied for ODS steel applications. Al2O3 and 
MgO were chosen as ceramic crucibles for the VIM process. 
The effects of Y retained steel and crucible were systematically 
investigated. It was demonstrated that the crucible-dependent 
interfacial reactions during VIM were identified as the governing 
factor for Y retention in Y pre-alloyed steels, with MgO cruci-
ble suppressing Y loss, unlike Al2O3 crucible which promotes 
Y-Al-O oxide formation.

2. Experimental

Materials were produced by vacuum induction melting 
(VIM, MetalMate, Republic of Korea). Initially, high purity Fe, 
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Cr, and Y were charged to achieve Fe-14.6Cr-1.2Y (in wt.%) and 
placed in a ceramic crucible. Al2O3 and MgO ceramic crucibles 
were selected for comparison. The crucible was then induction 
heated to 1600°C under an argon atmosphere (3×10–2 torr), 
and the molten steel was poured into graphite ingot mold. The 
chemical composition of VIM processed steel was analyzed us-
ing inductively coupled plasma atomic emission spectrometer 
(ICP-AES, Thermo ICAP 6000). From now on, Y retained steel 
produced using an Al2O3 crucible is referred to as steel (Al2O3), 
while the steel produced using an MgO crucible is referred to 
as steel (MgO)

The cross section of samples were obtained by electrical 
discharge machining, followed by standard metallographic 
polishing. The microstructures were characterized by dual 
beam scanning electron microscope/focused ion beam (FIB; 
ThermoFisher Scios 2). The chemical composition of oxides and 
phases were analyzed by energy dispersive X-ray spectroscopy 
(EDS, Oxford Instruments; Ultimate Max). The phases present 
in steel (MgO) were further corroborated using X-ray diffraction 
(XRD, Rigaku SmartLab) and transmission electron microscopy 
(JEOL; JEM 2100F). 

Thermodynamic Scheil simulation was performed using 
Thermo-Calc TCFE8 database.

3. Results and discussion

Fig. 1 shows the VIM processed steel fabricated using (a) 
Al2O3 crucible and (c) MgO crucible. The white particles labelled 
1 and 2 in steel (Al2O3) were identified as Y-Al-O oxides, as 

summarized in TABLE 1. In contrast, white phases labelled 3 
and 4 formed in steel (MgO) were confirmed as Fe-Y phase, as 
also summarized in TABLE 1. The Y content was measured to 
be 0.04 wt.% in steel (Al2O3), compared with 1.06 wt.% in steel 
(MgO) confirmed by ICP-AES. These results indicate that most 
of the initial Y content (1.2 wt.%) was oxidized to form Y-Al-O 
oxide in steel (Al2O3), whereas it remained predominantly as 
Fe-Y phases in steel (MgO). 

TABLE 1
EDS results of Fig. 1

Position
Chemical composition (wt.%)

Fe Cr Y Al O
1 16.2 3.4 52.9 7.9 19.6
2 6.4 1.1 62.6 7.6 22.3
3 Bal. 9.6 13.7 — —
4 Bal. 9.8 12.9 — —

The Fe-Y phase observed in the steel (MgO), as shown in 
Fig. 1(d), was identified as Fe5Y (PDF card No. 03-065-9148, 
space group P6/mmm) based on the XRD patterns presented in 
Fig. 2 XRD patterns. The matrix phase was detected as α-Fe 
(PDF card No. 01-080-3816, space group Im-3m). The weak 
diffraction peaks corresponding to Fe5Y phase were further 
confirmed by selected area electron diffraction pattern (SADP), 
obtained from the scanning transmission electron microscope-
high angle annular dark field (STEM-HAADF) image shown in 
Fig. 3(a). The zone axis of Fe5Y SADP was indexed as [12–13–] 
shown in Fig. 3(b). The SADP of Fig. 3(c) was confirmed to 
α-Fe zone axis [1–11].

Fig. 1. Photography of (a) steel (Al2O3), and (c) steel (MgO). SEM-BSE image of (b) steel (Al2O3), (d) steel (MgO). The numbers and circle 
indicate the point EDS analysis and the results are summarized in TABLE 1
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Fig. 2. XRD patterns of ODS steel (MgO)

In our study, a slight loss of Y was observed in the steel 
(MgO), with the Y content decreasing from the initial 1.2 wt.% 
to 1.06 wt.%, and the remaining Y existing predominantly as the 
Fe5Y phase. According to the Fe-Y phase diagram, the maximum 

solubility of Y in Fe is approximately 1 wt.% [10]; therefore, 
the Y content in the steel (MgO) exceeds the solubility limit, 
leading to the formation of Fe-Y phases. During the solidifica-
tion of steel (MgO, Fe-14.6Cr-1.06Y), the solidification trajec-
tory stated in Fig. 3(d) vertical section is as follows: liquid(L) 
to L + α-Fe to L + α-Fe + Fe17Y2 and finally remaining liquid 
solidified to α-Fe + Fe17Y2. The equilibrium vertical section 
is just estimating the trajectory of solidification because the 
vacuum induction melting obeys non-equilibrium Scheil cooling 
[11] rather than equilibrium cooling. In Figs. 3(e) and 3(f), the 
Scheil simulation was conducted and during the cooling, the 
Y continuously enriched in remaing liquid and the Y content 
far exceeds the maximum solubility in Fe, 1 wt.% (weight frac-
tion 0.01). As a result, the Fe17Y2 phase starts to evolve below 
1240°C and ends at 1140°C.

Interestingly, the Fe5Y phase in Figs. 2 and 3(b) was formed 
after VIM in the present study. Previous studies by Mihalkovič 
and Gruszka reported that metastable high temperature phase 
Fe17Y2 decomposes into Fe5Y and α-Fe below 900°C [12,13]. 
As a result, in our study, during the solidification, Fe17Y2 initially 
evolved, as shown in Fig. 3(e), and subsequently decomposes 
into Fe5Y and α-Fe, consistent with the experimental observa-
tions in Figs. 2 and 3(b). 

Fig. 3. (a) STEM-HAADF image in ferritic steel (MgO), SADP patterns of (b) Fe5Y and (c) α-Fe matrix specified in (a). Vertical section of ternary 
system (d) Fe-14.6Cr-xY (0 ≤ x ≤ 18 wt.%). The black dashed line represents the composition of ferritic steel (MgO). The numbers indicate the 
region where the phases co-exist: 1. Liquid (L), 2. L + α-Fe, 3. L + α-Fe + Fe17Y2, 4. α-Fe + Fe17Y2, 5. α-Fe + Fe17Y2 + Fe23Y6, 6. α-Fe + Fe23Y6. 
(e) Scheil simulation of ferritic steel (MgO) and (f) compositional change of liquid phase depending on temperature. The W(liquid,*) indicates 
the weight fraction of elements in liquid phase
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Compared with steel (Al2O3), only a slight low of Y was 
observed in steel (MgO). This behavior is attributed to the 
stronger and continuous reaction of Y with Al2O3 relative to 
MgO. The Y2O3-Al2O3 phase diagram indicates that Y2O3 is in-
soluble in Al2O3, leading to the formation of Y-Al-O oxides [14]. 
In contrast, Y2O3 is soluble to MgO [15]. Furthermore, when 
Y containing molten Fe comes into contact with MgO, a Y2O3 
layer initially forms at the melt-crucible interface [16]. As a 
result, Y loss is minimized in ferritic steel fabricated using an 
MgO crucible, as the Y2O3 layer suppresses further interfacial 
reactions. 

4. Conclusions

In this study, Y pre-alloyed ferritic steels were fabricated 
by vacuum induction melting using Al2O3 and MgO crucibles, 
revealing a strong dependence of Y retention on crucible mate-
rial. In the Al2O3 crucible, most of the initial Y was consumed to 
form Y-Al-O oxides, resulting in a very low residual Y content 
of 0.04 wt.%. In contrast, the MgO crucible preserved Y effec-
tively, yielding 1.06 wt.% Y that predominantly existed as Fe5Y 
phases within an α-Fe matrix. Thermodynamic Scheil simula-
tions indicated that Fe17Y2 initially forms during solidification. 
After that, Fe17Y2 subsequently decomposes into Fe5Y and 
α-Fe, consistent with experimental observations. There results 
demonstrate that MgO crucibles are more suitable than Al2O3 
crucibles for minimizing Y loss during VIM processing of Y 
pre-alloyed ferritic steels.
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