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Abstract: The effect of Y

2

O

3

 crucible on the purification of Ni

3

Al-based superalloy IC21 scraps during vacuum induction melting 

was investigated. Different purification results were compared between using MgO crucible and Y

2

O

3

 crucible. The results indicate 

that Y

2

O

3

 crucible is more effective in reducing the content of hydrogen, nitrogen and oxygen. Contents hydrogen, nitrogen, and 

oxygen using Y

2

O

3

 crucible are about 50%, 80%, and 80% lower than that using MgO crucible, to 0.5, 1 and 2 µg/g in IC21 scraps, 

respectively. When the melting temperature is above 1550 °C or the reaction time exceeds 5 min, these two parameters have a 

limited impact on the dehydrogenation and denitrification process when using Y

2

O

3

 crucible. When melting at 1750 °C for 5 min or 

melting at 1650 °C for 30 min, the content of oxygen reaches the highest level of 6 µg/g. 
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Ni

3

Al-based superalloy has become one of the most 

important materials in combustion engine because of its high 

melting point (T

m

>1300 °C) and superior high-temperature 

performance 

[1-3]

. Recently, Ni

3

Al-based single crystal superalloy 

IC21, as a new generation of superalloy for turbine blades, has 

been extensively studied 

[4,5]

. Solid solution strengthening and 

precipitation strengthening elements like Re and Ta are added 

into the alloy to improve the strength and toughness at high 

temperatures, which results in high cost of the IC21 superalloy. 

During mass production, a large amount of scraps, including 

sprues, casting riser and scrap castings etc, result in the low 

process yield (20%~40%) of the Ni

3

Al-based superalloys 

[6]

.

 

Most of these scraps have not been successfully reused, and 

plenty of the rare metal resources are wasted. Accordingly, 

fewer scraps are expected during the melting. Besides that, 

scraps from the producing process should be recycled. 

The contaminant content in the scraps is higher than that in 

the normal parts, including the rising content of some minority 

elements like hydrogen, nitrogen and oxygen. Moreover, more 

non-metallic inclusions exist in it 

[7]

.

 

Hydrogen can lead to 

pores and hydrogen embrittlement 

[8]

.

 

TiN inclusions may form 

due to the high content of nitrogen in the superalloy. As a 

result, the mechanical properties and high-temperature 

performance of the parts will be greatly influenced 

[9]

.

 

Oxygen 

will cause an increase in oxide inclusions in the matrix. Such 

inclusions can be the crack sources during the deformation 

process, which may have a significant influence on 

mechanical properties 

[10,11]

. 

Therefore, in order to promote the recycling of Ni

3

Al-based 

superalloy scraps, the most significant step is to reduce the 

content of H, N and O. An appropriate crucible has a vital 

influence on purification. MgO, CaO, Al

2

O

3

 and Y

2

O

3

 are 

commonly used materials for crucibles 

[12-16]

.

 

MgO crucible is 

widely used for melting carbon steel and some nonferrous 

metals because of its low cost and high erosion resistance. 

However the thermal stability of MgO is not sufficient to melt 

at the temperature higher than 1600  °C 

[12]

. CaO crucible 

shows a good thermal stability, and can be used under high 

vacuum. Moreover, CaO has a significant effect on the 

desulfurization of melting pure iron and superalloy

[13]

.

 

However, CaO is easily hydrated and has a reaction with 

active elements like Al, Ti, Hf and Nb at high temperatures 

[14]

.

 

Al

2

O

3

 crucible is low in cost and high in strength. However, 

the thermal stability of Al

2

O

3

 is lower than that of CaO and it 
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will react with alkaline molten slag 

[15,16]

. 

Y

2

O

3

 shows extraordinary high-temperature stability, as an 

important candidate material for the production of crucible, 

which has been investigated and used in highly reactive 

Ti-Al-based alloys 

[17-21]

.

 

However, only limited research has 

been conducted to study the performance of melting Ni-based 

superalloy or Ni

3

Al-based superalloy scraps when using Y

2

O

3

 

crucible 

[22]

.

 

Such investigations will not only be used to 

improve the purification level of superalloy scraps, but also to 

design and optimize materials of crucible during vacuum 

induction melting (VIM) processes. 

Accordingly, the purpose of this study is to investigate the 

effect of Y

2

O

3

 crucible on dehydrogenation, denitrification 

and deoxidation of IC21 scraps at different temperatures and 

reaction time during VIM process. By contrast, MgO crucible 

was introduced under the same conditions. 

1  Experiments 

Y

2

O

3

 crucible was prepared by a cold isostatic pressing 

method. The inner layer was composed of a powder with a 

diameter of 5 µm. The sintering pressure was 20 MPa, and the 

sintering temperature was 1650 °C. 

IC21 scraps were obtained from the waste during the 

production of turbine blades. Scraps were well cleaned by 

ultrasonic cleaning bath. The main chemical composition of 

the master alloy is given in Table 1. Then VIM process was 

then carried out for 5 min with MgO and Y

2

O

3

 crucible at 

1550 °C under a pressure of 3×10

-3

 Pa. The melt was poured 

into a graphite mould which was preheated to 900 °C. The 

contents of H, N and O were tested by heating-melt method in 

an inert gas (LECOONH836, USA). The measurement 

accuracy of this method was ±1 µg/g. 

In addition, experiments with different melting temperatures 

and reaction time were carried out using Y

2

O

3

 crucible, and 

the corresponding parameters are listed in Table 2. To explain 

the corrosion process between the superalloy melt and Y

2

O

3

 

crucible, a wetting experiment was conducted by a sessile 

drop method 

[23]

. The

 

IC21 superalloy was cut into 3 mm×3 

mm×3 mm cubes and ground to remove the oxide layer. The 

Y

2

O

3

 ceramic substrates with a diameter of 20 mm were 

mechanically sanded using SiC sandpaper, and then ultraso- 

nically cleaned in acetone. The detailed description of this 

wetting experiment can be found in Ref. [24]. 

 

Table 1  Nominal element composition of IC21 superalloy (wt%) 

Al Mo Ta Cr 

Ni 

7.6~8.3 9.0~13.0 2.4~4.0 1.5~2.5 

Bal. 

 

Table 2  Parameters of melting with Y

2

O

3

 crucible 

Temperature/°C 

1550 1650 1750 1850 

Reaction time/min 

5 5, 10, 20, 30 5 5 

2  Results and Discussion 

2.1  Effect of crucible materials on purification 

Fig.1 shows the results of impurity content when melting 

using MgO and Y

2

O

3

 crucibles. It can be seen that all the 

contents of H, N and O in the case of using Y

2

O

3

 crucible are 

lower than in the case of using MgO crucible at 1550°C for 5 

min. Particularly, the O content shows a significant difference, 

which is decreased by 80%, from 10 µg/g to 2 µg/g, compared 

with using MgO crucible,. H is reduced by 0.5 µg/g and N is 

reduced by 4 µg/g. 

The results indicate that Y

2

O

3

 crucible is more effective in 

reducing impurity elements than MgO crucible. The reaction 

of metallic oxide under high temperature and high vacuum 

degree can be expressed as follows: 

  

1

O ( ) (g) [O]

x y

x

M s M

y y

= +

 

                     (1) 

The Gibbs free energy change is 

 

[ ] [O]

1

O

ln ln

x y

x

y

M

y

M

p a

G RT K RT

a

θ θ

⋅

∆ = − = −

              (2) 

  

[O] [O] [O]

a w f= ⋅                               (3) 

where 

[O]

a  and 

[ O ]

x y

M

a  are the activity of [O]  and M

x

O

y

, 

respectively. p

[M]

 

is the partial pressure of metal gas, 

[O]

w

is 

the equilibrium concentration of oxygen, and

[O]

f is the 

activity coefficient. 

According to Eqs.(1~3), when the reaction reaches 

equilibrium, the content of oxygen in the melt is low, and 

accordingly

[O]

1f ≈ , a

M

x

O

y

=1. 

Therefore, 

[O] [O]

[ ]

exp( )

101325

x

y

M

G

RT

w a

p

θ

−

= =

 

                  (4) 

And because of the existence of C in the melt, 

[C] [O] CO(g)+ =

                           

(5) 

The effect of MgO and Y

2

O

3

 on the deoxidation can be 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  H, N, O content after melting at 1550 °C, under 3×10

-3

 Pa for 

5 min 
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expressed as follows: 

MgO(s)+[C]=Mg(g)+CO(g)

                   

(6) 

2 3

Y O (s)+3[C]=2Y(g)+3CO(g)

                  

(7) 

So the ratio of Mg partial pressure to CO partial pressure is 

1:1, and the ratio of Y partial pressure to CO partial pressure is 

2:3.  

Thus, 

 

Mg system

1

2

p p= , 

Y system

2

5

p p=                     (8) 

According to Eqs.(4~7), 

[O]

w

 is obtained while melting 

with MgO and Y

2

O

3

 crucible. 

MgO,[O] MgO,[O]

system

74811.64

exp(25.03 )

202650

T

w a

p

−

= =

  

(9) 

2 3 2 3

Y O ,[O] Y O ,[O]

2

3

system

93304.91

exp(20.61 )

187639

T

w a

p

−

= =

   

(10) 

At 1550 °C,  

MgO,[O]

system

0.228

w

p

=

                              

 (11) 

2 3

8

Y O ,[O]

2

3

system

10

w

p

−

=                              (12) 

So the theoretical thermodynamics relation between the 

equilibrium concentration of oxygen and the vacuum degree 

(

system

p ) is expressed as Fig.2. 

Theoretically, at 1550 °C, MgO would decompose and 

oxygen would diffuse into the melt when the vacuum degree is 

below 50 Pa. During the VIM process, the saturated vapor 

pressure of Mg increased while the solubility of Mg declined. 

As a result, Mg would volatilize in the chamber and MgO 

would provide [O] according to Eq.(6). So the contaminants of 

oxygen were supplied by MgO crucible. However, Y

2

O

3

 

crucible has a much higher stability and only starts to de- 

compose when the pressure is lower than 10

-4

 Pa. Thus, the 

oxygen content melted with Y

2

O

3

 crucible is much lower 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Relations between the equilibrium content of oxygen and the 

vacuum degree of MgO crucible and Y

2

O

3

 crucible at 1550 °C 

than with MgO crucible at 1550 °C. 

On the other hand, as a surface active element, O preferred 

to stay at the layer of liquid-gas interfaces and occupied some 

positions of N. It prevented the reaction of denitrification. 

Therefore some of the nitrogen stayed in the melt due to the 

growth of oxygen content. 

As for the content of H, the results between MgO crucible 

and Y

2

O

3

 crucible were nearly the same. The solubility of H at 

1550 °C under 3×10

-3

 Pa was relatively small and it is hard to 

form compounds. So it is only less than 1 µg/g of H in both 

crucibles that remained in ingots. 

2.2  Effect of melting temperature and reaction time when 

using Y

2

O

3

 crucible  

Different melting temperatures were selected to find the 

appropriate process parameters for dehydrogenation, 

denitrification and deoxidation when using Y

2

O

3

 crucible. The 

melting pressure was maintained at 3×10

-3

 Pa and the reaction 

time was 5 min. Fig.3 indicates that with the increasing 

temperature, there is a rising tendency for O content, while the 

H and N contents show a slight change. 

According to Eq. (12), when the pressure of the system is 

3×10

-3

 Pa, the relation between equilibrium concentration of 

oxygen and temperature using Y

2

O

3

 crucible can be calculated, 

as shown in Fig. 4. 

The decomposition of Y

2

O

3

 hardly happened at 1550 °C. 

However, it would increase with the rise of temperature, 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  H, N and O content after melting at 1550~1850 °C for 5 min 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Relation between equilibrium concentration of oxygen and 

temperature using Y

2

O

3

 crucible at 1550~1850 °C 
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because the Gibbs free energy dropped. At 1850 °C, 

[O]

w

was 

1000 times higher than that at 1550 °C. Therefore there was 

an increasing tendency of O content with the rise of 

temperature. Whereas, the content of oxygen was still in a 

ultra-low level (less than 6 µg/g). As for the H and N content, 

no other contamination sources were found, and the contents 

of hydrogen and nitrogen remained about the same. 

Fig. 5 also shows a growth trend of the O content at 1650 °C 

with the increase of reaction time. The contents of H and N 

remain unchanged. The results are similar to those melting at 

1550~1850 °C. 

The O contamination was caused by Y

2

O

3

 when some Y

2

O

3

 

particles were separated from the crucible by the erosion action 

of the melt. According to the results from wetting experiments 

in Fig.6, the contact angle between the IC21 superalloy and the 

Y

2

O

3 

ceramics is about 83°. It is the wetting system, and the 

microstructure of the surface of Y

2

O

3

 crucible is shown in Fig.7. 

There are capillaries on the surface of Y

2

O

3 

ceramics, and the 

molten IC21 will fill some of the capillaries due to its good 

wettability, as shown in Fig. 8. Different linear shrinkage rates at 

different parts of the surface make the Y

2

O

3

 produce microcrack 

easily. Driven by the electromagnetic force, the melt mixed as 

well as scoured the crucible surface, leading to the spalling of 

Y

2

O

3

 particles. Therefore, more Y

2

O

3

 particles are likely to be 

introduced into the alloy with a longer melting time and result 

in an increase in the total oxygen content. 

To explain the growth of oxygen content, more experiments 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  H, N, O content at 1650 °C for different reaction time 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Contact angle between IC21 melt and Y

2

O

3

 ceramics at 1600 °C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Microstructures of the surface of Y

2

O

3

 crucible 

 

 

 

 

 

 

 

 

Fig.8  Process of filling capillaries with IC21 melt on the surface of 

Y

2

O

3

 ceramics  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Y content after melting at 1650 °C for different time 

 

were taken, and the content of yttrium in the alloy was 

measured. As shown in Fig.9, the content of yttrium increases 

with extending the melting time, which displays a similar 

tendency to the oxygen in Fig. 5. According to the results of 

TEM (Fig.10), the solid solutions of yttrium are found in the 

matrix. So the spalling and dissolution of Y

2

O

3

 particles are 

the main reason that causes the increase of oxygen content. 

IC21 melt 

Y

2

O

3

 ceramic 

a 

b 

5 10 15 20 25 30

0

1

2

3

4

5

6

 O  Linear fit of O

 N  Linear fit of N

 H  Linear fit of H

C
o
n
t
e
n
t
/
µ
g
·
g

-
1

Time/min

5 10 15 20 25 30

0.020

0.025

0.030

0.035

0.040

0.045

 

 Y

 Linear fit of Y

C
o
n
t
e
n
t
/
w
t
%

Time/min

0 200 400 600 800 1000 1200

70

80

90

100

110

120

130

140

 

C
o
n
t
a
c
t
 
A
n
g
l
e
/
(
°
)

Time/s



410                            Bai Peng et al. / Rare Metal Materials and Engineering, 2019, 48(2): 0406-0410 

 

 

 

 

 

 

 

 

 

 

Fig. 10  Solid solutions of yttrium in matrix 

 

3  Conclusions 

1) Y

2

O

3

 crucible shows a higher thermodynamic stability at 

1550 °C, which leads to a lower content of hydrogen, nitrogen 

and oxygen of 0.5, 1 and 2 µg/g, respectively, compared with 

using MgO crucible. 

2) The melting temperature and melting time have a limited 

effect on dehydrogenation and denitrification above 1550 °C 

or after 5 min. 

3) Higher temperature and longer melting time can 

introduce a trace amount of O contamination lower than 6 

µg/g, when melting at 1750 °C for 5 min or melting at 1650 

°C for 30 min. However, O content is still in an ultra-low level 

compared with using MgO crucible. 
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