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Abstract: The electron beam melting technique has emerged as a novel refining technology exten-
sively employed for alloy purification due to its advantages of effectively eliminating volatile im-
purities and non-metallic inclusions. However,a drawback associated with the melting process is
the evaporation of alloy elements, which results in an uncontrollable alloy composition. In this pa-
per , Wagner model is used to calculate and study the evaporation behavior of nickel-based superal-
loy.and the database of infinite dilution activity coefficient and interaction coefficient of nickel-
based superalloy has been established. The results show that the model can well predict the com-
position of electron beam melting superalloy, establish the relationship between electron beam
melting power and temperature,and predict the composition of several groups of DZ125 alloys af-
ter melting with different power, which is in consistent with the experimental results. This model
is of guiding significance for electron beam melting of nickel-based superalloy.
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1 Introduction

The utilization of nickel-based superalloys has
been prevalent in contemporary aero-engines, es-
tablishing them as the primary material choice''*'.
These alloys are also widely employed as structural
components in advanced aero-engines, constituting

approximately 40% of the total weight. This pref-

erence is primarily attributed to their remarkable
mechanical properties and resistance to corrosion
when exposed to elevated temperatures®*'. There
is an increasing requirement for strict material
characteristics in the development of aero-engines
with high thrust-to-weight ratios. Prior studies

have shown that the presence of inclusions and im-

purity elements exerts a substantial detrimental
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effect on the properties and attributes of nickel-
based superalloys. The regulation of the composi-
tion of inclusions and impurity elements is of ut-
most importance in determining the properties and
reliability of superalloys™® .

Currently, the predominant techniques em-
ployed for the fabrication of superalloys include-
electroslag remelting, vacuum induction melting,
and vacuum arc melting. The integration of these
technologies is extensively employed in the fabrica-
tion of superalloys'”’. The aforementioned tech-
niques have the capability to eliminate a majority
of inclusions; nonetheless, a minority of inclusions
can still have an impact on the characteristics of al-
loys. Consequently, an increasing number of re-
searchers are endeavoring to manipulate the com-
position of inclusions within the alloy through
modifications to the melting process and melting
mode. However,it remains a challenge to eliminate
small inclusions measuring less than 10pm™'", E-
lectron beam melting(EBM)is a very efficient tech-
nique utilized for the process of melting alloys.
However, this purification process also results in
varying degrees of alloy element loss. The volatili-
zation of alloying elements has an impact on
whether the alloy composition falls within the de-
sired range, and precise regulation of the chemical
composition of the alloy is also a significant factor
influencing the operational effectiveness of the al-
loy. Our research group has previously developed
several models for estimating the evaporation of al-
loy components. The Miedema model to assess the
evaporation behaviors of Inconel 718, GH4068,and
FGH4096 alloys have been used in our study.
However,it is worth noting that only the primary
elements, which constitute the majority of the al-
loys,were considered in the calculations™ ", Con-
sequently,the Wanger model was employed in the
previous study to determine the melting loss of the

DD98M alloy. The obtained results exhibited a

high level of concurrence with the experimental

findings'"”’. Nevertheless, this particular model is
not limited to the evaluation of the evaporation be-
havior just in DD98M alloy. It may also be em-
ployed to analyze other alloys and effectively regu-
late their composition.

In this paper, a comprehensive database has
been developed to document the interaction coeffi-
cient and infinite dilution activity coefficient of ele-
ments in nickel-based superalloys. Thus, the loss
behavior of various superalloys has been compu-
ted. The validity of the model is confirmed through
experimental verification, demonstrating its appli-
cability to the evaporation process in electron beam
melting. Additionally, the model establishes a cor-
relation between power and temperature in elec-
tron beam melting,offering theoretical insights for
the fabrication of nickel-based superalloys using

this technique.

2 Alloy evaporation model

Hertz and Knudsen on the basis of the Lang-
muir equation, the expression of ideal evaporation
rate of i component in vacuum melting process is

as follows* .

V. =P, X M, (1)
P 2%R
P.=a, XP' (2)
a; =X; XV, (3)

where P; is the partial vapor pressure of compo-
nent 7 in the alloy melt,M, is the molar mass,R is
the gas constant, which is taken 8. 31] « mol ' «
K ', T is the alloy melt temperature,a; and 7, are
the activity and the activity coefficient of compo-

nent i, P,° is the saturation vapor pressure of the

pure component i ,and X; is the molar fraction.
According to Clausius-Clapeyron equation,the
saturated vapor pressure of each element of

DD98M alloy is calculated as follows:
logP! =A XT"4+ B XlogT +C X T+ D (4)
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where the correlation coefficients are shown in
Table 1. The calculated relationships between the
saturated vapor pressure of each element in super-
alloy and the melt temperature are shown in Fig. 1
(a). The Fig. 1 illustrates that the evaporation
rates of Ni, Cr, Al,and Co elements in superalloy
are significantly larger compared to other elements
within the temperature range of 1500 K to 2500 K,
which serves as the primary cause of mass loss

during the EBS.

Table 1 Parameters of saturated vapor pressure for elementst'”)

Element A B CX1000 D Range/K
Al —16380 —1.00 — 12. 32 933—2600
Cr —20680 —1.31 14.56 298—2180
Co —22209 — —0.223 10. 82 298—1768
Fe —21080 —2.14 — 16. 89 298—1265
Fe —19710 —1.27 13.27 1265—2588
Hf — 29830 — — 11.32 2503—4723
Mo —34700 —0.24 —0.15 11. 66 298—2893
Nb —37650 +0.715 —0.166 8.94 298—2195
Ni —22500 —0.96 — 13. 60 298—1728
Ni —22400 —2.01 — 16. 95 1728 —3187
Re —40800 —1.16 — 14.2 298—3000
Ta — 40800 — — 10. 29 298—3269
Ti —24400 —0.91 — 13.18 1155—1933
Ti —23200 —0.66 — 11.74 1933—3560
w —44000  +0.50 — 8.76 298—3683

Since the Wagner’s theory is only effective in
the strict sense of dilute solution, Pelton and Bale
are modified on the basis of it,and the activity co-
efficient in solution can be calculated, as fol-

lows*,

Iny, :11’1)’? +Iny, +X1€i + ijei

JF
1 ’
Iny, :—?Ze]x]xk (5)
Jok

where Iny! is the activity coefficient of a solute in

infinite dilute solution of component 7 ,and e’ is the
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Fig. 1 The variation of (a) the saturated vapor pressure,
(b) the activity coefficient of a solute in infinite dilute

solution of elements in superalloy with melt temperature

activity interaction parameters of component j on
component z.

The activity coefficient of a solute in infinite
dilute solution and the activity interaction parame-
ters were established by previous research'”’, and

the specific calculation equation is as follows:

Ltu, (p; —¢;)

T (6)

1
nye = grdals

where:

d,; = [1—0.1>< ((TL)JF(TL))J

o a/ e Tl )] —
Zpr’jV;’j )
(p; =)  —bGr/p)

fo= R @)

1
S'z]' :ﬁ(Aij _Ailq _A]k +Bik +Bfk) (D
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where V,** . T, «(n.""*); and @, are the molar vol- ly,and p,q-u,b and r/p are the correlation con-
umes . the melting points,the electron densities and stants(qg/p = 9.436 = 0.73). The values of other
the electroneg ativities of component 7, respective- parameters can be found in Table 2.
Table 2 The parameters of components in superalloy employed in Miedema’s model™’
metal Al Cr Co Fe Hf Mo Nb Ni Re Ta Ti W
V" /em? 1. 60 3.70 3.50 3.70 5. 60 4. 40 4.9 3.50 4.3 4.90 1.80  4.50

(n, ",/ (dou? 1.39 1.73 1.75 1.77 1.43 1.77 1.62 1.75 1.86 1.63 1.47 1.81

(p,/V 4. 20 4. 65 5.10 4.93 3.55 4. 65 4. 00 5.20 5.40 4.05 3.65 4. 80

r/p/V? 1. 90 1.00 1. 00 1. 00 1.00 1. 00 1. 00 1. 00 1. 00 1. 00 1.00  1.00

u 0.07 0.07 0.07 0.07 0. 04 0. 04 0. 04 0.04 0. 04 0. 04 0. 04 0. 04
Eleven binary systems including Ni-Al, Ni-Cr, i, S is the surface area of the melt,z is the evapo-
Ni-Co, Ni-Fe, Ni-Hf, Ni-Mo, Ni-Nb, Ni-Re, Ni-Ta, ration time,V,; is the theoretical evaporation rate,
Ni-Ti,and Ni-W are constructed for superalloy. The [wt. %i ] is the mass fraction,m; is the mass of el-
infinite dilute activity coefficients of each component at ement ¢ before melting, m,,,, is the mass of alloy

different temperatures are shown in Fig. 1(b). before melting. ZAm[ is the mass loss of the al-
For the Ni-based superalloy, 121 ternary sys- loy
tems are constructed, as indicated by Ni-X-X(X=

Al,Cr,Co,Fe,Hf,Mo,Nb,Re,Ta,Ti,W). The ac- 3 Electron beam melting experiment

tivity interaction coefficients of the elements in su-

peralloys are shown in Fig. 2. Different Ni-based superalloys were melted by

The theoretical evaporation rate of alloy ele- SEM60A equipment. During the experiment, the
ments during electron beam melting is given by vacuum in the melting chamber and the electron
Eq. (8). The theoretical mass fraction of the alloy gun chamber was lower than 8 X 10 * Pa,and the

elements after electron beam melting can be de- alloys of DD98M, GH4068 and FGH4096 were

rived by Eq. (9): melted by a 76 mm hemispherical crucible(melting
Am,; =StV, (8) mass was 500 g). The melting power is 8-12 kW,
m; — Am,; and the melting time is 10 min. The specific melt-
[wt. Bi]|=—"—F— 9 ] ) ' '
M gy — Am; ing process is shown in the Fig. 3 (a). The alloy

where Acm; is the theoretical mass loss of element ingot after electron beam melting is shown in the
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Fig. 2 Relationship between activity interaction coefficient of alloy components and temperature
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Fig. 4(a). Inconel 718, DD5, DD98M and GH4068
alloys were melted in a 120 mm crucible ( melting
mass was 1500 g). The melting power was between
10 and 16 kW, and the melting time was 10 min.
The specific process was the same as before, and
EBM ingots were shown in the Fig. 4(b). Then,in

order to verify the relationship between power and

@

Power/kW

X kW

Time/min

Melting  EBS Cooling
Smin 10min Smin

temperature,DZ125 alloy was prepared by different
melting parameters. The specific melting process is
shown in the Fig. 3(b),and the ingot morphology
after melting is shown in Fig. 4(¢). The mass and
composition of the alloy before and after melting

were measured.

Power/kW

®) 20w }--
18/kW
16/kW
14/kW
12/AW
10/KW

8/kW

Time/min

Debunching EBS  Holding Cooling
10min

Smin ~ 20min 10min

Fig. 3 The process flow of electron beam melting

8kW-DD98M

10kW-DD98M 12kW-DD98M

8kW-GH4068 12kW-GH4068

e

12kW-FGH4096

10kW-GH4068

Fig.4 Morphology of ingot after EBS: (a)76 mm crucible; (b) 120 mm crucible; (¢) DZ125 alloy
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Discussion

The Fig. 5 illustrates both the actual composi-
tion and the calculated composition of these alloys.
The graphics demonstrate a minimal disparity be-
tween the computed composition and the observed
composition. During the melting process, the input
power to the alloys were 8,10,and 12 kW, which were
equivalent to the temperature input to the system of

1855 K,1870 K,and 1912 K,respectively.

composition and the estimated composition of
these alloys. The observation from Fig. 6 reveals
that there is a minimal disparity between the calcu-
lated component and the actual component when
the mercury level is at 120 mm. The relationships
between different alloy melting powers and their
corresponding average temperatures are presented
in the accompanying table 3. It is evident that the
melting power and the average temperature of al-

loys remain nearly constant when they are melted

The Fig. 6 provided displays both the actual simultaneously.
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Fig. 5 The theoretical and experimental components of different superalloy elements withdifferent temperatures
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Table 3 The relationships between different alloy melting

powers and their corresponding average temperatures

alloy P/kW T/K alloy P/kW T/K
Inconel 718 15 1913 DD5 12 1880
DD98M 12 1870 GH4068 10 1855
DD98M 14 1901 GH4068 12 1870
DD98M 16 1911 GH4068 14 1901

Based on the derived power values and the
mean temperature of the molten surface, it is ob-

served that the crucible dimensions are compara-

1940
1920
1900
1880 °

1860

Temperature/K

1840 ]

R
2
10

Power/kW

9 ”éot)ﬂ
8 400 600

tively smaller and the temperatures are elevated
under equivalent power conditions. When the cruci-
ble size is determined, there is a positive correlation
between the power input and the average surface
temperature of the melt. Consequently, a three-di-
mensional diagram is constructed to visualize the
relationship between melting power, the quality of
the melting alloy, and the surface temperature of
the melt. This diagram is subjected to a fitting

process.

- — L
et
MaSS/g

Fig. 7 Relationship between different power,alloy quality and average surface

temperature of melt during electron beam melting

The relationship between the average surface
temperature of the melt and the power is shown in
Fig. 7, indicating a linear correlation when the
melting quality remains constant. To ascertain the
correspondence between the power and the surface
temperature of the melt, an experiment was con-
ducted using 1500 g of DZ125 alloy. The particular
details of the melting process can be observed in
the accompanying figure. Currently, it is necessary
to compute the mass loss of heat preservation at a
power output of 8 kW. These calculations are de-
rived from Eq. 9 and Eq. 7.

i — Amy; — Amy,

M 10y — E :Am i E :Am ib

where Acm,; is the mass loss during refining,

m

[wt. %i]= (10)

Acm;, is the mass loss during heat preservation,

and the calculation result is as shown in the Fig. 7.

Based on the observations presented in Fig. 8,
a clear correspondence can be observed between va-
rious melting powers and the anticipated average
melt temperature. Furthermore, the alloy composi-
tion following the experiment is accurately predic-
ted prior to its execution. These findings offer val-
uable theoretical insights for effectively regulating
the composition of electron beam melting superal-

loys.
4 Conclusions

(1) 1In this experiment, the database of infinite
dilution activity coefficient and activity interaction
coefficient of each element of nickel-based superal-
loy was established,and the activity coefficients of
different alloys were calculated with the data in the

database.
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Fig. 8 The theoretical and experimental mass fractions of DZ125 superalloy elements in relation with temperature

(2) Different kinds of superalloys, including

single-crystal superalloys, deformed superalloys
and powder superalloys, were melted by electron
beam. The melting composition was predicted and
was consistent with the experimental results, re-
vealing the evaporation behavior of Ni-based super-
alloys.

(3) The correlation between the power of elec-
tron beam melting and the average surface temper-
ature of the melt has been established, and its va-
lidity has been confirmed through experimental a-
nalysis, thus demonstrating the credibility of this
model. The aforementioned model holds significant
implications for the regulation of composition in

multi-component superalloys during the process of

electron beam melting.
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