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Abstract: Based on the program developed to simulate the temperature field for ISM ( Induction Skull M elting)

process, the effects of power increasing rate and charge mass on the melting throughout time and the energy

consumption for TiAl alloys were studied.

The results show that the melting throughout time decreases

exponentially with the increasing of the power increasing rate and it linearly increases with the increasing of the

charge mass. There is a critical power increasing rate for different charge masses. At this critical power increasing

rate, the charge can be molten when the melting power just reaches 300 kW. There exists an optimal power increas-

ing rate, i.e. 1.3kW/s. At the optimal power increasing rate, the energy consumption for melting the charge is the

minimum. The charge mass has noticeable influence on the energy consumed by unit mass and the ratio of effective

energy.
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1 INTRODUCTION

Gamma TiAl based alloys are preferred candi-
dates for structural materials with high specific
mechanical properties used at temperature up to
900 C'"™. Like titanium alloys, the melt of
gamma TiAl alloys is apt to be polluted by crucible
materials and the atmosphere of the melting
chamber. Generally, all melting methods, which
adapt to melt titanium alloys, can be extended to
melt gamma TiAl alloys. But gamma TiAl contains
more volatile element, i.e. Al. This characteristic
requests that the
convenient to control the component evaporation of

melting method must be

TiAl melt. From this point, electron beam melting
furnace, popular to melt titanium alloys industrial-
ly is not fit for melting TiAl because the

3 5 3 4=7
evaporation loss is evident'*" .

Up to now, induc
tion skull melting (ISM) technique is one of the
best methods to melt TiAl alloys. This technique
has been used in many countries'® "', Tt combines
the merits of vacuum, cold wall crucible, and in-
duction heating. It has advantage to protect any
pollution from the crucible materials and the fur-
nace atmosphere. Induction stirring is effective for
homogenizing the alloying elements in the melt.
ISM can get a melt with negligible deviation to

nominal composition and lower interstitial content.

But that is directly related to the melt tempera
ture, which has important influence on the activity
and the evaporation rate of the components of TiAl
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Additionally, melt temperature has
important influence on the solidification shrinkage
that is very critical for minimizing the pore in the
microstructure of ingot or castings''*'. For ISM
process, the melt

thermocouples is out of valid. Many researchers

detecting temperature with
have reported their investigation results about
ISM'™ " which indicated that there are quantita-
tive relationship between the melt temperature and

-
' However, many other

the melting parameters''
problems remain unclear, for example, the melting
throughout time and the energy consumption for a
given melt process. Melting throughout time refers
to the time when all the charge are molten down
except the skull. If the melting time is shorter
than the melting throughout time, there will re
main some raw materials of the charge and as a re
sult the composition will deviate from the nominal
composition remarkably. Energy consumption for
a melt can change in a wide range. But the effect of
melting parameter on the energy consumption is a
virgin field up to now. In this paper, the melting
throughout time and the energy consumption were
studied with the aid of a temperature field simula-
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tion program .

@® Foundation item: Project(50271020; 50395102) supported by the National Natural Science Foundation of China; Project(2002A A 305209)

supported by Hrtech Research and Development Program of China

Received date: 2004 =06 ~ 15; Accepted date: 2004~ 11~ 16

Correspondence: SU Yamr qing, Professor, PhD; Tel: + 86451-86418415; Fax: + 86-451-86415776; E-mail: suyq@ hit. edu. cn



Trans. Nonferrous Met. Soc. China

Feb. 2005

2 INFLUENCE OF CHARGE MASS AND POWER
INCREASING RATE ON MELTING THROUGH
OUT TIME

The melting throughout time when different
melting pow er increasing rates(q) of 0.75, 1, 1.5,
3 and 6 kW/s was exerted on different charge mas-
ses of 3.0, 3.5, 4.0, 4.5 and 5. 0 kg was recor-
ded. The applied melting power increases to 300
kW at different increasing rates and then no change
is observed, as shown in Fig. 1. This manner is a
nalogous to the melting practice.
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Fig.1 Power increasing mode applied
in calculation

The calculation results are listed in Table 1.
Based on Table 1, the influence of melting power
increasing rate on the melting throughout time are
plotted in Fig. 2 as the scattered points. The
smooth lines are the regression results. From
Fig. 2, the melting throughout time decreases ex-
ponentially with the increasing of the melting pow-
er increasing rate for different charge masses. This
relationship can be expressed as Eqn. (1) and the
parameters are listed in T able 2.

t= to+ Arexp(— ¢/t1) + Azexp(- ¢/12) (1)

The effect of charge mass on the melting
throughout time was plotted in Fig. 3. It can be
seen that there is a linear relationship as shown in

Table 1 Melting-throughout time under
different conditions (s)

gl (kW *s™h
m/ kg
6.00 3.00 1.50 1. 00 0.75
3.0 84.12 95.91 113.63 135.88 172.88
3.5 90.97 103.84 124.18 148.67 189.53
4.0 98.04 112.28 134.61 163.25 207.27
4.5 107.98 121.61 144.00 176.01 225.32
5.0 114.88 129.83 154.32 186.63 239.29
240+
= m=3.0kg
s m=35kg
L & m=40kg
200 *» m=45kg
» m=5.0kg

Fig.3 Melting throughout time vs charge mass
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Table 2 Parameters in Eqn. (1)

m/ kg to Al t A t2 R?
3.0 80. 548 91 1762.052 82 0. 206 28 66. 068 64 2.056 33 1
3.5 87.316 81 1502.774 90 0.221 65 74.715 51 1.988 01 1
4.0 93.705 31 1375. 692 00 0.237 21 79.556 94 2.061 98 1
4.5 103. 787 23 1 353.200 55 0.251 66 75.685 03 2.007 38 1
5.0 110. 863 02 2 035.504 82 0.220 35 89.532 96 1.932 94 1
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Eqn. (2) and the parameters are listed in T able 3.
t= Bi+ Bx*m (2)

Table 3 Parameters in Eqn. (2)

gl (kW * s ") B B> R
6. 00 38.021 07 15.371 09 0.997 38
3.00 46.019 23 16. 752 45 0.998 99
1. 50 55.407 48 19. 784 05 0.998 17
1.00 61.41488  25.22239 0. 996 50
0.75 75.55798  32.98995 0.998 38

The above results show that the melting
throughout time is determined by two factors, 1. e.
the charge mass and the power increasing rate. In
Eqns. (1) or (2), the melting throughout time is
controlled by one factor and the parameters are
controlled by the other factor. For example, Eqn.
(2) expresses the effect of the charge mass on the
melting throughout time. The parameters A2 and
B> in Eqn. (2) are controlled by the power increas-
ing rate and vice versa. In other words, there is a
combined effects of the charge mass and the power
increasing rate on the melting throughout time.
Now we can set up the relationship between the
parameters in Eqn. (2) and the power increasing
rate. As shown in Fig. 4, the scattered points are
the parameter values of Bi and B: at different pow-
er increasing rates, and the smooth lines are the
regression results. Eqns. (3) and (4) for descri-
bing regression lines in Fig. 4 are also the exponent
function, which is similar to Eqn. (1).

Bi= 34.032 23+ 3755.344 55 %
exp(— ¢/0.133 38) + 36.91545 x
exp(— ¢q/2.687 88) (3)
R*=0.999 91
B2= 15.010 18+ 159.765 39 x
exp(— ¢/0.29245)+ 8.43942 %
exp(- ¢/ 1.8935) (4)
From Eqns. (2), (3) and (4), the melting
throughout time increases linearly with the increas-
ing of the charge mass and decreases exponentially
with the increasing of the power increasing rate.

3 INFLUENCE OF CHARGE MASS AND MELT-
ING POWER INCREASING RATE ON ENER-
GY CONSUMPTION

If we integrate melting pow er with the melting
time, the energy consumed under different condi-
tions can be known. From Fig. 5, it can be seen
that the effect of the charge mass and the melting
power increasing rate on the melting throughout
time is complex. With the variation of the charge
mass, the melting power increasing route is differ-
ent. For example, when the charge mass is 5. 0

Melting throughout time and energy consumption for TiAl alloys © 3.
80
- u Bl
70 . B,
601 — Regression line
Q
=
S 50
2
£ 40
<
S
a. 30+
20
10 L ! ! 1 I i
¢ 1 2 3 4 5 6
Power increasing rate/(kW-s=1)
Fig. 4 Parameters in Eqn. (2) vs
pow er increasing rate
00 3 0kg 7-=g=1.50kW/s
o m=35kg / —g=1.00kW/s .-
+ m=4.0kg q=0.15kW/s.-"
|« m=45kg
ol m=5.0kg
= - g=6.00 KW/s
= / T g=3.00kW/s
S 400 X —
=z E -
=] .
=¥
200 \ : '
‘, ,/f/’v*/ =" o Critical ¢
//’I o _ — Regression line
0 50 100 150 200 250
Time/s

Fig. 5 Critical g for different charge masses

kg, the melting power increasing rate is large than
3kW/s, and not all the charge are molten when
the melting power reaches 300 kW. The melting
power must be held at 300 kW for an extra period
to ensure the charge is molten throughout. If the
melting power increasing rate is less than 1.5 kW/
s, before the melting power reaches 300 kW, the
charge has been all molten down. So the integra
ting routes have two cases: 1) if the charge is mol-
ten down before the melting power reaches 300
kW, then the energy consumption is calculated
with Eqn. (5); 2) if the melting power reaches 300
kW at ¢ moment and the charge is not molten
down, and it needs to hold the power to { mo-
ment, then the energy is calculated with Eqn. (6).

E= P*t/2= q*t/2 (5)

E= P**/2+ 300(¢ - t) (6)

Fig. 6 illustrates the effect of the charge mass
on the energy consumption for different power in-
creasing rates. From Eqns.(2), (5) and (6), the
energy consumption increases with the increasing
of the charge mass according to a two times func
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tion. Regressing result for the scattered points in

Fig. 6 is shown in Eqn. (7) and the parameters in
the equation are listed in T able 4.

E= As+ Bs*m+ Cs*m’ (7)
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Fig. 6 Energy vs charge mass
Table 4 Parameters in Eqn. (7)
q/ Parameter
(kW
5 ) As Bs Cs JrR

0.75 - 1851.15400 3792.676 00 178.160 00 0.998 78
1.00 3507.16686  793.26343 461.908 57 0.999 72
1.50 886.88343 2257.01371 226.39429 0.999 77
3.00 - 450.02867 4441.08571 89.71429 0.999 60

6.00 7358.05714 2675.22857 254.57143 0.996 59

In Fig. 5, for different charge masses, there is
a critical power increasing rate. At this rate, all
the charge are molten down when the power just
reaches 300 kW. This critical power increasing rate
is denoted with special symbols( O) in Fig.5. The
quantitative relationship between the critical power
increasing rate and the charge mass is plotted in
Fig.7 and the regressed function is listed in
Eqn. (8).

ge=5.86859- 1.133 1 * m+ 0.07781 * m’ (8)

JR=0.999 96

For a given charge mass, the influence of the
power increasing rate on the energy consumption is
illustrated in Fig. 8 and the line across the other
five lines is the critical power increasing rate for
different charge masses. It can be found that, on
the both sides of the critical pow er increasing rate,
the energy consumption varies according to distinc
tive different rules. On the right of the critical
line, the energy will increase with the increasing of
the power increasing rate monotonously. But on
the left, there is the optimum power increasing
rate. At this value, the energy consumed by differ
ent charge masses is the minimum. For the left
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Fig. 7 Critical g for different charge masses
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Fig. 8 Energy vs power increasing rate

part of the critical line, the regression relationship
betw een the consumption energy and the power in-
creasing rate is written as Eqn. (9) and the param-
eters for different charge masses are listed in T able
5.

E= As+ Basg+ Ca* g+ Ds*q (9)

From Eqn. (9) and Table 5, the optimal pow-
er increasing rate for 3. 0 to 5. 0 kg charge is (1.3
£0.05) kW/s. At this increasing rate, the melt-
ing throughout time and the energy consumption
for different charge masses are plotted in Fig. 9 and
the regression functions are written as Eqns. ( 10)

and (11).
tm= 58.628+ 20.42m (10)
R= 0.998 75
Eun= 3385. 51502+ 944. 098 82m +
384. 581 68m’ (11)
JR=0.999 81

Based on the above results, other information
for preserving energy can be concluded. One is the
energy consumed by unit charge mass( Ewin/m). As
shown in Fig. 10, when the charge mass is 3. 0 kg,
Ewin/m is the minimum. The other is the ratio of
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Table 5 Parameters in Eqn. (9)
ml kg A4 B, Cs D, JR
3.0 18 698. 469 23 - 15476.794 92 8 035. 305 99 - 1140.33371 0.995 49
3.5 23 759.575 45 - 21334.69218 11 367.228 29 - 1710.907 42 0.997 26
4.0 30 804. 059 49 - 30 833.162 46 16 920. 760 09 - 2704. 886 98 0.997 54
4.5 40 653. 190 80 - 45 969. 266 90 26 190. 277 80 - 4478.55392 0.999 46
5.0 38 671.316 11 - 34732.718 34 17 549. 964 33 - 2429.232 10 0. 999 99
¢ = 55.940+ 5.94x 10°T- 7.531 x 10°T"*
160} @ : (13)
. And then Q= 1210. 8kJ/kg. Since
K Q
EI‘W &= 1210.8m/ (3 385. 515 02+
120 . . . 1 944. 098 82m+ 384. 581 69m’) (14)
The varying curve of (/Ewn as shown in
_ 18 (b) Fig. 11 indicates that when the charge mass is
2 st 3 kg, the ratio of the useful energy is the maxi-
& mum, i.e. 0.3753.
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Fig. 9 Influence of charge mass on
energy consumption and melting throughout
time under optimal pow er increasing rate
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Fig. 10 Influence of charge mass on
energy consumption by unit mass

the necessary energy for heating up different
charge mass to melting point to the total energy
consumption ( Q/Euwin). ( can be calculated by
Eqns. (12) and (13).

773

= 74 298 (12)

Il ] L L i

0 1 2 3 4 5 6
Charge mass/kg
Fig. 11 Influence of charge mass on

ratio of useful energy

4 CONCLUSIONS

For ISM processing, the melting power in-
creasing rate and the charge mass have very impor-
tant effect on the melting throughout time and the
energy consumption.

1) The melting throughout time decreases ex-
ponentially with the increasing of the power in-
creasing rate and it linearly increases with the in-
creasing of the charge mass.

2) There is a critical pow er increasing rate for
different charge masses to melt down the charge
when the melting power just arrives 300 kW. The
quantitative relationship between the critical rate
and the charge mass is g.= 5. 868 59— 1. 133 Im+
0. 077 81m”.

3) The energy consumption for melting down
all the charge at different charge masses abides a
function as follows: E= As+ Bs*m+ Cs*m’

4) The influence of the melting power increas-
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ing rate on the energy consumption is complex.
When the rate is less than the critical rate, there is
an optimal rate, at which the energy consumption
is the minimum and the rate is 1.3 kW/s.

5) At the optimal power increasing rate, the
charge mass has noticeable influence on the energy
consumed by unit mass and the ratio of effective
energy. When the charge mass is 3 kg, the two
concerned parameters all get the optimal values.
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