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 The applicability of the finite elernent method (FEM) to the analysis of temper-
ature distribution of tungsten electrode in TIG arc welding was discussed. More-
over, effects of welding factors on the temperature distributions of electrodes and
relation between the temperature at the electrode tip and the erosion of the elec-
trode in TIG arc welding under the pressurized helium atmosphere were investi-

gated.
 Main results obtained are summarized as follows:
1) When proper boundary conditions and physical properties are used, relatively
 precise temperature distribution of electrode can be calculated by FEM.
2) As the ambient pressure increases, the cathode spot area tends to decrease
 and concentrate at the electrode tip. Accordingly the temperature at the elec-
 trode tip increases remarkably with pressure.
3) Electrode temperature increases with an increasing arc current and with a de-

 creasing electrode diameter.
4) The erosion of electrode begins to increase over a critical condition, at which
 the maximum temperature of electrode tip T.,., calculated by FEM reaches melt-

 ing point T..
5) The erosion of electrode can be estimated quantitatively by calculating the

 temperature of electrode tip.

                              1. Introduction

 The TIG arc welding method is used for welding of various materials, especially it

is applied to welding under high pressure atmosphere due to the arc stabil!ty')'`). Gen-

erally, in TIG arc welding a tungsten rod contained 2% thorium-oxide, which makes

the discharge of electron easy, is used as an electrode. However, the erosion of elec-

trode increases with an increasing pressure, and accordingly the stable arc welding

tends to become difficult under high pressure atmosphere3)'fi). Therefore, effect of

some factors on the erosion of electrode has been studied experimentally, and more-

over applicability of some new electrodes to high pressure welding was tried6)'). How-

ever, the basic relationship between temperature distribution in electrodes and their

erosion has not been investigated, because the measurement of temperature distribution

in arc welding especially under high pressure atomosphere is difficult. Accordingly,
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the application of the finite element method (FEM) to the estimation of temperature

distribution and the erosion of electrode was tried in this study.

              2. Estimation of Temperature Distribution of Electrode

2. 1 Modeling of eleotrode and boundary condition

  The erosion of electrode seems to depend on the temperature distribution at an elec-

trode tip. Therefore the temperature distribution was calculated by FEM. Figure 1

shows an example of finite element division of the electrode which has a vertex angle

of 45e , diameter of 3.2mm and length of 20rr!m. The shape of the finite element is

triangle, element number 250 and node number 156.

  Figure 2 shows a schematic illustration of electrode model in which some boundary

conditions of heat flow are shown.
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  The electrode is cooled by heat transfer and heat transmission from the side wall

(boundary r2). The heat flux q was shown as follows.

   q == a(T- Z)

where, a: coefficient of heat transmission, Z: temperature of shielding gas, e: emi-

ssivity, a: Stefan-Boltsmann constant, F: shape factor, 7): temperature of atmos-

phere.

  Physical properties used in the calculation are shown in Table IB)g). As the factors

                 Table 1 Physical properties used in the calculation

Melting point, T.
Boiling point, Tb
Specific heat, C

Thermal conductivity, 2
Coefficient of heat

transmlsslon, a
Emissivity, e
Shape factor, F

3653K
5800K
151JlkgK
100WlmK

O.418-4.18JlrfsK
O.39-O.45
1.0

of heat input into the electrode, there are heat generation at the electrode tip, heat

transmission from the arc, radiation from the arc and Joule heat generated by weld-

ing current. However, since the Joule heat was negligible small in the welding current

up to 150A, it was not taken into consideration in the calculation. On the other

hand, J.F.LancasteriO) studied experimentally on the total of heat input into electrode

tip, Q,, in TIG arc welding. The heat flux q was obtained by Q, and electrode tip

area S which was measured and estimated by direct observation of arc. That is to
say, qe==Q,ls.

  Figures 3 and 4 show the relationships between arc length and heat input into elec-

trode tip (9, and between arc current I and heat input Q,. From the figure, it is seen

that the vaiue of k( =Q,II) changes from O.7 to 1.1 with variation of arc length from

O to 2mrn. Therefore, the relation between arc current and heat input into electrode

can be shown as follows:

2. 2 Comparison between calculation and experimental results

  In order to confirm the validity of the calculation, the calculation was compared to

experimental results studied by Matsuda et al"). They have measured the temperature

of electrode tip area in welding by two-color pyrometer. Figure 5 shows the calcula-

tion and experimental result of electrode temperature. The arc current was 200A and

2% thorium-oxide tungsten rod of 3.2mm in diameter was used as electrode. In the

figure, calculation is shown by solid line and measurement by plots. In calculation,
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the physical properties shown in Table 1 were used. Since the calculation agrees ap-

proximately with experimental value reported by Matsuda et al., accordingly the vali-

dity of the calculation can be confirmed.

2. 3 Effect of ambient pressure

  Figure 6 shows the effect of ambient pressure on arc appearance in arc current of

100A and arc length of 2mm. As the electrode, thorium-oxide tungsten of 3.2mm in dia-

meter and vertex angle of 30e was used. As the ambient pressure increases, the arc

column tends to constrict and accordingly the brightness of the arc increases, More-
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over, the cathode spot concentrates to the electrode tip. Figure 7 shows the effect of

ambient pressure on radius of cathode spot, which was measured from photographs of

arc generated under pressure range of O.1 to 5.IMPa, In the figure, the arc radius is

indicated by radius on the flat surface ra., in ease the arc radius is smaller than

ro(=do/2, see Figure 2), and it is indicated by length e.., in case the arc radius is

larger than rb. From the figure, the cathode spot area has tendency to decrease with

an increasing-pressure. For example rhi. becomes about O.5mrn at 2.IMPa and about

O.25mm at 5.IMPa.

(A) O. 1MPa

(D) 3. 1MPa

(B) 1. 1MPa

(E) 4. 1MPa

(C) 2. 1MPa

(F) 5. 1MPa

Fig. 6 Effect of ambient pressure on arc shape (e=2mm, I=IOOA)

2.5

  2.0
E
E
  1.5
 -
e
erd? 1･O

O.5

o

   l

  :':'":':':

t :÷":':':
,t Iilllilii.

I tttt tttt
  tl

 t't
 t//1

I
I
i
l
ltth Lxt.

 raXrc N

2arc
sp･R

5

.

o    123Ambient pressure Pt

 4

MPa

o

e
E
5

 - o
 k
 as
-

Fig. 7 Effect of ambient pressure on cathode spot area of arc



104 Koichi OGAWA and Yasuo SUGA

  Figure 8 shows the temperature distributions on the surfaces of eiectrodes calculated

by FEM. The ealculation was executed under the assumption that the heat flux
q,(=Qe/S) distributes uniformly in the cathode spot area. In the calculation, the phys-

ical properties shown in Table 1 were used and as the k-value 1.0 was adopted. From

the figure, it is seen that the temperature at electrode tip is lower than.･3000K under

the condition of relatively low pressure and large arc radius. However, as the arc ra-

dius decreases with an increasing pressure, the temperature increases. When the pre-

ssure reaches 2.IMPa, the cathode spot concentrates at a flat surface of electrode tip

and the temperature rises approximately to 3250K. Under the pressure over 3.IMPa,

the temperature at the electrode tip indicates over 3653K which is the melting point

of tungsten. Therefore, the erosion of electrode tip should increase under the pressure

more than 3.IMPa. Figure 9 shows the effect of pressure on the temperature of elec-

trode tip and the erosion. From the figure, the erosion begins to increase drastically

at a condition under which the temperature of electrode tip reaches melting point of

tungsten electrode.

  Figure 10 shows the temperature distributions in the longitudinal sections of elec-

trodes. From the figure, it is confirmed that the temperature of electrode tip in-

creases considerably with an increasing pressure.

2. 4 Effect of arc current and electrode diameter

  Figure 11 shows relationship between arc current I and maximum temperature at

electrode tip Z..., in the case of electrode diameters are 2.4, 3.2, 4.8, and 6.4 mm. In

every electrode diameter, 7:... increases in proportion to the arc current I and it
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the erosion limit (R,) of electrode in a heat input Q,. For example, in the case of

165W, the electrode tip melts and erodes away until the R, becomes 1 min.

  Figure 14 shows the relationship between erosion E and R,. The erosion of elec-

trode increases in proportion to R,3 approximately. Using the rerlations shown in the

Figures 13 and 14, the erosion can be calculated when heat input data are given.

  Figure 15 shows the relationship between arc current and erosion of electrode. In

the figure, the solid line shows calculatin and plots experimental results. As shown in

the figure, the calculation agrees to experiments approximately. Therefore, it is con-

firrned that the erosion of electrode can be estimated by considering the temperature

of electrode tip which can be calculated by FEM.
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                               4. Conclusions

 Main results obtained are summarized as follows:

1 ) When proper boundary conditions and physial properties are used, relatively precise

   temperature distribution of electrode can be calculated by finite element method.

2) As the ambient presspre increases, the cathode spot area tends to decrease and

  concentrate at the electrode tip. Accordingly the temperature at the electrode tip

  increases remarkably with pressure.

3) Electrode temperature increases with an increasing arc current and with a decreas- .

  ing electrode diameter. ･
4) The erosion of electrode begins to increase over a critical condition, at which the

  maximum temperature of electrode tip 71... calculated by FEM reaches melting point

5 ) The erosion of electrode can be estimated quantitatively by calculating the tem-

  perature of electrode tip.
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