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ARTICLE

Assessment of Stray Grain Formation in Weld Joint of

Single Crystal Molybdenum by ANSYS FE Simulation

Ma Yan, Xu Yanze,    Wang Jianju

North China Electric Power University, Beijing 102206, China

Abstract: Stray grains were observed in an electron beam welded (EBW) joint of single crystal molybdenum (Mo) in former studies. 

In the present paper, finite element (FE) method, combining the theoretical analysis,was used for evaluating the stray grain formation. 

Temperature-dependent thermal properties of molybdenum were incorporated in the model and a 3D volumetric moving 

double-ellipsoid heat source was applied. The relationship of parameter Φ, describing the degree of stray grain formation, to the 

thermal gradient G and the growth velocity V was used. Temperature and thermal gradient data of the model were extracted from 

simulation results under different operating conditions, and Φ was calculated. The effects of the welding parameters, including 

welding power Q and welding speed S on the formation of the weld stray grain were obtained.
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Due to its good creep properties, single crystal

molybdenum is widely used as high-temperature resistant 

components in the aerospace field

[1,2]

. Electron Beam 

Welding (EBW), which is of high energy density and deep 

weld penetration, is used for joining single crystal Mo. 

However, to obtain desirable single crystal weld joint is still 

a big challenge 

[3,4]

. The primary reason is that during weld 

solidification constitutional supercooling just ahead of the 

solidification can lead to the formation of stray grains; if 

this extends enough, the single crystal solidification 

microstructure will be replaced by a polycrystalline 

microstructure, leading to a decrease of mechanical 

properties

[5,6]

. Therefore, it is greatly significant to 

investigate the effect of the welding parameters on the 

formation of the weld stray grain.

In this study, we used FE method to compute the 

temperature and thermal gradient field through the software 

ANSYS with a dynamic 3D double ellipsoid welding heat 

source. The effects of the welding parameters on the 

formation of the weld stray grain were discussed.

1 Simulation Model Description

1.1  Heat source model

Single crystal Mo tube with 20 mm in external diameter 

and 4 mm in thickness was welded by orientation 

EBW�Different models of heat loading was used to inspect 

the behavior of temperature gradient at different depths. 

These heat models include double ellipsoid heat source 

model and Gauss heat source model. Simulated results in 

ANSYS show that Gauss heat source temperature field 

distribution is not uniform and cannot be used to describe 

the shape of microstructure of the electron beam welding 

accurately. And the distribution of the temperature field in 

the double ellipsoid heat source model is similar to that of

the molybdenum alloy. So ANSYS with a dynamic 3D 

double ellipsoid welding heat source presented by Goldak 

et al

[7,8]

was used to simulate this EBW processes. The 

double-ellipsoidal heat source model, as shown in Fig.1, 

can simulate and analyze the thermal fields of deep 

penetration weld. 

In this model, the double-ellipsoidal heat source, q(x, y, z) 

describing the heat flux distributions inside heat source and 

the power density distribution inside the front quadrant can 

be expressed as:
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Fig.1 Double ellipsoid heat source configuration
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The power density distribution inside the rear quadrant 

can be expressed as:
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where Q is the energy input rate, f

f

 and f

r

 are fractional 

factors of the heat deposited in the front and rear quadrant,

respectively, and f

f

 + f

r

 =2; a, b, and c are the heat source 

parameters. Heat source parameters are given in Table 1.

1.2  Finite element model

EBW numerical model was built using finite element 

analysis software ANSYS 14.5. At the stage of thermal 

analysis, the effect of mechanical deformation on heat flow 

has been ignored.

The given structure as shown in Fig.2, a short tube with 4 

mm wall thickness and 20 mm in external diameter, was 

modeled using thermal element SOLID70 which has a 3D 

transient thermal analysis capability

The thermal properties used in this work are temperature 

dependent as given in Table 2.

Data shown in Table 2 are obtained by curve fitting from 

raw data. The melting point is 2624 °C. Situations of 

thermal conductivity above the melting point are 

complicated. Heat transfer enhancement caused by liquid 

exchange at weld pool and heat transfer deterioration 

caused by phase transition become difficult to untangle. So 

thermal conductivity used in the liquid state is a 

hypothetical value. The fixed cross section of weld pool 

along its flow path was chosen for research, and this cross 

section of weld pool helped to examine the process of 

melting and solidification. Using ANSYS simulation, the 

solidification process of weld pool can be seen clearly. Data 

for temperature distribution across the pool and its gradient 

were obtained at different depths of 0.45h, 0.63h, 0.77h, 

0.89h, and 1.00h to calculate Φ for selected points. The “h” 

indicates the maximum depth of weld pool.

Table 1  Heat source parameters used in this work 

Parameter Value

Welding heat source half width, a/mm 1

Welding heat source depth, b/mm 3

Heat source distance of front quadrant, c

1

/mm 1

Heat source distance of rear quadrant, c

2

/mm 2

Fraction of heat deposited in front quadrant, f

f

0.6

Fraction of heat deposited in rear quadrant, f

r

1.4

Welding thermal efficiency 0.95

Fig.2  3D model tube ring

Table 2 High-temperature thermodynamic properties of Mo

[9]

T/°C

λ /×10

2

W·(m·°C )

-1

 

H/×10

9

J·m

-3

 

C/×10

2

J·(kg·°C )

-1

25 1.38 0.00 2.53

200 1.31 0.463 2.65

500 1.19 1.31 2.84

750 1.11 2.06 2.99

1000 1.03 2.83 3.15

1500 0.932 4.53 3.53

2000 0.876 6.50 4.17

2500 0.841 8.88 5.29

2618 0.837 9.54 5.74

2630 1.11 12.5 4.21

3000 1.11 14.0 4.21

4000 1.11 17.9 4.21

Note: λ-thermal conductivity, H-enthalpy, C-heat capacity

2  Numerical Analysis Procedure

2.1 Calculation of areal fraction of stray grains (Φ)

Stray grain formation is the result of constitutional 

supercooling, which is controlled by the temperature 

gradient in the liquid directly ahead of the solid/liquid 

interface and the growth rate

[10]

. The conditions for 

nucleation and growth of equiaxed grains in front of the 

advancing solidification front lead to stray grain formation. 

Parameter Φ is defined as the areal fraction ahead of the 

advancing solidification front that is composed of newly 

nucleated grains. Parameter Φ is evaluated quantitatively by 

Hunt

[11]

 and Gaumann et al

[12,13]

. The equation used to 

calculate Φ is given by:
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Fig.3 Schematic diagram of data collecting location

Table 3 Φ of all the data collecting locations

No.

Section 

number

Φ

1

Φ

2

Φ

3

Φ

ave

11 0.351 0.066 0.088 0.168

12 0.940 0.728 0.734 0.801

13 0.987 0.986 0.899 0.957

14 0.994 0.990 0.984 0.989

1

15 0.999 0.997 0.998 0.998

21 0.236 0.086 0.083 0.135

22 0.517 0.539 0.371 0.475

23 0.593 0.559 0.572 0.575

24 0.771 0.720 0.672 0.721

2

25 0.812 0.772 0.799 0.794

31 0.130 0.027 0.019 0.059

32 0.262 0.097 0.133 0.164

33 0.271 0.189 0.142 0.201

34 0.243 0.173 0.215 0.210

3

35 0.263 0.226 0.244 0.244

41 0.115 0.044 0.025 0.061

42 0.384 0.244 0.211 0.280

43 0.308 0.409 0.411 0.376

44 0.450 0.375 0.471 0.432

4

45 0.514 0.533 0.496 0.514

51 0.112 0.001 0.005 0.039

52 0.781 0.746 0.538 0.688

53 0.956 0.778 0.771 0.835

54 0.973 0.972 0.958 0.968

5

55 0.992 0.989 0.981 0.988

61 0.179 0.022 0.026 0.076

62 0.181 0.061 0.064 0.102

63 0.197 0.099 0.099 0.132

64 0.213 0.112 0.152 0.159

6

65 0.221 0.221 0.221 0.221

3

0

1 /

4π 1

1 exp( ( ) )

3 ( 1)( / )

n n

N

n G aV

Φ = − −

+

(3)

Where a and n are material constants and N

0

 is the nuclei 

density. Temperature T and thermal gradient G of the model 

at any time can be extracted from simulation results. The 

data clearly represents weld pools under different operating 

conditions. And the growth velocity V can be calculated 

with thermal gradient G and welding speed S.

2.2  Option of data collecting location

Parameter Φ is decided by the rear part, which is behind

the maximum cross section of the weld pool. Cross sections 

perpendicular to the direction of welding are used to split the 

rear part. Fig.3 shows a schematic diagram of the intersected 

weld pool. 

In every section, three data collecting locations are 

selected. The average of fifteen pieces of data drawn from 

five sections is the Φ for one weld joint.

3 Results and Discussions

The calculated Φ is listed in Table 3 and Table 4. Φ in 

Table 4 is the average values of fifteen pieces of data in Table 

3 drawn from five sections under six different welding 

conditions.

3.1  Effect of welding power

The value of Φ is plotted as a function of welding power at 

4 mm/s welding speed, as shown in Fig.4. It can be seen that 

parameter Φ of the whole weld and centerline increase with 

increasing welding power. It means that more stray grains are 

generated with the increase in welding heat input.

Table 4 Calculated Φ as a function of weld condition

No. Q/W S/mm·s

-1 

Φ

1 1200 2 0.783

2 1200 3 0.540

3 1200 4 0.176

4 1400 4 0.333

5 1600 4 0.704

6 1200 5 0.138

Maximum cross section

z

a

x

y

0.45h

0.63h

0.77h

0.89h

1.0h

0.45h

0.63h

0.77h

0.89h

1.00h

Φ2

Φ3
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Fig. 4 Plot of Φ versus welding power at 4 mm/s

3.2  Effect of welding speed

The value of Φ is plotted as a function of welding speed at 

1200 W welding power, as shown in Fig.5. It can be seen 

that parameter Φ of the whole welding and centerline 

decrease by increasing the welding speed S. It means that 

more stray grains are generated with the decrease in welding 

speed.

3.3  Comparison of results with metallograph

Metallographs of the cross section of weld of single 

crystal Mo tube are shown in Fig. 6. It shows that stray

grains are mainly found near the weld centerline, especially

Fig. 5 Plot of Φ versus welding speed S at 1200 W

Fig. 6 Metallographs of cross section of EBW joint: (a) the

whole joint (lack of penetration at the half bottom) and  

(b) the top of the weld joint

Fig.7 Parameter Φ at the three locations under different 

conditions (1~6)

Fig.8 Parameter Φ at the centerlines under different conditions

(1~6)

at the top of centerline (near red line). This accords with the 

simulation result, as shown in Fig.7 and Fig.8. Parameter Φ

of stray grains at centerline, especially at the top of 

centerline, tend to be larger.

4 Conclusions

1) The simulation results and experimental results of a 

specific welding procedure display parameter Φ of stray

grains tend to be larger near the weld centerline, especially 

the top of center line. This means that the driving force of 

stray grains near the centerline, especially at the top of 

center line, is greater.

2) Numerical simulation results show that parameter Φ of

the whole weld and the weld centerline increases with the 

welding heat input increasing, at 4 mm/s welding speed. 

3) At 1200 W welding power, parameter Φ of the whole 

welding and centerline decrease by increasing the welding 

speed.
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