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Multipurpose Three Dimensional Finite Element
Procedure for Thermal Analysis in Pulsed

Current Gas Tungsten Arc Welding of AZ 31B
Magnesium Alloy Sheets

N.Karunakaran and V.Balasubramanian

Abstract—This paper presents the results of a study aimed at
establishing the temperature distribution during the welding of
magnesium alloy sheets by Pulsed Current Gas Tungsten Arc
Welding (PCGTAW) and Constant Current Gas Tungsten Arc
Welding (CCGTAW) processes. Pulsing of the GTAW welding
current influences the dimensions and solidification rate of the fused
zone, it also reduces the weld pool volume hence a narrower bead. In
this investigation, the base material considered was 2mm thin AZ 31
B magnesium alloy, which is finding use in aircraft, automobile and
high-speed train components. A finite element analysis was carried
out using ANSYS, and the results of the FEA were compared with
the experimental results. It is evident from this study that the finite
element analysis using ANSYS can be effectively used to model
PCGTAW process for finding temperature distribution.

Keywords—gas tungsten arc welding, pulsed current, finite
element analysis, thermal analysis, magnesium alloy.

I. INTRODUCTION

ELD fusion zones typically exhibit coarse columnar
grains because of the prevailing thermal conditions
during weld metal solidification. This often results in inferior
weld mechanical properties and poor resistance to hot
cracking. While it is thus highly desirable to control
solidification structure in welds, such control is often very
difficult because of the higher temperatures and higher
thermal gradients in welds in relation to castings and the
epitaxial nature of the growth process. Nevertheless, several
methods for refining weld fusion zones have been tried. Two
relatively new techniques current pulsing and magnetic arc
oscillation have gained popularity because of their striking
promise and the relative ease with which these techniques can
be applied to actual industrial situations with only minor
modifications to the existing welding equipment [1].
Pulsed current welding, developed in 1950s, is a variation
of constant current welding which involves cycling of the
welding current from a high level to a low level at a selected

A. Author is Assistant Professor at department of Mechanical Engineering
Annamalai  University, Faculty of Engineering &  Technology,
Annamalainagar - 608002, Tamilnadu, India (Phone : 919443405920; e-
mail: cdl.karun28@gmail.com).

B. Author is Professor of Manufacturing Engineering & Director of Centre
for Metal Joining and Research, Annamalai University, Annamalainagar
Tamilnadu, India (e-mail: visvabalu@yahoo.com).

29

regular frequency. The high level of the peak current is
generally selected to give adequate penetration and bead
contour, while the low level of the background current is set at
a level sufficient to maintain a stable arc. This permits arc
energy to be used efficiently to fuse a spot of controlled
dimensions in a short time producing the weld as a series of
overlapping nuggets and limits the wastage of heat by
conduction into the adjacent parent material as in normal
constant current welding. The technique has secured a niche
for itself in specific applications such as in welding of root
passes of tubes, and in welding thin sheets, where precise
control over penetration and heat input are required to avoid
burn through [2].

Current pulsing has been used by few investigators [3], [4],
[5] to obtain grain refinement in weld fusion zones and
improvement in weld mechanical properties. Most of the
reported literatures have focused on pulsed current welding
and their effects on mechanical and metallurgical properties
and no literature is available on thermal analysis of PGTAW
process. Hence, the present investigation has been carried out
to understand the effect of pulsed current welding technique
on temperature distribution in AZ 31B magnesium alloy using
finite element analysis.

The basic theory of heat flow developed by Fourier and
applied to moving heat sources by Rosenthal in the late 1930s
is still the most popular analytical method for calculating the
thermal history of welds. As many researchers have shown [6]
— [9], Rosenthal's analysis (which assumes a point, line, or
plane source of heat) is subject to serious error for
temperatures in or near the fusion and heat-affected zones.
Since Rosenthal's point or line models assume that the flux
and temperature is infinite at the source, it would not account
for the actual distribution of the heat in the arc and hence
would not accurately predict temperatures near the arc. Later
Pavelic [7] suggested that the heat source should be
distributed and he proposed a Gaussian distribution of flux
deposited on the surface of the work piece. Further John
Goldak [9] proposed in his investigation a 'double ellipsoid'
configuration of the heat source. Many other investigators
have used this heat source model [10], [11]. The present
investigation has been carried out to understand the effect of
pulsed current welding technique on temperature distribution
in AZ 31 B magnesium alloy with the general purpose Finite
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Element Analysis code ANSYS. The heat source model
considered here is of the double ellipsoid configuration.

II. EXPERIMENTAL WORK

In this investigation, sheets of 2 mm thick were used as
base material. The chemical composition and mechanical
properties of base metal are presented in Table I. The sheets of

TABLEI(A)
CHEMICAL COMPOSITION (WT%) OF BASE METAL
Al Mn Zn Mg
3.0 0.2 1.0 Balance
TABLEI (B)
MECHANICAL PROPERTIES OF BASE METAL
Micro
Yield Tensile Elongation in Hardness
Strength Strength 50 mm gauge at
(MPa) (MPa) length (%0) 0.05Kg
load (Hv)
176 215 14.7 69

magnesium alloy were cut to the required size (100 x 100 mm)
by power hacksaw cutting and grinding. Square butt joint
configuration was used to fabricate the welded joints. Single
pass, autogenous welding procedure (without filler metal
addition) was applied to fabricate the joints. High purity
(99.99%) argon gas was used as shielding gas with a flow rate
of 9 Ipm. 2% thoriated tungsten electrode of 3.2 mm diameter
was used with DC straight polarity (electrode —ve and weld
plate +ve) to carry out the experiments. The arc length was
maintained at 2mm.

The experimental setup is shown in figure 1. The Lincoln
Electric GTA welding machine controlled the welding
parameters, (model: “Precision TIG 375”). To measure the
temperature during welding the K Type Chromel — Alumel
thermocouple was used [12, 13, 14]. The hot end diameter of
the thermocouple was 1.5 mm, the cold end was fixed to a
thermocouple bank and this was in turn connected to the data
acquisition system (DAQ) Labview. Labview was a bundled
package on virtual instrumentation having the flexibility to
measure the parameter of concern at very short interval. When
used on Direct Current (DC) straight polarity Labview
acquired data for both heating and cooling, but in Alternating
Current (AC) configuration the DAQ could acquire data after
the welding time, hence providing temperature history for the
cooling. This being the limitation, the DC straight polarity was
used for the investigation. Figure 2 shows the positions on the
plate where the thermocouples were glued to a depth of 1mm,
the holes were drilled at the bottom of the plate [15]. The data
acquisition system of LABVIEW was used to acquire the
temperature every second during weld from these 3 locations
as well as the room temperature.
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Fig. 1 Experimental setup
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Fig. 2 Thermocouple positions

Before welding was performed, the sheets were cleaned and
thermocouples were incorporated in its appropriate positions.
Welding was done by both the constant current (CC) and the
pulsed current (PC) process. A number of trial runs on the
base material were performed to fix the upper and lower heat
input levels. For the CC process higher than 262 J/mm (120
amps) resulted in burning of base metal and in PC process the
burning happened above 263 J/mm (160 amps). The various
penetration that was achieved during welding was compared.
From the comparison the joint fabricated at 262J/mm (120
amps) in constant current had a penetration of 1.9 mm that
was in parlance with the joint welded at 263J/mm (160 amps)
of pulsed current whose penetration was 2.0 mm. The ratio of
penetration to sheet thickness was 0.95 and 1 for constant
current and pulsed current respectively. Both the joints had
achieved full penetration. The ratio of width to penetration
was 3.53 and 3.38 for constant current and pulsed current
respectively. Hence these two joints exhibited similar physical
characteristics and amenable for comparison as shown in table
1L
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TABLEII
BEAD PROFILE
Current Constant Current Current Pulsed Current *P/T W/P*
(amps) (cc) (amps) (PO) o c cc oc
0.95 1 3.53 3.38

*P: depth of penetrati

The calculation of heat input (Q) for the pulsed current
process was done by first computing the mean current using
the relationship Im = {(I,x t,)*(IpXty)}/t where Im is the mean
current I, is the peak current I, is the base current t, is the time
on peak pulse t, is the time on base current ty is the total time
[18]. From this the RMS value of current or the effective
current was computed and the heat input values obtained. For
the calculation of the heat Input (Q) the relationship used for
constant current process was Q={(VxI)/n}n where V is the
voltage, I is the current, n is the welding speed and 7 is the
efficiency of utilization of the heat generated [15] [18]. To
calculate the heat input at peak and base current the above
formula was used. The process parameter of these two joints
is shown in table 3.For the modelling purpose the heat input
was calculated for the peak current and the base current and
presented in table III(a). [19] — [22]

III. MODELLING DISCUSSION

An axisymmetric three-dimensional transient model is
proposed with the general-purpose Finite Element Analysis

; W: width of the weld bead; T:plate thickness

()

where kx ky and kz are the thermal conductivities in the x, y
and z directions and Q is the internal heat generation

The derivation for the nodes and elements are done for the
steady state conditions and transformed to the transient
conditions. In the three dimensional analysis only conduction
effects are included, the convection effects are treated most
efficiently as boundary conditions

The domain to which Equation 1 applies is represented by
a mesh of finite elements in which the temperature distribution
is discretized as

M

T(x,y,2) =2 N (x,y,2)T, ={N}[T]

i=1

2

where Ni (x,y,z) is the interpolation function associated with
nodal temperature 7i, [N] is the row matrix of interpolation
functions, and {7} is the column matrix (vector) of nodal
temperatures, and M is the number of nodes per element.
Application of the Galerkin method to Equation 1 results in M/
residual equations.

code ANSYS. The governing equation for heat transfer in 8 6T & 8T & oT
three dimensions arrived from the Helmholtz equation is -“;j [I(K* ?) * Z(Ky 7) * I(KZ E) +OINdv =0 (3)
ﬂ[kxa—TJ+i[kya—rj+i(kz 5T]+Q =0
ox ox oy Jy oz oz
TABLEIII (A)
PULSED CURRENT WELDING PARAMETER
Peak Base Pulse Frequ Weldin Effici Heat Input Heat Input
Voltage - g speed - .
Current Current (volts) ontime  ency (mmise ency during peak during base
(amps) (amps) (%) (hz) 0 (%) current (J/mm) current (J/mm)
160 80 12.4 50 6 4.167 70 3333 166.7
TABLE III (B)

CONSTANT CURRENT WELDING PARAMETER

Current (amps) Voltage (volts)

Welding speed (mm/sec)

Efficiency (%) Heat Input (Joules/mm)

120 13 4.167

70 262

31
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The volume integral formally gives the element stiffness
matrix. where, i=1,....M and V is element volume.
The derivative terms can be written as follows

2 (Kx T)N‘. - —(Kx O Niy- o 2L 0N
8x ox Gx ox

oT oT ONi
—(Ky —)N ——(K —— Ni)- Ky =— o
oy oy oy 0Oy
—i{&——ﬁN, —4KZQZM)—K'916M
oz Oz Oz 0z Oz

the residual equations become

m[f(K —N)+—(1< —N) —(K —Nz)]dwj”Qdev
OT ONi
oNi

=[x, K o %

The integral on the left side of Equation 5 contains a
perfect differential in three dimensions and can be replaced by
an integral over the surface of the volume using Green’s
theorem in three dimensions.

The Green-Gauss theorem (also known as Green'’s
theorem in the plane) stated as follows: Let F(x , y, z) , G(x , y,
z) and H(x , y, z) be continuous functions defined in a region
of the xyz space (the element volume in our context), then F =
kx 0T/ 0x) , G =ky (6T/8y) and H = kz (0T/0z)

- &8,
v ox oy
where 4 is the surface area of the volume and nx , ny , nz are
the Cartesian components of the outward unit normal vector
of the surface area.
Invoking Fourier’s law {gx = kx (0T/ ox), qy = ky

(0T/0y,) qz = kz (0T/0z) and comparing Equation 5 to the first
term of Equation 6,

- ﬁ; (g.n.+q,n, +q.n
+K,——

- Jfi T g TN

Inserting the matrix form of Equation 2 and rearranging,

or aNl
s 0x

kLN -1,
0z 0z

®)

M)

o\ . _ 6
Z)dv §b (Fn +Gn, + Hn ) (6)

Nida + [[[ onidv

oT ONi
6x 8x

Lk L= 1)

5% 5 7

6Nz
6x 8x g

oLN] oNi

oy Oy

OLN] N,
oz 8

JiIx.

lTav

= [[Joniav - (g, +q,n, + q.n)NidAG=1,.M) ()

Equation 8 represents a system of M algebraic equations in
the M unknown nodal temperatures {7}. With the exception
that convection effects are not included here. In matrix
notation, the system of equations for the three dimensional
element formulations is

O[N] o[N
fin G

aINT" O[N]
2 o
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= [[[oniav ~§ (g, +q,n, +q.n)Nida =1,..m) )
14 A
Equation 7 is in the desired form is
reoteke]= £ 10
frofalee ]l el 1) (10

Comparing the last two equations, the element conductance
(stiffness) matrix is

K] m a[N a[N K ANT %+ & AN

the element force vector representing internal heat generation
is
= [ etv Y
Vv

Tthe element nodal force vector associated with heat flux
across the element surface area is

1y (11)

aNT" aN]
0z 0z

(12)

{fe:—ﬁ (g.n, +q,n, +q.n )N T dA (13)

The model assembly procedure for a transient heat
transfer problem is the same as for a steady-state problem,
with the notable exception that the global capacitance matrix
is to be assembled. Element nodes are assigned to global
nodes and the element capacitance matrix terms are added to
the appropriate global positions in the global capacitance
matrix, as with the conductance matrix terms. The conditions
for the transient state are derived out of steady state by the

addition of the capacitance matrix. Thus for the element

[co ]{r?w} Pk ]{T“"} - {f‘g‘”} . {f"} (14)

where [C(e)] is the element capacitance matrix defined by in
the x direction
[c] —cij [N, N ]dx_cij NJ" Ndx
2
Hence, on system assembly, the global equatlons are obtained

(15)

[CHT} +[K{T} = {FO} + {Fq};

where the gradient force vector {Fgq} is composed of either
unknown heat flux values to be determined or convection
terms to be equilibrated with the flux at a boundary node.

The 3 D element of “SOLID Brick 8 node 70” was chosen
for the analysis. Half sheet was modelled since the other half
would be symmetrical. Mapped meshing was used for the
model, by defining the nodes. Finer meshing was done for the
near weld zone while coarse meshing on the other areas. The
aspect ratio for finer mesh was 5.99 and coarser mesh was
8.98, 11.98 & 14.97 — well below the limit of 20. The model
for Pulsed current was designed based on the parameter of
current [19] — [21] For a frequency of 6 hz, Pulse On Time
50% and for a speed of 4.167 mm/sec yielded

Number of Pulse per mm —1.434

(16)
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Time taken to traverse | mm — 0.239 Sec

Number of load steps per mm- 3

Time per Load step -0.0797 Sec

Distance per Load step - 0.333 mm

The details of the model is presented in table 4

For the constant current, one load step for every 0.5 mm was
considered and the time for each load step was 0.1195 secs.
The measured width of the weld is shown in table I'V.

Temperature Dependent Properties of
AZ31B

—Density (Kg/m3)
----- Specific Heat {1/{Kg-K)}
— -Thermal Conductivity {W/({m-K]}

1.20E+04

1.00E+04
& 8.006403
2
LJ
2
Beooe03{ e
g | e
g | e
é 4.00E+03
2.00E+03
0.00E+00 L
gg:gaggausg:a*:gmveuaﬂowwomvwws
RARRRRERARRAT 9o RN RRRCE030BRRRERER
Temperature in K
Fig. 3. Temperature dependent properties of AZ31 B
The temperature dependent Properties of thermal

conductivity, specific heat and density were given as input.
Values shown in fig 3. Subroutines were written in APDL
(ANSYS Parametric Design Language) using the DO loop
and IF for the pulsing of heat input.

Fig. 4 (a) Boundary Conditions

Fig. 4 (b) Boundary conditions as applied to the model

APQR The heat flux specified to the surface elements.
ARQPDCB; STHE The temperature dependent convection

TABLE IV
MODEL DETAILS
Process Nodes Elements Width of Size of Plate  Emiss  Convection H T Coeff Lumped HT
weld (mm) (mm) ivity (Watts/m? K) Coeff
(Watts/m?K)
gl‘llif:gt 32508 21000 6.8
Constant 100x 100x2  0.10 20 2.434
21708 14000 6.7
Current

A. Boundary Conditions

In the case of three-dimensional heat transfer, four types of
boundary conditions have to be specified: (a) specified
temperatures, (b) specified heat flux, (c) convection
conditions and (d) radiation conditions.

The first case, specified temperatures, is taken into account
in the usual manner, by reducing the system equations by
simply substituting the known nodal temperatures into the
system equations. For the others the conditions are defined in
zones. For the Zones :( as shown in fig 4)

33

and radiation coefficients is applied to this boundary. For the
radiation and convection boundary conditions, a combined
heat transfer coefficient was calculated from the relationship:
H =241 X10*¢ T (17
Where E is the emissivity or degree of blackness of the
surface of the body.

ABFE; BCGF; CDHG The outer areas are subjected to
convection conditions. For such convection boundary
conditions, the flux conditions must be in balance with
the convection from the area of concern.

STGF This is the Insulated Part on the bottom of plate hence
adiabatic conditions specified.

ADHEFor the symmetrical edge adiabatic boundary
condition.
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B. Heat Source Model

The ellipsoidal heat source model revealed that the
temperature gradient in front of the heat source was not as
steep as expected and the gentler gradient at the trailing edge
of the molten pool was steeper than experimental
measurements [9] — [11]. Hence two ellipsoidal sources were
combined as shown in Figure 5. The front half of the source is
the quadrant of one ellipsoidal source, and the rear half is the
quadrant of another ellipsoid. The estimation of the heat input
was made based on the equations 18 and 19 [11]:

6 /3 g 2 2 2

q, = g, exp| 3| S5+ 2+ =5
mAa,bc a, b c

x2 y2 ZZ

_3 2

"[ [bD

wJa be
Where f; and f, are the frontal and rear fraction of the heat
flux, ar,a,, b and c are the parametric values obtained from the
metallographic data and from weld pool surface ripple
markings as depicted in figure 5. Q is the calculated heat
input.

(18)
(19)

;=

Heat flux (J/mm)

a (front)

a (rear)

z

Fig. 5. Heat Input Model

The qr and g, values were given as input to the model by a
subroutine created by the APDL.

C. Phase Change

To analyze the phase change problem, in the nonlinear
transient thermal analysis the latent heat was accounted for
(heat stored or released during a phase change). To account
for latent heat, the enthalpy of the material as a function of
temperature was defined. Hence the latent heat effect
(accompanying change in phase from liquid to solid), is
approximated by specifying a rapid variation in enthalpy over
the “mushy” zone in a temperature range of AT. The enthalpy
(h) variation is computed from equation 20 and given as input
by the APDL subroutine.

h = jp ¢ (T) dT (20)

IV. RESULTS AND DISCUSSION

A. Temperature Profile

34

The parameters such as welding current, voltage, welding
speed, arc efficiency and the size and position of the discs,
ellipsoids were specified in the APDL and executed. The plots
of time versus temperature were obtained. Figure 6(a),(b)
shows the plot obtained from the experimental results for
constant current and pulsed current respectively for heating
and cooling. It is seen that the peak temperature attained by
the constant current process was 632 K and that of pulsed
current 670 K for the Smm distance from the weld centre. The
model was run for 24 seconds and the heating curves were
plotted for the 5 mm and 15mm from weld centre, The
temperature profile for the modelled values and the
experimental values are shown in figure 7 (a),(b) for the
pulsed current and figure 8 (a),(b) for the constant current.

It was seen from the plots that the ANSYS FEA model was
in agreement with the experimental values. In the case of Smm
the results of FEA were very close to that of the experimental
values, the reason for this can be attributed to the
consideration of the phase change in the model as well as the
pulsing of heat input between the peak and the base current.

&

H

Temperature In °K
2

g

—5mm — 15mm ---30 mm

o

HE oo
- orom

FIGURARSEANASIAEIRANE

Time In Seconds
Fig. 6 (a) Constant Current Temperature profile
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Fig. 6 (b) Pulsed Current Temperature profile
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Fig. 7 (a) Experimental Vs FEA at 5 mm Pulsed Current
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Fig. 7 (b) Experimental Vs FEA at 15 mm Pulsed Current
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Fig. 8 (a) Experimental Vs FEA at 5 mm Constant Current
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Fig. 8 (b) Experimental Vs FEA at 15 mm Constant Current

The profile curves by the model showed a lower
temperature compared to that of the experimental but was
below 10 % deviation. The difference in peak temperature
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between the process is 38 K but the heat input for the process
is nearly the same, higher peak temperature is seen for the
pulsed current. The reason for this can be attributed to the
thermal conductivity of the base metal which varies from 515
to 550 W/mK in the temperature range of 450 to 500 K,
Thereafter the thermal conductivity is more or less linear.
During pulsing of the current the temperatures tend to fall
below this range, hence to stabilize the temperature of the base
metal, this phenomenon is noticed. The bead profile of the
pulsed current were more controlled and the penetration was
higher than the constant current. The cooling rate of pulsed
current process was 8.2 C/second and that of constant current
5.5 C/second. It is seen that the cooling rate for pulsed current
is much higher than that of the constant current.

B. Prediction of Temperature at weld centre
From the computed results, the temperature at the weld
centre for both the pulsed and constant current was plotted.
Figure 9 shows the values of the same It is seen that when the
peak temperature was reached there was not much of a
difference between the constant current and pulsed current
process.
1400
1200
1000

800

600

400

Temperature In °K

200 —Predicted Values (CC) Predicted Values (PC)

123 45 6 7 8 910111213141516171819 2021
Time In Seconds

Fig. 9. Predicted values of temperature at weld centre

V.CONCLUSION

From this investigation, it was found that

(6))] The predicted values of temperature using the
three dimensional FEA model are in good
agreement with the experimental values.

(i1) The incorporation of the pulsing effect by
providing two different heat inputs and the
double ellipsoid model for the heat source has
given realistic results with the phase change
consideration.

(ii1) A realistic prediction of the temperature at the
weld centre was obtained.
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