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Investigation of the effect of welding current intensity on the morphology and
microstructure of IN738LC superalloy weld metal by GTAW method
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ABSTRACT: Nickel-based superalloys, such as IN738LC, are widely used in high-temperature
applications due to their excellent mechanical properties and corrosion resistance. However, welding
these alloys presents challenges due to rapid solidification, which affects the dendritic microstructure
of the weld metal. In this study, the effect of welding current intensity on the secondary dendrite arm
spacing (SDAS) and cooling rate in Gas Tungsten Arc Welding (GTAW) of IN738LC was investigated
through numerical modeling and experimental validation. A three-dimensional finite element heat
transfer model was developed to predict the thermal distribution and cooling rates in the weld pool.
Experimental welding was performed at three different current levels (95 A, 120 A, and 132 A), and
the resulting microstructures were analyzed using metallographic techniques. The results showed that
increasing the welding current leads to a significant reduction in the cooling rate and an increase in
SDAS. A mathematical relationship between SDAS and the cooling rate was established, and the model
predictions were validated with experimental measurements. The distance between the secondary
dendritic arms was measured in different regions of the weld metal, and the constants a and n in the
mathematical relationship between the distance between the secondary dendritic arms and the cooling
rate were obtained, which were equal to 34.62 and 0.3, respectively.
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1- Introduction

Gas Tungsten Arc Welding (GTAW) uses a non-
consumable tungsten electrode for joining materials [1], with
shielding gas protecting the molten pool [2]. Nickel-based
superalloys are important in industries like aerospace due to
their high-temperature performance and corrosion resistance
[3, 4]. However, their welding is complex due to secondary
phase particles [5, 6].

Strengthening in these alloys relies on secondary-phase
precipitation. IN-738LC, a nickel-based superalloy, resists
creep, fatigue, and hot gas corrosion. High cooling rates in
the weld metal prevent secondary phase precipitation [7],
while in the heat-affected zone (HAZ), the coarsening of
precipitates can reduce hardness [8].

Secondary dendrite arm spacing is a key microstructural
feature in alloy solidification during welding and casting,
influencing mechanical properties. Cooling rate during
molten pool solidification is critical for dendrite arm spacing,
but is difficult to measure directly [9], necessitating numerical
prediction [10, 11].

In this study, the research focuses on understanding how
the intensity of welding current affects the microstructure
of IN738LC alloy welds made using the GTAW process.
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To do this, the researchers created welds using different
current intensities and then used a combination of numerical
modeling and experimental analysis to examine the resulting
microstructures. A thermal model was developed to simulate
the welding process and predict cooling rates, which were
then compared with measurements of secondary dendrite arm
spacing in the actual welds. Ultimately, this research provides
insights into the relationship between welding parameters,
particularly current intensity, and the resulting microstructure
of the weld.

2- Experimental procedure

The experimental procedure involved several key steps
to prepare and weld the IN738LC alloy samples. Initially,
reference samples were prepared with specific dimensions
(80 mm length, 50 mm width, and 5 mm thickness). These
samples underwent cleaning and sanding to remove surface
contaminants before the welding process.

Welding was performed using the GTAW method in a
filler-less configuration. The welding process was automated
and conducted in a single pass. Specific welding parameters
were maintained, including a voltage of 10V, a travel speed of
3.14 mm/s, and an arc efficiency of 0.6. Argon gas was used
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Fig. 1. Sample meshing scheme in simulation

as the shielding gas, with a flow rate of 15 Lit/min. Three
samples were welded using different current intensities: 95A,
120A, and 132A.

Following the welding process, the samples were
subjected to electro-etching to reveal their crystal structures.
This involved using a chemical solution with a specific
composition (H,SO,, HNO,, and H,PO,) and applying a
potential of 6V for 5 seconds. Finally, the etched samples
were examined using optical microscopy to capture images
of the weld microstructure, specifically focusing on the
secondary dendrite arm spacing.

3- Numerical modeling

The numerical modeling in this research involved the
development of a three-dimensional finite element thermal
model using the ANSYS-APDL software. This model was
designed to simulate the transient heat transfer phenomena
occurring during the GTAW process. The governing equation
for heat transfer, along with the boundary conditions, was
implemented to predict the temperature distribution and
cooling rates within the weldment. To account for heat losses,
a combined heat transfer coefficient, incorporating both
convective and radiative heat transfer, was applied to the
model boundaries.
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The model geometry mirrored the dimensions of the
experimental samples, and a finer mesh was used in the
vicinity of the weld to capture the steep thermal gradients
(Fig. 1). The heat input from the welding arc was modeled
as a heat source with a specific distribution, and temperature-
dependent material properties were incorporated to enhance
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Fig. 2. The formation of equiaxed dendrites in the upper

regions of the pool, shown in green, and the growth of

columnar dendrites in regions close to the fusion line,
shown in pink.

the accuracy of the simulations. The model was then used
to simulate the welding process for the different current
intensities used in the experiments, and the resulting
temperature histories were analyzed to extract cooling rates
and thermal gradients at various locations within the weld.

Eventually, by matching the cooling rate in the fusion line
with the distance of SDAS in the same area, constants o
and n in equation 2 were obtained.

d=a(e)™ (2)

4- Result and discussion

Fig. 2 exhibited that dendrites near the fusion line had a
columnar structure with epitaxial growth, transitioning to an
equiaxed structure in regions closer to the heat source, where
higher thermal gradients prevailed. This microstructural
variation was directly linked to the temperature distribution
within the weld pool, as confirmed by numerical simulations,
which showed the highest temperatures and cooling rates in
the central region of the molten pool.

Analysis of the thermal profiles obtained from the
simulations demonstrated variations in cooling rates
corresponding to different welding currents. Specifically,
higher welding currents led to increased heat input, resulting
in slower cooling rates. The region adjacent to the fusion line,
characterized as a mushy zone with temperatures between the
solidus and liquidus temperatures of the alloy, was identified
as critical for the nucleation and growth of columnar dendrites.
Cooling rates within this region were therefore considered
crucial in determining the secondary dendrite arm spacing.
As shown in Fig. 3, the temperature-time curves correspond
to the range of images taken for each sample.

By comparing the simulated cooling rates with the
measured secondary dendrite arm spacing, a quantitative
relationship between these parameters is established. This
relationship was expressed through a power-law equation,
and the constants in this equation were determined for the
IN738LC alloy, and the constants a and n in the mathematical
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Fig. 3. Temperature-time curves proportional to the range

relationship between the distance between the secondary
dendritic arms and the cooling rate were obtained, which
were equal to 34.62 and 0.3, respectively (Fig. 4). The
results were further compared with findings from previous
studies, demonstrating a reasonable agreement despite
some variations, which could be attributed to differences in
experimental conditions and measurement errors.

5- Conclusion

The main objective of this study was to investigate the
effect of current intensity on the microstructure of the weld
metal in IN738LC and its impact on the mechanical properties
of'the alloy. It was observed that changing the current intensity
directly influenced the heat input, which, in turn, affected the
cooling rate in different regions of the weld metal. Since the
microstructure of the weld pool is highly dependent on the
cooling rate during solidification, variations in heat input led
to significant changes in the resulting weld structure. The key
findings of this study are as follows:

Increasing the heat input by increasing the welding
current results in a decrease in the cooling rate. For instance,
when the heat input was 181 J/mm, the cooling rate was 682
K.S —1 . However, when the heat input was increased to 229
J/mm, the cooling rate decreased to 522 K.S —1 in the same
region of the weld.
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Fig. 4. Diagram of SDAS according to the cooling rate

With the increase in heat input, there is also an increase in
secondary dendrite arm spacing (SDAS). For example, with a
heat input of 181 J/mm, the average SDAS was 4.9 um, while
with a heat input of 230 J/mm, the average SDAS increased
to 5.3 um.

In the weld pool, the grain structure transitions from
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equiaxed to columnar as one gets closer to the fusion line.
This is influenced by the cooling rate; higher cooling rates
near the fusion line promote the growth of columnar dendrites,
while lower cooling rates in the center of the weld pool lead
to equiaxed grains.
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Table 1. Parameters used in welding samples

$33)9 @)l o053 olasy (mm/s) cee (V) 39 ok @,
(J/mm) b A)

VA .15 ) Y/ E \ 0 \

Yy. .15 \ T \ VY Y

Yoy .18 \ T V. Y 7

S o 5095 Wiga oluws L) S

Fig. 1. Automatic welding machine

0 or 0 or
E(K E)*‘g(K 5) -

0 or . oT
+— (K —)+0 = —
oz ( Oz )0 =pC; ot

Lopy sloyS €, kmm™ soly b oo pe 0 F alail)

colia Koo T (b b glinly )5 copr V. oloj £ JKT sy
ol )3 g I3 Sl s WK™ asly b bod 4 ataly 5)ly>
Sliwly 7 el calis Gl Y g ks dgee (0550 L, X)

yalaly cpl 09 plxl X oo slael )3 ()b ST (i) udg>

1044

gl ()05 slagjl Aol alal) ¥ Y

e el oy ialS @ e o Gialow 5 Gl b
%5 e o ()3 & daldl )3 g (gt (1) & ll (ol Sl
Spw gy 3l b Oeoay |y (0500 glagil e dolh Lol e clls
3 0b uL‘“ 0193@ ozl OL"} L b

d=a(e)” (")

TP € gl sy, clagil o alols d byl ol o oS

@ olge ) plilopw Ep e dal) culg nog Ay by
G 23 (LS Ll 1l G a8 LSR5 G oy ol
o (G g s Sy 4y b lasl ey oaimd L R K/mm
25 JSE @ty ) dblee g5 oo Ao )d ol MMY/S Gy &)l y>

d=a(GxR)" ()

S (i (W s 0 45 s g g a bl
Ldde d)udm -0 =Y

U5 55 138 el )3 o] sm bl g oyl Jlis] yy oSl dolae
Sk el 0l ot S 15 &S g ) b ] 005 sy
Byen g (h) il 5yl JEl s (8,5 ) )5 clody SYola
2 ggee & Jhe (Jil SN s Sl bl &0 (h)
o oalil conlgs] (693



VF A BVOAY dotio AFY Jlo VY o0)leds F 0593 S pnol SlSo wdine 4yl

w
m2. K

hzz\.uc

6338 (Glwanesd 40 (6550 bl pad rdlie Silows .Y S

Fig. 2. Schematic of boundary condition values in numerical simulation

Ansys
2021 R2
JAN 24 2024
12:24:26

ELEMENTS

S daad 5D diged (i o (Slowd Y JSWS

Fig. 3. Simulation meshing scheme

Ela e g dwdin =V =Y

@ oo O Cwlbs b (glaio ©)gon diged iagh ol 5
5553 48 psblon (2855 )15 03lild g0 yiaddea B (1550 g Ar Jobo
WYL Sl cud o380 s (S0 40 e cuwl oad o3l lis ¥
ol Jro p b ool 4l ol 5 5, aughe | )l d93
8,8 148 alatwl 3ys0 LI VYYAL 50,5 V5450

o or. . oT
Z(KZ)+0=pC, — ¥
ax( ax)Qppat (¥)

Siye balys =5 =¥

aiwly Jdao h ojly s JUasl cops jlude 585 (5,50l
g5 Yl o (Blo g (i Gy Jio glayite 4 ol 25
bylys adlow 5LS bl)‘] Slea U g oyl ol (gl bl ol
05, a5 L oS dalad 5l siows B ST 0D A18)S Sl > Sygeo 4 (gipe
oM 3l g 4 obols @)l Sl Co s Al wles dxka
ujbbjasd\fwf)ébmdlf5mw)§)b))7' Wm?2K! Lgﬁl).g
h’ )1)&9“ Jg.:)).) u».m .us)f )]).9 DDL&;\}»)' .))94 \”’ \Nl’n_zI(_1
b plp 5o by e 5ol g0 @ gl @)l Jl cops byl
3 a9e3 > jye blpd adbiee gyl el Ol Sl oy
LS (o Cani O i ]

kT onr-r) ©)
Ox

Voo



Sl aie 35 o Sl T plajasly 5 (Sl 651 Q
Q07 Ly 5 oS sl askad 5l elads 4 ol g8 g5 yially
3935) siaslo VA ply o (imgsy cnl )3 2gbi 3y o 4 o8
9 dlge ol 3j90 p3 b 48T JlaS ) (e dmogs (e bl
2 a8 Cowlodd d8)S Ja5 10 iSO ol 3 (gjlwdnd > oles 5l ealail
YL 8y 51 BT g 03> Lod b ol yor polgd asclis yuunnd] 1581 o5
Colia ¥ Jouo 5 alo)S cud)l (olgd ¥ Joia g dalgs 08
[V o ol calisee (slales Ji] o Gyl

Cou g b -Y
dsg> dwdin =) =V
w1 00 W ladiges (S lo yglad Julod 4 (i cxl 2
3 o> Gl 35y L3 4 g i csinalh L 5 350
b 5 g ond inyn Sl canails Sl Y addy Lislopw ¢y
dad o Gl ¥ S p0 i sdeline Jole (gandil hes 18 5l xS
Cygo 4 9> b 4 S 3ble ) ld LSS 0 sl oS
@ Oyl aie 4 K3 ble 53 )3 g amil JluSinl 08y 5 (Sgte
ol 0l S5 joomopd sl aly 5YL Sled Lol)S 559 Lo
WY 53 QA0 by Gl dw bLcy 4 aS Y 5V o) diged duw

Sgil abols 5 gyl pugad B SIle (o]l bausg ind a5 el

Sl g il e A Y
Sbodgioe (lod ud cdalad maw g9y (wgd (S3)iS o0
Slie dilate o g ilise bli ous s Sinl g amsgs cilise
Py gie (35 pasuie sl pi¥ Jole dw and oo oS ]y )l
Sy g LoyS ol (5258 8550 ¢p098 (63979 &)l 35l ke S
byl gloj dly 3 5 askad 4 (0399 Ol Glise f2le)S @rie &5 >

{ewl gogd gloaily Jlade > by 9 Wy @y ol

O =nEl )

ooz eh Jsb gyl dusin dadbre S5 Jio olapite s

olesily slp @lie jti p> AL % 59y Slpoe cunlad 5 4l 16
13 sl 03 ) TA 1D iy 8 ppollo 5K 5 s oKy
b a8 L 30 /8 ply e ALl cla e 4 drgi b gy ol
Syge & Sl s Sl S5 @iy slr Qs Voaddle
25 el (olad )lite ©jg0 4y by 5,8 ool (e (Sl LS

S5 oy gl amie b glasiee |, q o )l s el

4. (r) =2 xp(-35)°) )

2
zr'

[YYTba b 5WT oloyS Cudyb ol puds jluile Y Jou>

Table 2. Changes in alloy heat capacity with temperature

C (J/Kg K) T (°C) C (J/Kg K) T (°C)
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Table 3. Changes in alloy thermal conductivity with

temperature
K (W/m°C) T (°C) K (W/m°C) T (°C)
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Fig. 4. The formation of equiaxed dendrites in the upper regions of the pool, shown in green, and the
growth of columnar dendrites in regions close to the fusion line, shown in pink.
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Fig. 5. Microstructure imaged in metallographic test and formation of columnar dendrites near the fu-
sion line. A) Sample 1 with 95 A, B) Sample 2 with 120 A and C) Sample 3 with 132 A
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Fig. 6. Temperature profile of the weld section of the first sample with a current intensity of 95 amps
from (a) isometric view in steady state from the center of the part, (b) front view
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Fig. 7. The red areas represent the mushy zone between solidus and liquidus for the 3 samples (a) 95, (b)
120 and (c) 132 amps.
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Fig. 8. Temperature-time curves corresponding to the range of images taken: a) 95 amps, b) 120 amps,
and c) 132 amps.
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Table 4. Calculated cooling rates proportional to SDASs
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Fig. 10. Diagram of SDASs according to cooling rate
in other studies for comparison.
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