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Abstract: Laser-MIG hybrid welding experiments of 7 mm thick Invar alloy are carried out. The macro appearance of

joints is observed and the influence of arc energy on the cross-section morphology is analyzed. The distribution of

temperature field is simulated to explain the relationship between heat effect and microstructure. Besides, the average

grain size of weld under different arc energies is quantitatively studied. The results indicate that welded joints with

uniformity and good formation are obtained. The weld width and the weld seam area increase and the depth to width

ratio decreases with the increase of arc heat input. The transition of columnar crystals to equiaxed crystals is observed

from the fusion line to the weld center. It is found that the higher the arc energy, the coarser the columnar crystal.
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0 Introduction

Invar alloy, characterized by low thermal ex-
pansion coefficient and excellent mechanical proper-
ties, has been widely used as a potential mold mate-

121 Based on

rial with high reliability and stability
these features, Invar alloy has extensive applica-
tions in aerospace industry, precision instrument
manufacture, LNG tanker and other fields'.

For the joining of thick Invar alloy plates, sev-
eral common welding technologies, such as metal
inert gas welding (MIG) or laser beam welding
(LBW), have certain limitations"*”'. The high weld-
ing heat input introduced by MIG process will lead
to severe welding deformation, significant residual
stress and grain coarsening.

Laser welding has been considered as a poten-
tial welding technique for its high energy density,
fast welding speed, small distortion and so on. But
welding defects like porosity or crack and poor gap
adaptability are unavoidable problem.

The hybrid laser-arc welding technology, com-
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bining the advantages of advanced laser heat source
and traditional arc heat source, has the advantages
of lower heat input, deeper penetration, better
bridging capacity and higher welding efficiency, and
has better mechanical properties compared with the

individual process®"

. At present, laser-arc welding
has become one of the most promising methods for
thick Invar alloy plate welding.

In recent years, more and more attention has
been paid to numerical simulation techniques for
studying the temperature field or the thermal history
of the welding process™"".

This paper presents a comprehensive study of
weld geometry, microstructure distribution and tem-
perature field characteristics for laser-MIG welding
Invar alloy under different arc energy through experi-
mental and numerical methods. The weld dimension
and grain size are measured. The microstructure in
different regions which experience different thermal
effect is briefly studied, and special attention is fo-
cused on the influence of arc energy on the molten

pool morphology and the thermal cycle process.
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1 Experiment

1.1 Materials and equipment

The base metal (BM) adopted in this investiga-

tion is Invar alloy plates machined to the dimension

of 100 mm>X<100 mmX7 mm without groove. The In-
var M93 filler wire with a diameter of 1.2 mm is
used during the laser-MIG experimental process.
The chemical compositions of Invar alloy base met-

al and Invar M 93 filler wire are shown in Table 1.

Table 1 Chemical compositions of Invar alloy base metal and Invar M93 filler wire (mass fraction) %
Material Ni C Si P S Cr Co Fe
Base metal 35.0—37.0 <20.05 <0.3 <0.6 <20.02 <0.02 <0.15 <0.4 Bal.
Invar M93 36.2 0.53 0.55 0.23 Bal.

The experimental equipment includes KUKA
Robot KR30HA, Fronius TPS-5000 welding ma-
chine and TPG YLS-6000 fiber laser,

shown in Fig.1. And the schematic diagram of laser-

which are

MIG hybrid welding is presented in Fig.2.
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Fig.2 Schematic diagram of laser-MIG experiment

1.2 Design of experiment

In the laser-MIG welding process, the laser
beam is perpendicular to the workpiece and the an-
gle of welding torch to the workpiece surface is 45°.
A laser-arc distance of 3 mm is selected to ensure
the coupling effect between laser heat source and arc
heat source. The 99.99% argon gas with a flow rate
of 15 L/min is used as the shielding gas, which
shows a good protective performance in the experi-
ment. Besides, the defocus amount applied is
0 mm. Detailed experiment parameters are shown in

Table 2.

Table 2 Welding parameters in the experiment

Laser Welding Welding Welding Arc

No. power/ speed/ current/ voltage/ energy/
w (memin ') A A\ (kJem ')
1 3000 1 152 18.7 170.5
2 3000 1 200 22.2 266.4
3 4 000 1 200 22.2 266.4
4 4 000 1 152 18.7 170.5

1.3 Sample preparation

Before the welding process, the oxide film of
the specimen surface is removed by the milling ma-
chine, and then the specimen surface is washed with
acetone to eliminate contaminants. After the weld-
ing experiment, the metallography samples are cut
from weldments by wire-electrode cutting. The met-
allurgical specimens are grinded and polished by
abrasive paper and metallographic polisher. After
that, the metallurgical surfaces are etched with a
corrosive reagent which contains 8% HF, 15%
HNO,, 2% H:BO;and 75% H,O to reveal the mi-

crostructure. The microstructure of the weld 1s ob-



No. S

ZHAO liayi, et al. Effect of Arc Energy on Morphology and Microstructure of Laser-MIG Hybrid--- 53

served by MR-5000 optical microscope.

2 Modeling

In order to explain the relationship between the
thermal history and the microstructure of laser-MIG
welded joints, a numerical model is developed to in-
vestigate the temperature distribution of the weld. In
this study, the model is solved by the finite element
method and the simulation is conducted by the soft-
ware MSC.Marc. Fig.3 shows the geometry model

and meshing results.

(a) Geometry model

(b) Detailed information of model
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(c) Mesh model

Fig.3 Geometry model and meshing of the model

For ensuring the accuracy of simulation and im-
proving the computing efficiency, a grid meshing
method which allows finer mesh in the welded zone
and coarser mesh in the non-welded zone is per-
formed. The component is ultimately meshed into
27 048 mesh elements with 34 388 nodes. In this pa-
per, the minimum size of meshes is 1 mmX
0.6 mmx0.5 mm, and the maximum is 5 mmX
2ZmmX1.5 mm.

A double-ellipsoid heat source (manifested in
Fig.4(a)) is used to simulate the effect of arc and its
expression is described by
g (x,y,2)=

L) ) o

nZa,bc

g:(.y.2)=
2 2 2
76«/3?](262' exp( — 3{(1) Jr(y) Jr(z) D (2)
n’asbe a b ¢

where ¢, (x, v, 2) are ¢,(x, y, 2) are the heat flux
density of the rear and front part ellipsoid, respec-
tively; Q. 1is the heat input of arc; a,, a,, 6 and ¢ are
the parameters to describe the shape of double ellip-
soid, and f, and f, are the energy distribution coeffi-
cients and meet f,+/£=2.

A combined heat source consisting of Gauss
surface heat source and Gauss cylinder body heat
source (manifested in Fig.4(b)) is used to simulate
the effect of laser. The expressions of the heat flux
density for the Gauss surface heat source ¢, (x, y)
and the Gauss cylinder body heat source ¢, (x, y)

can be described as follows

) 2+ 2
qs(x,y)zcﬁexp{—w (3)

6Q(H—ph) | —3(a*+5%)

g(z.y)= exp ; (4)
TchZH2<2—,6’) ry

where «a i1s the concentration coefficient of the sur-

face heat flux, H the depth of the body heat source,

and B the attenuation coefficient; Q, and Q, are the

power of the surface and body heat source, respec-

tively, and r, and r, the effective radius of the sur-

face and body heat source, respectively.

(a) Arc heat source model

(b) Laser heat source model

Fig.4 Models of arc heat source and laser heat source

The relationship of Q. and Q, is subjected to
the following formula
Q=Q.+ Q. (5)
where Q, is the heat input of laser and » the effective
heat absorption coefficient.
The thermal properties of the material have a
great influence on the accuracy of simulation, and

the parameters required are presented in Fig.5.
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Fig.5 Thermal properties of Invar alloy

3 Results and Discussion

3.1 Macro morphology

Fig.6 shows surface profile and cross section of
welds produced by laser-MIG hybrid welding with
different arc energy. The appearance of welds has
great uniformity and only few splashes can be ob-
served around weld seam. The cross section of
joints exhibits an asymmetric goblet shape. There
are several porosities scattered on the cross section,
and mainly concentrated at the bottom of weld
seam. Most of porosities present regular circular
morphology generally induced by the collapse of
keyhole.

The corresponding statistics of weld width,
depth, depth to width and area of joints are shown
in Fig.7. With constant laser energy of 4 000 W,
greater weld width (6.78 mm) and weld seam area
(18.13 mm®) are obtained with higher arc energy,
while the value of fusion depth and weld depth to
width show a declining trend with the increase of arc
energy. The above results suggests that arc energy
exerts a significant influence on the increase of weld

width but little influence on the penetration ability of

(c) Case 3

(d) Case 4
Fig.6  Surface profile and cross-section morphology of laser-
MIG welded joints
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Fig.7 Variation of weld geometries (unit: mm)

laser-MIG hybrid welding.
3.2 Microstructure

Fig. 8 shows macro profile and microstructure
of different areas in the weld seam. The microstruc-
ture in the region near the top surface is composed
of coarse equiaxed grains. Coarse columnar crystals
are found in the region adjacent to the fusion line

and the growth orientations of crystals are perpendic-
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Fig.8 Macro profile and microstructure of different areas in

the weld seam

ular to it. From the fusion line to the center of weld
seam, columnar crystals are gradually transformed
into equiaxial crystals. Due to the effect of different
thermal cycles, the grain size along the center line
varies greatly. The grain size in the upper region of
the weld seam which is regarded as laser-arc domi-
nated region is much coarser than that in the bottom
region which is regarded as laser dominated region.
For studying the effect of arc energy on grain
morphology, grain size of the columnar crystal is
calculated by counting the number of columnar crys-
tals in per unit length. As shown in Figs.9 and 10,
two individual areas are selected for the measure-
ment. Grain size for Case 3 of the average columnar
crystal fabricated under higher arc energy is

8.71 pm, while that for Case 4 fabricated under

(a) Microstructure in wel
under 50 times

(c) Enlarged view of Region ¢
in Fig.9(b)

in Fig.9(b)

Fig.9 Grain size in weld seam region for Case 3

200 pm R
(a) Microstructure in weld center  (b) Enlarged view of Region b

under 50 times in Fig.10(a)

? R 50 pm 7 50 pm
(c) Enlarged view of Region ¢ (d) Enlarged view of Region d

in Fig.10(b) in Fig.10(b)

Fig.10  Grain size in weld seam region for Case 4

smaller arc energy is 7.18 pm. It is explained that in-
creasing arc energy results in longer lasting time in
high temperature and slower cooing rate, which pro-
vides sufficient conditions for grain nucleation and

growth.
3.3 Temperature field numerical analysis

To investigate the relation between thermal ef-
fect and evolved microstructure and the influence of
arc energy on molten pool morphology, the temper-
ature field is simulated. First, the correctness of the
heat source model is verified by comparing the simu-
lated and experimental results. It is shown in Fig.11
that the simulated molten pool appearance has a
good agreement with the practical weld cross sec-

tion.

1.454e+003
1.309e+003 S,
1.163e+003
1.018e+003
8.724e+002
7.270e+002
5.816e+002
4.362e+002
2.908e+002
1.454e+002
0.000e+000

Fig.11 Calibration results of heat source

Fig.12 shows the molten pool appearance in dif-
ferent sections during laser-MIG welding process.
In the laser-MIG process, a keyhole is formed in-
duced by the effect of laser. At the same time, fill-

ing wire is melted under the effect of arc, forming
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Fig.12 Molten pool shape at T'= 3 s

droplets and entering the molten pool, and finally
causing the weld reinforcement. In the top view, the
molten pool is a semi-ellipsoid with large length to
width ratio. In front of the molten pool, which is
mostly affected by laser, the isotherm is dense and
the temperature gradient is large. While the rear side
of the molten pool is mostly affected by arc, the iso-
therm is relatively sparse and temperature gradient
is smaller.

The grain morphology is greatly determined by
temperature gradient and crystallization rate. Fig.13
shows the temperature and temperature gradient dis-
tribution along the center line of weld seam. From
the weld surface to the bottom, the temperature
shows an obvious downward trend and the tempera-
ture gradient experiences a process of rising first,
falling subsequently and close to O at final.

In the itial stage of solidification, the bottom
molten pool solidifies first. Because the temperature
gradient in this region is close to 0, it nucleates and
mostly grows into equiaxed crystals. The tempera-
ture at the bottom is hardly affected by arc, so the
lowest temperature is obtained. The grain growth is
limited under the low heat input, so fine equiaxed
crystals are formed. The columnar grains formed in
the middle region result from the large solidification
rate and grain size increases due to the coupled heat

effect of laser and arc. The temperature gradient

(a) Temperature extraction path
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Fig.13 Temperature and temperature gradient distributions

in specific path

near the surface decreases and equiaxed crystals are
formed. However, the temperature reaches the max-
imum, so the grain will further coarsen.

Fig.14 manifests the temperature field under
different arc energy. As shown in Fig.14(a) , when
influenced only by individual laser heat source, the
molten pool formed is ellipse shape and relatively
small due to the highly concentrated laser energy.
When arc heat is introduced, the range of tempera-
ture field of the hybrid welding is significantly larger
than that of the laser welding because the action
range of arc is larger than the laser. As arc energy in-
creases, the molten pool shape becomes wider and

the isotherm becomes sparser.
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1.309¢+003
1.163¢+003
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(a) E,=0

(b) E,=170.5kJ/m

(c) E,=266.4k]/m

Fig.14 Temperature field under different arc energy
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In order to study the effect of arc energy on the
thermal cycle process, the thermal cycle curve of
two nodes along the weld centerline 1s extracted re-
spectively. As shown in Fig.15(b) , the peak tem-
perature of Node 1 increases from 2 578 °C to
2 790 °C and 3 062 “C with the continuous increase
of arc energy from 0 to 170.5 kJ/m and 266.4 kJ/m.
However, it can be concluded from Fig.15(c) that
the peak temperature of Node 2 has been stable
around 2 482 °C regardless of arc energy, indicating
that arc heat has little thermal effect on the bottom

weld seam.

(a) Position of selected nodes
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(b) Thermal cycle curves of Node 1 under different arc energy
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Fig.15 Thermal cycle curves of different positions

4 Conclusions

Laser-MIG hybrid welding of Invar alloy with

different arc energy is performed. The influence of

arc energy on weld appearance, molten pool shape
and thermal cycle process is investigated. The grain
size under different arc heat inputs is measured. Be-
sides, the interrelation between thermal effect and
microstructure is explained by studying the tempera-
ture field. The conclusions can be achieved as fol-
lows:

(1) The appearance of the weld surface is
clean and uniform. The cross section of weld is basi-
cally “goblet” shape with wider width at the surface
and narrower width at the bottom. The porosities
are mostly located in the laser dominated region.
With the increase of arc energy, the weld width and
weld seam area show an ascending trend and the
depth to width ratio shows a descending trend.

(2) The microstructure of the weld seam con-
sists of much columnar crystals and less equiaxed
crystals. From the fusion line to weld center, there
is a trend of columnar crystals transformed to
equiaxed crystals. From the surface to the bottom of
the weld, the microstructure changes from coarse
equiaxed crystals to coarse columnar crystals in the
middle and fine equiaxed crystals in the bottom. It is
found that grain size of the columnar crystal de-
crease with the decline of arc energy.

(3) The grain dimension and morphology in
different areas is related to the corresponding tem-
perature and temperature gradient. The simulated
temperature field indicates that the increasing arc en-
ergy results in wider molten pool and sparser iso-
therm. Arc energy has a great effect on the thermal
cycle process in the upper region of the weld but lit-

tle on that in the bottom weld.
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