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Abstract Laser-MIG hybrid welding of 316L stainless
steel was carried out to investigate influence of welding
process parameters, i.e., laser power (P), welding current
(D), distance between laser and arc (D), and welding speed
(V) on arc characteristics, droplet transfer, and weld qual-
ity. Arc characteristics and droplet transfer behavior were
investigated using high-speed imaging technology.
Microstructures of the joint were observed by optical mi-
croscope, and microhardness was measured by microhard-
ness tester. The results showed that the maximum devia-
tion angle of the arc from the wire axis decreases with the
increasing laser power. Welding current played a domi-
nant role in arc length and droplet transfer mode.
Optimal weld with no spatters and humps was obtained
when P=3 kW, I=140 A, D=3 mm, and V=1.2 m/min.
Microstructures in the weld zone mainly consist of colum-
nar and equiaxed dendrites. Microhardness decreased to-
ward the center of the weld zone, increased toward the
WZ boundary, and decreased sharply at the heat-affected
zone (HAZ).
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1 Introduction

Austenitic stainless steels are widely used in fabrication indus-
try for their good comprehensive performance (e.g., good cor-
rosion resistance and superior mechanical properties). In par-
ticular, 316L austenitic stainless steel is thought to be one kind
of ideal materials for the ocean environment components [1,
2] because of its good corrosion-resistant performance caused
by the relative lower carbon content and added molybdenum.
Austenitic stainless steel can be readily welded by arc welding
[3—5] and laser welding [6—8]. However, there exist disadvan-
tages such as large heat-affected zone (HAZ), high residual
stress and distortion, low welding speed for arc welding, and
bad gap-bridging ability for laser welding.

Laser-arc hybrid welding technology, which combines the
advantages of laser welding including high efficiency, deep
penetration, and low distortion with high gap-bridging ability
of arc welding, has attracted much attention and been applied
in a number of different fields [9—12]. However, appropriate
welding process parameters must be selected to obtain stable
welding process and high-quality weld. Thus, study of process
parameters (e.g., laser power, welding current, arc voltage,
distance between laser and arc, welding speed) on stability
of welding process and weld quality is necessary.

Many researches have been done on stability of welding
process. Stability of hybrid welding process is determined by
plasma behavior and metal transfer behavior. Liu et al. [13]
studied effects of relative location of laser with arc on plasma
behavior and weld cross section. Foster et al. [14] used a high-
speed video camera to monitor the plume in 304L stainless steel
welding with a 15-kW fiber laser. Chen et al. [15] studied drop-
let transfer at different welding positions in CO, laser-metal arc
gas (MAG) hybrid welding. Zhang et al. [16] denoted that the
CO, plasma plume had a significant impact to the electrode
melting, droplet transfer, and weld morphology. Zhang et al.
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[17] studied effects of mutual distance and laser power on plas-
ma behavior and metal transfer and indicated that high laser
power and short distance between laser beam and arc increased
the droplet detachment time. Liu et al. [18] discussed arc char-
acteristic and droplet transfer size and velocity under different
laser powers and arc powers in CO, laser-MAG.

Weld quality can be characterized by weld appear-
ance and geometry, mechanical properties, and so on.
Ghosal and Chaki [19] optimized penetration depth
using optimization method. Moradi et al. [20] studied
variation of top weld width using high-speed imaging.
Wahba et al. [21] analyzed droplet transfer, spatters, and
weld appearance with 100 % CO, shielded gas. Liu
et al. [22] pointed out that with the increasing distance
between laser and arc, the weld bead geometry changed
from “cocktail cup” to “cone-shaped.” Sathiya et al.
[23] analyzed microstructures, microhardness, tensile
properties, and impact properties of 904L super austen-
itic stainless steel using different shielding gas mixtures.
Cui et al. [24] studied microstructure and microhardness
of fiber laser butt welded joint of 304 stainless steel.
Residual stress, microhardness, and tensile properties of
304 stainless steel by fiber laser welding were studied
by Zhang et al. [25]. Joint properties such as wetting
length, intermetallic phase layer thickness, and tensile
strength were discussed by Thomy and Vollertsen [26].
Serizawa et al. [27] investigated the weldability of dis-
similar joint between F82H and SUS316L from micro-
structure and Vickers hardness. Serizawa et al. [28]
studied the effect of laser beam position on mechanical
properties of F82H/SUS316L butt joint welded by fiber
laser.

From aforementioned literatures, stability of welding
process and weld quality are affected significantly by
welding process parameters in the laser-arc hybrid
welding. However, studies of process parameters in
laser-arc hybrid welding of 316L stainless steel have
not been done systematically. Therefore, in the present
paper, effects of welding process parameters on arc
characteristic and droplet transfer behavior are investi-
gated employing high-speed imaging technology. In ad-
dition, effects of process parameters on weld appear-
ance, weld geometry, microstructure, and microhardness
are analyzed. Process parameters considered in the ex-
periment were laser power (P), welding current (/), dis-
tance between laser and arc (D), and welding speed (V).

2 Experimental procedure
2.1 Material

The base metal used in the experiment was 3 16L austenitic stain-
less steel with the dimensions of 150 mm x 75 mm x 5.5 mm.
Welding surface was cleaned with acetone prior to welding. The
corresponding filler wire was ER316LSi with a diameter of
1.2 mm. Table 1 shows the chemical composition of the base
material and the filler wire.

2.2 Experiment equipment and welding process
parameters

Figure 1 shows experiment setup and schematic drawing for
the fiber laser-MIG hybrid welding. The welding system com-
prises an IPG YLR-4000 fiber laser system, a MIG arc
welding system, and an ABB IRB4400 special robot. The
focal length and focal diameter on weldment surface are 250
and 0.3 mm, respectively. The MIG welding system contained
a Fronius TPS4000 inverter power supply with a maximum
current of 500 A, a special wire feeder, and a Fronius VR2000
MIG welding torch. The laser welding head, wire feeder, and
MIG welding torch were attached to the robot. A high-speed
camera (Photofocus, Switzerland) system was used to record
the images of droplet at a frame rate of 2700 f/s. A narrow-
band filter with a center wavelength of 808 nm which matched
the backlight source was installed in front of the camera lens to
filter out most of the arc light to distinguish droplets.

Bead-on plate welding was conducted in the hybrid
welding. The constant and variable welding process parame-
ters adopted in the experiment are presented in Tables 2 and 3,
respectively. In Table 3, Vi automatically matched with the
welding current.

2.3 Observation and measurement

Arc and droplet can be observed directly using high-speed
imaging technology. Thousands of photographs in each trial
were used to average frequency of droplet transfer. Weldments
were sectioned, molded, polished, and then etched by HF/
HNO3/H,O (1:2:7 vol.) mixtures. Geometrical characteristics
of weld cross section were measured utilizing a stereoscope
(DH-HV315UC) and measurement software CSM1 with the
precision of 1 um. Microstructure was performed using a 3D
super-depth digital microscope (KEYENCEVHX-1000C),

Table 1 Chemical composition

of the base metal and the filler Material C Mn p S Si Ni Cr Mo Cu
wire (Wt%)

Base metal <0.03 <2.0 <0.045 <0.03 <1.0 10-14 16-18 2-3

Filler wire 0.0213 1.74 0.027 0.009 0.83 11.66 18.6 2.5 0.26
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Fig. 1 Experiment setup and
schematic drawing for the hybrid
welding

platform i S

camera

and microhardness test was carried out by using a microhard-
ness machine (Wolpert Wilson 402M VD) with a loading force
of 1.96 N and duration time of 15 s.

3 Theoretical background

In the hybrid laser-MIG welding, geometrical characteristics
of weld cross section were affected by the hybrid heat source.
The total heat input (Q) includes heat input of laser (Qy,s.) and
heat input of arc (Q,.). O can be calculated according to the
following equation

M1 Praser + 1 UT

. (1

Q = Qlascr + Qarc =

where P, is the laser power, U is the arc voltage, [ is the
welding current, n; and 1), are efficiencies of laser and arc
power, and Vis the welding speed.

Droplet transfer mode depends on transfer distance
and the resultant force exerting on the pendant droplet.
Forces acting on the pendant droplet in the laser-MIG
hybrid welding process are shown in Fig. 2. Detaching
forces consist of gravitational force (Fy), plasma drag
force (F}), and electromagnetic force (Fey,) which devi-
ate from wire axis due to attraction of laser to arc.
Retention forces include surface tension (F,) and vapor
recoil force (F,) caused by high-speed vapor jet from
laser keyhole.

Table 2 Constant

parameters adopted in Parameter Value

the hybrid welding
Defocusing amount 0 mm
Angle of laser 8°
Angle of MIG torch 55¢°
Shielding gas Ar
Shielding gas flow 1.0 m*h
Current mode Continuous

laser head. *

.I ¥ W
A

8°  Welding direction

<
MIG Torch
Laser
beam 55°
D 316L

The forces acting on the droplet can be expressed as fol-
lows [16, 29]:

4

Fyg=37R pg (2)

Fp=CpAp <pj;_ f) 3)

) .

F, = 1ol In Rsing 1 1 2 In 2 4)
47 r 4 1—cosf (1-cosf) 1 + cosf

F., =2mry (5)
1 Ny, !}

Fo={ Gnr,? CpAp, Vo2 a]\;‘“BSO _ exp(—U/Ts)exp(—DZ/zRf)(DsRh) (6)

0 (D<Ry)

where R and r represent radius of droplet and the wire and p,
ps and p,, represent density of droplet, the plasma, and the
vapor, respectively. g is the gravitational acceleration, Cp is
the drag coefficient, Ap is the projection area, v,is the velocity
of the plasma, / is the welding current, 1 is the permeability
of free space, 0 is the angle of the arc-covered area, -y is the
surface tension coefficient, Ry, is the distribution parameters of
metal vapor, Vj is a constant, N, is the Avogadro’s constant,
K3 is the Boltzmann constant, 7 is the surface temperature of

Table 3  Variable parameters adopted in the hybrid welding

No. PkW) I(A) U(N) Vim/min) D (mm) V (m/min)
1 3 140 183 48 3 12
2 25 140 183 48 3 12
3 35 140 183 48 3 12
4 3 140 183 48 2 12
503 140 183 48 1 12
6 3 140 183 48 3 0.65
7 3 140 183 48 3 2.1
8 3 180  20.1 63 3 1.2
9 3 220 239 77 3 1.2
10 3 260 264 89 3 1.2

Vywire feeding rate, U arc voltage
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wire filler 4.2 Effects of welding process parameters on droplet
laser transfer behavior
beam

Fen

Fig. 2 Schematic drawing of forces acting on the pendant droplet in the
hybrid welding

melted zone, M, is the molecular weight, U is a calculated
constant, and D is the distance between laser and arc.

4 Results and discussions

4.1 Effects of welding process parameters on arc
characteristics

Laser has attraction and stabilization effect on arc in the hybrid
welding. Compared with moving thermionic emission points on
the weldment surface formed by arc, laser radiation point gen-
erates higher density of electrons. The laser radiation point on
the weldment will be the new cathode because of the minimum
voltage principle. The effects of attraction and stabilization can
be demonstrated by Fig. 3. 6, 6,, and 65 in Fig. 3 indicate the
maximum deviation angle of the arc from the wire axis. The arc
is biased toward laser, and the deviation angle decreases with
the increasing laser power. Thus, it can be concluded that higher
laser power makes the arc more stable. Figure 4 presents effects
of welding current on arc characteristic. Anode point is formed
at the bottom of the droplet. L;, L,, and L3 in the figure refer to
arc length. It can be seen that arc covering area on the weld-
ments and arc length increase correspondingly to the increased
welding current. Additionally, arc energy increases which is
marked by white bright zone. In the experiment, the effects of
D and Von arc characteristics are not very remarkable.

4.2.1 Droplet transfer behavior

Figure 5 shows typical droplet transfer process observed in the
experiments. Droplets are highlighted by red circles. The
white areas surrounding the wire and droplet are arc plasma.
Figure 5a shows the transfer process of short circuit with low-
er welding current, in which the droplet grows continuously
until it is bigger enough to touch the molten pool. Usually, its
diameter is bigger than the wire diameter. With the increasing
of welding current, globular and spray transfer process will
occur, as presented in Fig. 5b, c, respectively. Necking forms
in the globular transfer, as can be seen in the third image of
Fig. 5b. Droplets detach from the wire tip and flow to molten
pool freely. From Fig. 5c, it can be observed that in spray
transfer, the transfer speed is very quick and droplets look like
a stream of conical liquid metal whose diameters are much
smaller than the wire diameter. When the welding current is
too large, the molten wire will look like a flexible liquid col-
umn swinging violently, which can be observed from Fig. 5d.
The liquid column is swung out with heavy spatters, and thus,
welding process is very unstable. Droplet transfer behavior is
affected by other process parameters except for welding cur-
rent. Effect of process parameters on droplet mode and trans-
fer frequency will be discussed below.

4.2.2 Effects of process parameters on droplet transfer mode
and frequency

High-speed images of droplet transfer and average transfer
frequencies with different welding process parameters are
shown in Table 4. No. 1 experiment was the base solution,
in which parameters were P=3 kW, /=140 A, D=3 mm, and
V=1.2 m/min.

No. 1, 2, and 3 experiments show the effect of laser power
(P) on droplet transfer behavior with the constant parameters
I=140 A, D=3 mm, and V=1.2 m/min. Droplet transfer
modes were all short-circuit transfer when P increased to 3.5
from 2.5 kW. Droplet transfer frequency increased corre-
spondingly with the increasing P.

Fig. 3 Effects of laser power on arc characteristics with /=140 A, D=3 mm, and V=1.2 m/min and a P=2.5 kW, b P=3 kW, and ¢ P=3.5 kW
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Fig. 4 Effects of welding current on arc characteristics with P=3 kW, D=3 mm, and V=1.2 m/min and a /=140 A, b /=180 A, and ¢ /=220 A

No. 1, 4, and 5 experiments present the effect of distance
between laser and arc (D) on droplet transfer with the constant
parameters P=3 kW, /=140 A, and V=1.2 m/min. Droplet
transfer frequency decreased with the decreasing of D, but
droplet diameter increased which can be seen clearly from
the photographs.

No. 1, 6, and 7 experiments show the effect of
welding speed (V) on droplet transfer with the constant
parameters of P=3 kW, /=140 A, and D=3 mm. The
short-circuit transfer mode remained, and droplet trans-
fer frequency had no obvious change with the varying
V. There existed a small increment when V increased
from 0.65 to 1.2 m/min and a small reduction when 7
increased continuingly to 2.1 m/min.

No. 1, 8, 9, and 10 experiments illustrate the effect
of welding current (/) on droplet transfer with the con-
stant parameters P=3 kW, D=3 mm, and V=1.2 m/
min. When / was less than 220 A, the transfer mode
was all short-circuit transfer. When 7 reached 220 A, the
dominant transfer mode was short-circuit transfer.
Meanwhile, globular and spray transfers were mixed

together. When [ was set 260 A, the molten droplets
look like “flexible liquid column” and swung violently
though a little spray transfer occurred. And therefore,
transfer frequency was not calculated. Droplet transfer
frequency was the minimum when /=180 A.

From the results stated above, / and D have significant
effect on droplet transfer behavior which can be explained
as follows. According to the theoretical analysis in
Sect. 3, when [/ increased, promotion forces £, and F,,,
increased correspondingly. However, the short-circuit
transfer mode did not change when [ was less than
220 A. When [ reached 220 A or more, the promotion
forces £, and F,,, were big enough to change the transfer
mode to a combination of short-circuit, globular, and
spray transfers or swinging liquid column with spray
transfer. The transfer distance increased when / was
180 A compared with 140 A, which can be seen from
images at 0 ms in Table 5, and more time was needed
for droplets to grow bigger to touch the molten pool.
Thus, decreased transfer frequency and bigger droplet di-
ameter would be seen. High-speed globular and spray

Fig.5 Typical droplet transfer process for a short-circuit transfer with /=140 A, b globular transfer with /=220 A, ¢ spray transfer with /=220 A, and d

swinging liquid column with /=260 A
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Table 4  Droplet transfer behavior for different laser powers (P)
Frequency
No. Parameter Transfer mode (H2) Droplet transfer process
z
P=3kW [=140A o vo
1 | short-circuit 30 -
D=3mm V=1.2m/min
t=Oms | t=15ms | t=23ms | t=28ms
2 P=2.5kW | short-circuit | 22 ﬂ - -
I=140A
t=0Oms | t=13ms | t=50m | t=83ms
D=3mm
V=1.2m/min
3 P=3.5kW | short-circuit 35
t=62ms
4 D=2mm | short-circuit 27
P=3kW
[=140A
V=1.2m/min
5 D=Imm | short-circuit 13
V= .
6 .| short-circuit 22
P=3kW |0.65m/min
I=140A
D=3mm V=
7 | short-circuit 26
2.1m/min
8 I=180A | short-circuit | 17 2 = | - @¥
t=42ms
P=3kW short-circuit+
9 | D=3mm | 1=220A | globular+ 37 i
V=1.2m/min spray t=0Oms | t=20ms | t=25ms | t=29ms
spray+ o
10 [=260A | swinging - m a I
liquid column t=Oms | t=3ms | t=4ms | t=6ms
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Table 5  Effects of welding process parameters on weld appearance

No. Parameters Weld appearance Cross- | Image with
section spatters
P=3kW I=140A
1
D=3mm V=1.2m/min
2 | FMOA T pop skw
D=3mm
3 |V=12m/min| p=3.5kW
4 P=3kW D=2mm
I=140A
5 |V=12m/min| D=1mm
6 P=3kW V=
0.65m/min
I=140A
7 D=3mm |y 15y/min
g | P=3kW 1 1=180A
D=3mm
9 |V=12m/min| [=220A

transfers led to higher transfer frequency when / was
220 A compared with short-circuit transfer at 180 A.
Decreased distance between laser and arc led to increased
F, which prevented detachment of the droplet from wire

Table 6 Geometric characteristics of weld cross section

tip. As a result, droplet transfer frequency decreased with
the decreasing D, especially when D varied from 2 to
1 mm. Meanwhile, droplet diameter increased which can
be observed from the red circle zone in Table 6.

No. DP (mm) DP_A (mm) BR (mm) BW_E (mm) WW_L (mm) S (mm)
1 3327 1.213 1.436 3.074 0.692 7.762
2 2.793 1.427 1.261 3.504 0.780 6.655
3 4.257 1.333 1.209 3.557 0914 9.135
4 4.835 1.841 1.338 3.712 0.822 9.866
5 3.616 1.488 1.182 3.118 0.736 6.890
6 5.405 2.209 0 4.298 2.206 21.453
7 3.082 0.727 0.797 2470 0.683 4.835
8 4.76 1.193 1.456 3.69 0.932 11.081
9 3.933 2.159 1.499 4.032 0.853 11.527
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Fig. 6 Geometrical characteristics of weld cross section

4.3 Effects of welding process parameters on weld
appearance and geometry

4.3.1 Effects of welding process parameters on weld
appearance

The effects of welding process parameters on weld appearance
are shown in Table 5. Red circles in the table refer to the
spattering droplets.

Nos. 1, 2, and 3 indicate the effect of P on weld appearance
with the parameters /=140 A, D=3 mm, and V=1.2 m/min.
Beautiful weld with no spatters was obtained when P was
3 kW. Depth of penetration was very small when P was
2.5 kW which can be seen from weld cross section in the table.

When P increased to 3.5 kW, some spatters occurred. Weld
appearances were bad when D was 2 and 1 mm. Humping
bead was obtained when D was set at 1 mm as a result of too
slow transfer frequency. Weld appearances under different
welding speed can be compared from Nos. 1, 6, and 7.
Spatters were little and weld appearance was acceptable.
Welding process was full penetration when V was 0.65 m/
min and was partial penetration when V was 1.2 and 2.1 m/
min. Weld bead subsidence occurred which can be seen from
the blue circle zone of No. 8 weld cross section and high-
speed images of the droplet and molten pool. Weld bead sub-
sidence reduced the area of weld cross section and weakened
the mechanical property of the joint. From Nos. 1, 8, and 9, it
is observed that more spatters generated with the increasing
current under the same parameters of P=3 kW, D=3 mm, and
V=1.2 m/min. The width of all the three welds was uniform,
which indicated that the welding process was stable.

From the analysis of effects of process parameters on weld
appearance above, the optimal welding process parameters
were P=3 kW, [=140 A, D=3 mm, and V=1.2 m/min.
And thus, No. 1 weld was selected for the analysis of micro-
structure and microhardness below.

4.3.2 Effects of welding process parameters on weld geometry

From Table 5, it can be seen that full and partial penetration
occurred and weld geometry differed with different welding
process parameters. The influence of welding process

Fig.7 Effects of welding process 104 (a) (b)
parameters on geometrical — 104
characteristics of weld cross 81 12
A ——DP_A 34
section —a—BR
—a—DP
6- —v—BW_E —e—DP A
- —e—WW_L » 61 ——BR
% —<—S Ti —v—BW_E
4 —e— WW L
o :></4 ” 4 A— s |
21 L 2+
= —— e
-+ ~— —o
0 T T T T T d 0 T T T T T
2.4 2.6 2.8 3.0 3.2 34 3.6 1.0 1.5 2.0 2:5 3.0
Laser power (kW) Distance between laser and arc (mm)
124
104
8 .
2 6
<
>
4_
2 =
L 140 160 180 200 220
Welding speed (m/min) Current (A)
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Fig. 8 Locations of the micrographs in the cross section of welded joint

parameters on weld geometry will be discussed in detail based
on geometric characteristics of weld cross section.

Figure 6 illustrates what was measured for each geometri-
cal characteristic of weld cross section. In the figure, DP,
DP A, BW E,WW L, BR, and S denote depth of penetra-
tion, depth of penetration caused by arc, effective weld bead
width, weld width caused by laser, bead reinforcement, and
area of weld cross section, respectively. The results of exper-
iments are listed in Table 6, and the effects of welding process
parameters on geometrical characteristics of weld cross sec-
tion are depicted clearly in Fig. 7.

From Fig. 7a, it can be seen that with the increasing of P
from 2.5 to 3.5 kW, DP and S increased correspondingly be-
cause more laser energy input was generated. Other geomet-
rical characteristics had little change with the variation of P,
which indicated that P had little effects on them. Thus, it can
be concluded that P mainly controlled DP and had little effects
on other geometrical characteristics.

Fig. 9 Microstructures of No.
Iwelded joint with a high
magnification, see Fig. 8 for letter
reference
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In Fig. 7b, there were scarcely any variations for DP_A,
BR, BW_E, and WW_L when D was varied from 3 to 1 mm.
DP and S increased at first and then decreased. They achieved
the maximum values when D was 2 mm. Therefore, the opti-
mal distance between laser and arc was 2 mm, at which the
strongest interactions between laser and arc occurred. When D
was too small, vapor jet impeded transfer of droplets. Laser
energy used to heat the weldment decreased because of energy
absorption by droplets, and consequently, less energy input
led to smaller DP and S.

The smaller the welding speed was, the larger the energy
input was for both laser and arc source. From Fig. 7c, it can be
observed that increased DP, DP_ A, BW _E, WW L, and S
were obtained with the decreasing V. Full-penetration weld
was obtained when V was 0.65 m/min. However, BR was zero
in No. 6 full-penetration welding and weld bead subsidence
occurred, which was not beneficial to mechanical property,
e.g., tensile strength.

Figure 7d presents the effects of welding current on each
geometrical characteristic of weld cross section. S increases
greatly when / was increased from 140 to 180 A; however, it
has hardly any change when [ is increased to 220 A. BR and
WW_L had no significant changes, and BW_E increased cor-
respondingly with the increasing /. DP_A was deepest when /
was 220 A; nevertheless, the deepest DP was obtained when /
was 180 A. Thus, / mainly influenced BW_E, and under the
same circumstance, the combined effect of laser and arc was
more remarkable when / was 180 A.

From the results presented above, P and / mainly influ-
enced DP and BW_E by energy input, and positive correlation
existed between them, respectively. D played a significant role

e, 9 71“_ v
2, z
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in interactions between laser source and arc source, and the
optimal D was 2 mm in the experiments. V had a positive
influence on all the geometrical characteristics except for
BR. Full penetration would be produced using slow welding
speed, but too, slow speed would lead to weld bead
subsidence.

4.4 Microstructure analysis

Figure 8 shows the locations of the micrographs taken from
the optimal No. 1 weld joint. “a” and “c” refer to the center of
the weld bead and interface between weld zone (WZ) and
heat-affected zone (HAZ) affected by both laser and arc. “b”
and “d” distinguish the keyhole zone granted by the laser
source. Figure 9 shows all those micrographs. Fusion line
between WZ and HAZ in Fig. 9c was more apparent than that
in Fig. 9d, and HAZ in Fig. 9c was much wider because of the
influence of arc source. From Fig. 9a, b, coarse serrated mor-
phology appeared in the fusion boundary. Columnar dendrites
and equiaxed dendrites can be observed in the WZ in Fig. 9a,
while only columnar dendrites can be seen in the WZ in
Fig. 9b. Moreover, columnar dendrites close to the fusion line
grew in preferred normal-to-isotherm line direction. The mi-
crostructure can be explained as follows: the solidification
mode of microstructure depends on the ratio of temperature
gradient to cooling rate [30]. The ratio was the maximum in
the weld boundary which favored the growth of columnar
dendrites, and smaller ratio toward the center of the WZ
inhibited the continuing growth of columnar dendrites and
benefited equiaxed dendrites. The ratio in WZ center influ-
enced by laser and arc was smaller than that of keyhole zone
center; thereby, more equiaxed dendrites existed in Fig. 9a.

4.5 Microhardness analysis

Figure 10 shows microhardness across the weld cross section of
No. 1 welded joint. Microhardness was measured at the middle

200+

—a— Top
—e— Middle

195
190 ~ \
185

180 ~

Hardness (HV)

1755
170 ~

165 T T T T T T ' T T T T
-3 -2 -1 0 1 2 3

Distance to the weld center (mm)

Fig. 10 Microhardness distribution across the weld cross section
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with 0.1-mm intervals and at 0.5 mm below the top surface with
0.2-mm intervals. Microhardness was different from the top to
the middle. Microhardness decreased toward the center of the
WZ due to self-annealing effect during the cooling process. The
sudden change of growth direction of columnar dendrites and
little equiaxed dendrites contributed to the lowest microhard-
ness at WZ center at the middle. However, high microhardness
of WZ center at the top was attributed to the plentiful fine
equiaxed dendrites. Furthermore, microhardness increased to-
ward the WZ boundary and decreased sharply at the HAZ.
HAZ microhardness was lower than the base metal microhard-
ness due to coarse grains and material softening.

5 Conclusions

Fiber laser-MIG hybrid welding of 316L stainless steel plates
was performed. Effects of welding parameters on arc charac-
teristic, droplet transfer, weld appearance, and weld geometry
were discussed. Microstructure and microhardness were ana-
lyzed as well. The main findings can be concluded as follows:

1. The maximum deviation angle of the arc from the wire
axis decreases with the increasing laser power. Arc length
increases with the increasing welding current. Effects of
welding speed and distance between laser and arc on arc
characteristics are not very remarkable.

2. Droplet transfer mode mainly depends on welding cur-
rent. Droplet transfer frequency decreased firstly and then
increased with the increasing welding current. It de-
creased with the decreasing laser power and distance be-
tween laser and arc.

3. Better weld with no spatters and humps is obtained at the
parameters of P=3 kW, /=140 A, D=3 mm, and
V=1.2 m/min. The optimal distance between laser and
arc is 2 mm to obtain the maximum depth of penetration.
Welding mode changes to full penetration from partial
penetration when welding speed is 0.65 m/min.

4. Microstructures in the WZ affected by laser-MIG mainly
consist of columnar and equiaxed dendrites, while only
columnar dendrites can be observed in the WZ affected by
laser.

5. Microhardness decreased toward the center of the WZ,
increased toward the WZ boundary, and decreased sharp-
ly at the HAZ. Higher microhardness at the top of WZ
center is attributed to plentiful fine equiaxed dendrites.
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