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Abstract Austenitic stainless steel 316L is welded by la-
ser beam with T-joint in this paper. Microstructures of
fusion zone consist of a large amount of austenite and a
small amount of ferrite; heat-affected zone (HAZ) width is
about 10 um. The fine-equiaxed dendrites existing as net-
work morphology locate at the center of fusion zone, and
columnar structures are near HAZ. Microhardness at the
top of the cross-section of welded joints is higher than that
at the bottom, and the hardness of the second pass is
higher than that of the first pass. The numerical result of
maximum deformation (2.67 mm) keeps a good line with
that of the experiment result (2.52 mm). The maximum
value of the longitudinal compressive stress is 306 MPa,
while the residual stress of the first pass is slightly re-
leased during the second pass welding process. The trans-
verse residual stress along line 1 always presents a com-
pressive state. At the 3.5 mm position far from the bead
center, a large fluctuation of angular deformation and lon-
gitudinal residual stress are induced by the high-
temperature gradient. Maximum values of angular defor-
mation and equivalent residual stress for the whole sample
are 1.37 mm and 452.3 MPa, and these both locate at the
end-start zone of the welding path.

>4 Gaoyang Mi
hustmigaoyang @163.com

Youmin Rong
ymrong 1987 @gmail.com

State Key Lab of Digital Manufacturing Equipment and Technology,
School of Mechanical Science and Engineering, Huazhong
University of Science and Technology, Wuhan, China

School of Material Science and Engineering, Huazhong University
of Science and Technology, Wuhan, China

Keywords Laser welding - Microstructure -
Microhardness - Distortion - Residual stress - 316L

1 Introduction

Stainless steel has been widely exploited in a range of industry
applications with its advantages of corrosion resistant and
long lasting, making thinner and more durable structure pos-
sible [1]. Generally, stainless steel structures are joined by
welding process [2], and it is necessary to investigate its
welding performance from the point of microstructure and
mechanical properties.

Recently, microstructure of stainless steel obtained by
welding process has been researched. The relationship from
welding parameters and external environment to microstruc-
ture is mostly concerned. Kumar and Shahi revealed the in-
fluence from welding parameters (current, voltage, and
welding speed) on microstructural changes [3]. To investigate
the effect of tungsten inert gas process on delta ferrite content
of 316L steel, five kinds of oxide fluxes, including MnO,,
TiO,, M00O3, SiO,, and Al,Os3, are considered by Tseng and
Hsu [4]. Cho et al. demonstrated that the significant micro-
structure changes are caused by severe deformation and the
high heat input during friction stir welding (FSW) 409 steel
[5]. Tt was confirmed by Bang et al. that re-crystallization in
FSW was induced by preheating, and thus, the grain size and
dislocation density were both decreased [6]. Mukherjee
proved that grain structure and direction of grain growth in
low nickel austenitic stainless steel weld metals can be affect-
ed by different modes of metal transfer (short circuit mode,
spray mode, and pulse mode) [7].

Meanwhile, mechanical properties of welding joints, in-
cluding welding deformation, residual stress, tensile strength,
fracture, and so on, have got much attention. The influences of
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different restraints on the welding deformation and resid-
ual stress were researched by Adak and Soares [8].
Ravisankar et al. applied simulation and experiment
methods to research the influence of welding speed and
power on residual stress [9]. Elmesalamy et al. compared
laser welding and arc welding residual stresses in multi-
pass narrow gap [10]. Ye et al. investigated the relation-
ship between different groove types with residual stress
and welded-induced deformation [11]. Alipooramirabad
et al. explained the distribution of residual stress in
multi-pass welding using neutron diffraction [12].
Microhardness of AISI 420 butt joint obtained by laser
welding was measured by Erdem et al. [13]. Alizadeh-Sh
et al. found that the welding cycle has an obvious effect on
the mechanical properties in terms of peak load, energy
absorption, and failure mode [14]. The improvement
method of tensile and impact strength was discussed by
appropriate filler without obtaining any deleterious phases
[15]. The fatigue life and fatigue crack growth of friction
stir-welded AISI 409M stainless steel joints were evaluat-
ed using hourglass and central-cracked tension specimens,
respectively [16].

According to the previous work, there are three character-
istics of the welding process of stainless steel can be conclud-
ed that the primary attention of each article concentrates sep-
arately on one aspect of microstructure or mechanical proper-
ties; the joining type is mainly butt joint; welding method is
mostly arc welding. It is noted that T-joint is widely applicable
especially for large-scale structures. However, there is no re-
lated research about microstructure and mechanical properties
of a same T-joint obtained by laser welding. Therefore, a case
of laser welding 316L steel with T-joint is focused in this
paper, while microstructure, microhardness, distortion, and
residual stress are all further discussed.

2 Experiment

Base metal is austenite steel 316L, and its chemical compo-
nents are given in Table 1 [17]. The diagram of the sample
with T-joint is shown in Fig. 1. The flange and web plate are
welded into T-joint with the size of both 100 x 100 x5 mm,
while the measurement position of angular distortion and re-
sidual stress is noted as line 1. To ensure the welding quality,
each contact zone of the plates is flatted by grinding process
and then cleaned by acetone before welding. Figure 2 gives

Table 1  Chemical components of austenite steel 316L (wt.%)

C Si Mn P S Cr Mo Ni N Cu

0.021 0.77 1.019 0.039 0.001 1692 2.03 12.16 0.033 0.20
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Fig. 1 Diagram of 316L sample with T-joint

the laser welding system. The whole welding process is com-
pleted using teaching method. The sample is clamped by the
jig and inclined about 45° so that the laser beam can reach the
welded zone. Detailed welding parameters are listed as fol-
lows: fiber laser power is 4 KW, welding speed is 0.6 m/min,
shielding gas is Ar with flux of 0.6 m*/h, and cooling time
between two passes is 240 s.

3 Microstructure and microhardness

3.1 Measurement methods

To observe microstructure and measure microhardness, the
welded sample is cut by wire-cut electrical discharge

B .

Laser header —

Fig. 2 Laser welding system



Int J Adv Manuf Technol (2017) 90:2263-2270

2265

Fig. 3 Bead geometry of 316L steel with T-joint

machining, and then the sample is eroded by the aqua
regia with the purity of 100 %. The optical microscope
with different magnification (10, 100, 200, and 500) times
is used to extract the image of the bead geometry and
further observe the microstructure. Meanwhile, microhard-
ness of welded zone is measured with load 300 g and
hold-up time 15 s. As shown in Fig. 3, measurement po-
sitions of hardness are noted by three blue lines (L1, L2,
and L3), while intermediate position of each measuring
line is recorded as zero so that measurement results can
be easy expressed using different curves.

Fig. 4 Microstructures of a base (a)
metal, b center of right seam, and
¢ weld zone magnified 100 times
and d 500 times

3.2 Microstructure

The bead geometry is shown in Fig. 3. The first and second
passes are distributed in both left and right sides. It is apparent
that some obvious porosities near the cross position of two
welding passes may be caused by slags or re-solidification.
Widths of the first and second seam are 3.12 and 2.61 mm,
while penetrations are 6.24 and 6.14 mm in turn. It can be
concluded that the first pass in bead profile keeps high consis-
tent with the second pass. The microstructure of base metal
316L is austenite (Fig. 4a). The dendrite growth direction in
the seam center (Fig. 4b) is clearly different, while the angle
between two growth directions is about 120°. This is decided
by flow of weld pool and temperature gradient. As shown in
Fig. 4c and d, microstructures of the seam zone consist of a
large amount of austenite and a small amount of ferrite. The
interface zone between base metal and fusion zone is analyzed
in Fig. 5. It is obvious that the heat-affected zone (HAZ) is very
small (about 10 pm) because of solidification of the weld metal
at higher cooling rates. Compared Fig. 4 with Fig. 5, it can be
found that the growth direction of columnar dendrites is from
the interface to the center of the molten pool, while the finest-
equiaxed dendrites existing as network morphology in the cen-
ter of fusion zone. Generally, the primary dendrite arm spacing
of columnar structure is mainly affected by the cooling rate and
the heat input. In other words, the higher cooling rate and the
lower heat input tend to refine the primary dendrite arm spacing
[18]. The distribution of these solidification microstructures in
fusion zone is induced by the thermal gradient (G) and the
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Fig. 5 Interface zone with
magnification of a 100 times and
b 500 times

cooling rate (R) [19, 20]. The fine dendritic structure is pro-
duced mainly by rapid R in fiber laser welding, while the co-
lumnar dendrites grows much easier with a higher ratio of ther-
mal gradient to cooling rate (G/R). Meanwhile, the microstruc-
ture of the cross zone between the first pass and second pass is
given in Fig. 6. Compared with the first pass, the columnar
dendrite is much more clear and larger, while its size tends
smaller with a closer distance from the first pass. HAZ of sec-
ond pass is also more obvious than that of the first pass. It is
found that this phenomenon at cross zone might be caused by
the second thermal cycle and the re-solidification.

3.3 Microhardness

The measurement results of the microhardness for two weld
seams and their cross zone are given in Fig. 7. The fluctuation
tendency of the measurement results of the first pass is similar
to that of the second pass. The microhardness of the weld
beam is higher than that of the base metal 316L. As it gets
closer to the center, the microhardness abruptly increases and
the highest values of L1 and L2 are 215.8 and 249.2 HV. At
the same time, it can be found that the high hardness values
appear in the finest-equiaxed dendrites zone, because this ap-
pearance is related to the grain size and the content of alloy
elements. Meanwhile, the value of the second pass (L2) is
generally higher than that of the first pass (L1), and this phe-
nomenon can be explained by that the first pass is equivalent

Fig. 6 Cross area of two passes
with magnification of a 100 times
and b 200 times
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Columnar dendrites

to be heat treated while the second beam is formed by laser
welding. Compared the hardness values of L1, L2, and L3, it
is noted that the microhardness at the top of the cross-section
of the welded joint is higher than that at the bottom [20]. The
distribution of microhardness near the cross zone (L3) is sim-
ilar to that of L1 and L2, and the only difference is the size of
the measured values.

4 Welding deformation and residual stress
4.1 Measurement methods

For 316L steel sample with T-joint, Fig. 8 shows the measure-
ment method of the angular distortion. Compared with the
actual angular deformation for each side of the flange plate,
the cock height of the another side is proximately double times
than the actual distortion after that one side of flange plate is
pressed on the cast iron platform. It is noted that the cock
height is measured by vernier caliper with the accuracy of
0.02 mm. Meanwhile, the distance between each measure-
ment point is 10.0 mm.

4.2 Finite element theory of thermal elastic—plastic method

To further reveal the mechanical properties of 316L T-joint,
welding deformation and residual stress are researched by
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thermal elastic—plastic finite element model (TEP-FEM) and
experiment validation. TEP-FEM is developed by ANSYS
parametric design language (APDL). The full 3D geometry
(Fig. 1) is built within the framework of numerical investiga-
tions. To discretize 3D geometry, eight-node SOLID70 ele-
ments are used for the thermal analysis, and SOLID185 ele-
ments are applied for the mechanical analysis. The 3D mesh
consists of 100,500 elements, while the amounts of DOF of
each node for thermal and mechanical analysis are 1 and 3,
respectively.

In the thermal analysis, the finite element formulation for
the transient nonlinear heat transfer is governed by Eq. (1).

oT o (. oT\ & (. 0T\ o (. oT
(2= — (A= e P 1
P 5t ax( 6x>+6y( 8y>+5Z( 61>+QL M

Fig. 8 Measurement method of angular distortion

ar= a,bem\/m

where 7) is efficiency of heat source, and P, is laser power.
Geometrical parameters of heat source model are a; a,, b
and c. Note that f+f,=2. Constants of the heat source
model are listed in Table 2. Movement of the heat source
in numerical process is simulated by moving origin posi-
tion of the local coordinate system. Meanwhile, xoy plane
in local coordinate system is perpendicular with weld
width direction. In Egs. (3) and (4), x direction parallels
with welding direction, y direction means welding pene-
tration, and z direction presents bead width. The thermal
material properties depending on temperature [22] are
shown in Fig. 9. During welding process, it is necessary
to consider the influence from the heat losses because of
the heat convection and radiation. By converting radiation

0.6fF-------- J _________ , _________ =8 Density(10* Kg/m3) |
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Fig. 9 Thermal properties of 316L steel
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Fig. 10 Mechanical properties of 316L. a Young modulus, thermal expansion coefficient and Poisson’s ratio, and b yield stress with different strain and

temperature

as a part of the convection, the total thermal convection
coefficient . (W/(m?-°C)) is given as Eq. (5) [23].

o [ 00668 W/(m’ C) T < 500°C (5)
¢ 102317-82.1 W/ (m*°C)  T>500°C °

In mechanical analysis stage, four constraints are dis-
tributed in the four corner points as shown in Fig. 1 to
avoid the rigid displacement in computation process,
while the temperature-dependent mechanical properties
of 316L steel [22] are presented in Fig. 10. The material
is modeled as an elastic—plastic solid with kinematic hard-
ening. Nonlinear material behavior is developed by in-
creasing plasticity with the von Mises yield criterion to-
gether with the associated flow rule and assuming geo-
metrically nonlinear behavior of the two plates [24].
Meanwhile, Newton—Raphson solution technique is ap-
plied to update stresses.

(a)

4.3 Results and discussion

Comparison analysis of bead profile along line 1 (Fig. 1) be-
tween the numerical result and the experiment result is given
in Fig. 11a. The simulation result of bead shape is similar to
the experiment result, except that large error of bead geometry
between computation and experiment results appears in the
seam root zone. This large error is caused by heat source
model and thermal conductivity of high temperature.
Figure 11b shows the temperature field at 270 s after the be-
ginning of the laser welding process, and the highest temper-
ature is 631.3 °C.

Angular distortion and residual stress are drawn in
Fig. 12. As shown in Fig. 12a, the maximum deforma-
tions of simulation and experiment results are 2.67 and
2.52 mm, and further relative error [25] is —5.95 %. It is
obvious that numerical results keep a good line with the
experiment measurement results. According to simulation

Fig. 11 Finite element analysis results of a bead geometry along line 1 and b temperature field 270 s after the beginning of the welding process
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Fig. 12 Simulation results of a angular distortion and experiment validation, and b residual stress along line 1

results in Fig. 12b, the maximum value of the longitudinal
compressive stress is 306 MPa which occurs in the second
pass, while that is 296 MPa in the first pass. It is hinted
that residual stress of first pass is slightly released during
the second pass welding process. The maximum value of
longitudinal tension stress is 126.9 MPa, and this appears
at 22.8 mm position. Meanwhile, the transverse residual
stress along Line 1 always presents a compressive state,
and the tendency is more intense near the seam zone. At
the 3.5 mm position far from the bead center, there is a
large fluctuation of angular deformation and longitudinal
residual stress. This phenomenon may be caused by the
high-temperature gradient. The maximum value of angu-
lar deformation for the whole sample is 1.37 mm
(Fig. 13a), and its position locates at the end and start
areas of the welded seam. The distribution of von Mises
equivalent residual stress is given in Fig. 13b, and its peak
value located near the end-start position of welding path
is 452.3 MPa.

(a)

Max. 1.37 mm

5 Conclusions

T-joint of stainless steel 316L is the basis of large-scale struc-
tures, but there is no related research about microstructure and
mechanical properties of a same T-joint. Therefore, micro-
structure, microhardness, deformation, and residual stress are
all discussed in this paper.

The following conclusions are drawn based on experiment
and numerical results:

(1) Microstructures of fusion zone consist of a large amount
of austenite and a small amount of ferrite, and HAZ is
very small (about 10 um) because of solidification of the
weld metal at higher cooling rates. The dendrite growth
direction in the seam center is clearly different, while the
angle between two growth directions is about 120°.

(2) The microhardness at the top of the cross-section of the
welded joint is higher than that at the bottom, and the
hardness of the second pass is higher than that of the first

EQV

|| 4E+08
- 3.5E+08

3E+08
5 smeos
|

L

2E+08
1.5E+08
1E+08
SE+07

Max. 453.2 MPa

Fig. 13 Distribution for the whole T-joint sample of a angular distortion and b von Mises stress
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pass because of the equivalent heat treated in the second
laser welding process. The fine-equiaxed dendrites
existing as network morphology in the center of fusion
zone has higher hardness than that of the columnar struc-
tures near HAZ.
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The transverse residual stress along line 1 always pre-
sents a compressive state, and the high-temperature gra-
dient induces a large fluctuation of angular deformation
and longitudinal residual stress at the 3.5-mm position
far from the bead center. Meanwhile, the maximum
values of angular deformation and von Mises equivalent
residual stress for the whole sample are 1.37 mm and
452.3 MPa, and these both locate at the end-start zone
of the welding path.
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