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Abstract

This paper studies the butt welded joint of SUS316L stainless steel. The bultt joint is not beveled, has a gap
and is welded in one pass by MIG welding process. First, the welding parameters of this weld are determined
through calculation and test welding for the butt joint of two plates of 3 mm in thickness. Then these welding
parameters are used as input data to calculate and determine the temperature field by two methods: the
calculation method based on the theory of heat transfer process and the numerical simulation method of
welding processes that relies on SYSWELD software on the basis of the finite element method. The calculation
results of the two methods were compared with each other and tested by experiment to show the reliability of
calculation and simulation results.
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Toém tat

Bai bdo nay nghién ctru lién két han gidp mdi tim mdng vét liéu thép khéng gi SUS316L. Lién két gidp mdi
khoéng vat mép, cé khe hé va duoc han mét luot bdng qué trinh han MIG. Truéc tién, bo théng sé ché dé han
ctia méi han nay dwoc xac dinh thdng qua tinh toén va han thir nghiém cho lién két han gidp moi tdm day 3
mm. Sau dé bo théng sé ché dé han nay duoc sir dung dé duwa vao tinh toén xac dinh trudng nhiét do theo
theo hai phuong phap: phuong phép tinh toan duwa trén ly thuyét cda qué trinh truyén nhiét va phuong phép
mé phéng sb qua trinh han dwa vao phdn mém SYSWELD trén co s& cta phuong phép phén ti hivu han.
Két qua tinh toéan clia hai phuong phép duoc so sénh véi nhau va duoc kiém nghiém bang thuc nghiém dé

ttr d6 cho théy do tin cdy cla két qua tinh toan va mé phdng.

T khoa: Butt weld, MIG welding, stainless steel, SUS316L, temperature field.

1. Introduction

The SUS316L austenite stainless steel is a heat-
resistant material with high corrosion resistance. This
material is widely used in many industry sectors:
chemical, petrochemical and food industries.

The butt joint of stainless steel can be realized by
the various welding processes such as metal inert gas
welding (MIG welding), tungsten inert gas welding
(TIG welding), shielded metal arc welding (SMAW),
submerged arc welding (SAW),... In these methods,
the MIG welding process is popularly used to weld the
thin plate of stainless steel in general and SUS316L
stainless steel in particular because it produces high
quality welds, high productivity, and low cost.

The welding temperature field has a decisive
influence on the properties of the weld such as the
appearance of residual stress and deformation of the
weld, weld shape and size, weld metal structure, and
the heat-effected zone,... These factors all affect the
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quality of welds as well as the working ability of
welded structures.

The calculation of welding temperature field
according to the theory of the heat transfer process
gives reliable results and it is utility, but it is only
correct when ensuring the assumptions of the applied
theories. Sometimes these assumptions are different
from reality, for example, it is assumed that the
coefficients of material no change with temperature. In
this study, the authors calculated the temperature field
in MIG welding of butt joint of two SUS316L stainless
steel plates of 3 mm in thickness according to the
theory of heat transfer. Then, the finite element method
(FEM) based on SYSWELD software [1] is used to
simulate and determine welding temperature field
during MIG welding between two stainless steel plates
mentioned above. Finally, an experimental study of
measuring the temperature field during MIG welding
on real samples with the same material and same
dimensions was performed.
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2. Calculation of Temperature Field Based on Heat
Transfer Theory

2.1. Temperature Field in Thin Plate Welding

In welding of thin plate, it is assumed that the
temperature along plate thickness is constant; the
distribution of thermal field is the same on both sides
of the plate. According to the theory of heat transfer in
welding, for arc welding of steel material, the plate can
be considered as a thin plate if its thickness is less than
20 mm [2]. For the MIG welding process, if the plate
thickness is equal to or less than 5 mm, it is considered
as a thin plate.

The temperature remains constant with the plate
thickness, so the heat conduction is two-dimensional.
The welding temperature field can be obtained from
the fundamental differential equation for heat
conduction in the case of two dimensions:

or {82T+62T} "
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with: 7- temperature; ¢ - time;
x, y - heat flow direction;
a - thermal diffusivity: a= A/c.p;
A - thermal conductivity;
p - density; ¢ - specific heat.
The temperature distribution at the pseudo-steady

is obtained by Rosenthal [3, 4, 5]:

9/d exp(—ﬁ ) Ko (ﬁj
2a

T—T():
47k

2 2

where: g - net power of heat source;
d - plate thickness;
V - welding speed;
Ko(U) - modified Bessel function of the second

kind and zero order with U= ;/_r ;
a
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r - radius vector, 7 = /x” +y

The equation (2) is transformed into

dimensionless equation.
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where: 6 - dimensionless temperature,
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T) - initial temperature;
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T, - reference temperature;
0 - dimensionless plate thickness;
n - dimensionless parameter:
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where: (Hc-Ho) - heat content per unit volume at
reference temperature.

&,W - dimensionless coordinates of x and y;

o - dimensionless radius vector:
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In welding of thin plate, the temperature does not
vary with plate thickness. Then the isothermal
contours of thin plate are drawn in the OXY plane. The
form of isothermal enclosure of a thin plate is shown
in Fig. 1 [5].
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Fig. 1. Isothermal enclosure of thin plate.
The maximum width of an isothermal contour
(2" point) is obtained by taking (05 / n)/ 6& =0:
KO (O-Sm)
Kl (o-Sm)

By replacing (7) into (3) and after resolving, we
get the width of isothermal contour:

¥, =0 1=[ K, (0,) ] /[ K (03)]

To find the intersection point of isothermal
contour with ¥ axis (3™ point), putting &, =0 and

(7

§m =- O-Sm

®)

replacing these values into (3), we obtain:
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n
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After solving this equation, the value of ¥ is
obtained.

To obtain the front point (&' ) (4™ point) and rear
point (&") (1% point) of isothermal contour, the value
o =*¢& isreplaced into (3):
K Al
(&) =) i (2 >0

05 (10)
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The distance from the maximum width of the
fusion boundary (Y;) to the maximum width of the
boundary of crystallization temperature (Y>) is the
width of the heat affected zone (HAZ):

HAZ=Y,-Y, (12)

2.2. Numerical Application

Consider MIG welding of butt joint of two
SUS316L stainless steel plates, the dimensions of each
plate are: 250 mm x 100 mm x 3 mm (length x width
x thickness). Material properties of this steel are given
in Table 1. The joint is not beveled; the welding gap is
1.5 mm [6]. The initial temperature (To) is 30 °C.

The welding parameters for this weld joint are
presented in Table 2.

The isothermal contours are symmetrical across
the weld line because the two plates are similar in
material and size. So the isothermal contours only need
to be drawn in haft of them.

Table 1. Material properties of stainless steel SUS
316L [4,7]

Parameter Unit Value
a mm?/s 4
by W/mm°C 0.02
H. -Ho J/mm3 7.4
T °C 1450
Tai °C 800

Table 2. Welding parameters for butt weld of
SUS316L stainless steel with the thickness of 3 mm

Parameters I (A) Un (V) Vi (mm/s)
Layer 1 120 23 5
10
[ ] Ty
800°C 8—(mm)
y “IEN
/J O e i

’_/ w = | Fusion ,,/ 5> \\

® X
/ ! ! ! # 6—% (mm)
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Fig. 2. Isothermal contour at the fusion and isothermal

contour at 800°C in plate plane.
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By using formula in the section 2.1 to calculate,
the isothermal contour at the fusion temperature of
1450 °C [4, 8] and the isothermal contour at the phase
transformation temperature of 800 °C of SUS316L in
the plate plane are obtained (Fig. 2) and the results are
presented in Table 3. The weld width is 8.15 mm. The
maximum width of boundary of phase transformation
temperature is 15.36 mm. So that, the width of heat
affected zone is 3.61 mm.

3. Simulation by Finite Element Method
3.1. Finite Element Model

The SYSWELD software [5] is used to simulate
the MIG welding process of butt joint. The dimensions
and material of the sample are the same as in the
calculation above. The welding parameters are used
the same as in section 2.2.

The 3D elements of 8-node bricks are used to
model this weld joint. We use the Visual-Mesh
module of Sysweld software to build. The model of
this joint is built with 98452 nodes and 127504
elements. The straight weld path is built according to
the requirements of stainless steel welding. The
element mesh in XOZ plane is presented in Fig. 3a and
Fig. 3b. The element mesh in XOY plane is presented
in Fig. 4a and Fig. 4b.

3.2. Simulation Results

First, the welding parameters are preliminarily
determined based on theory and handbook [9, 10].
Then these welding parameters are put in the
simulation by the SYSWELD software to correct them
so that the weld meets the required shape and size.
Finally, these welding parameters are used to test
welding and final correction to obtain reasonable
welding parameters.

The temperature field in section across (in XOZ
plane) of the weld joint is shown in Fig. 3a and Fig. 3b.
Fig. 3a shows the fusion boundary in the XOZ plane
while Fig. 3b gives the isothermal contour at 800 °C.
These two isothermal contours cannot be shown in the
same figure because, at the cross-section where the
width of the fusion boundary is maximal, the width of
the isothermal contour at 800 °C is not maximal. The
widest place of the isothermal contour at 800 °C is
behind this cross-section. It means that the lower the
temperature is, the farther the widest place of the
isothermic contour locates back of the center of the
heat source. This is shown very clearly in Fig. 4b.

Fig. 3a indicates that the weld ensures complete
fusion and complete penetration. The weld does not
have defects as undercut, overlap, excessive
penetration. The weld meets the desired size and shape
requirements. This confirms that the welding
parameters in Table 2 are reasonable.
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The temperature field in the plate plane (XOY
plane) of the weld joint is shown in Fig. 4a and 4b. The
sizes and the shape of weld pool and the boundary of
phase transformation temperature (at 800 °C) were
measured from these figures. The basic dimensions of
the weld pool are found in Fig. 4a: the width of the
weld pool is 5.9 mm, the length of the weld pool is
18.93 mm. The basic dimensions of the contour at the

phase transformation temperature (at 800 °C) are
indicated in Fig. 4b: the maximum width of the contour
at the phase transformation temperature is 14.44 mm,
the length of this contour is 70.6 mm.

The width of heat affected zone is deduced from
the equation (12): HAZ = 4.27 mm.

Fusion boundary

BUTT_WELD

Temperature © Temperature_NOD
Min = 30 &t Node 36522

Max = 2277.39 ot Node 6382

18050
16867
15683

BUTT_WELD

Tempersture © Temperature_NOD
Min = 30 #t Mode 38090
Max = 146824 af hode 5952
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12400
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128/ 50399998
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Boundary at 800°C
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Fig. 3. (a) Fusion boundary in XOZ plane, (b) Isothermal boundary at 800 °C in XOZ plane.
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Fig. 4. (a) Dimensions of fusion boundary in XOY plan. (b) Isothermal boundaries in XOY plan.
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The obtained results are presented in Fig. 5 and
Table 3.

Now, we consider the temperature cycles at
4 points (Fig. 6): Point 1 - Node 3204 (at heat source
center); Point 2 - Node 19374 (maximum temperature
of 1423 °C - near fusion boundary); Point 3 - Node
19361 (maximum temperature of 774 °C - near
structure transformation temperature); Point 4 - Node
19432 (at the base metal that has a maximum
temperature of 488 °C).
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Fig. 5. Fusion boundary and isothermal boundary at

800 °C in FEM.
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Fig. 6. Four survey points.
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Fig. 7. Temperature cycles at 4 survey points.

The temperature cycles at these 4 points are given
in Fig. 7. These temperature cycles are determined
after 10.8 seconds (the welded length is 54 mm). The
maximum temperature at the heat source center (node
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3204) reaches 1932 °C. But only 10 seconds after, this
temperature reduces to 900 °C. It means that the
cooling rate at this point is very high (about
103.2 °C/s). While the temperature at node 19432
(12.04 mm from weld center) decreases from 488 °C
to 447 °C after 10 seconds (cooling rate = 4.1 °C/s).

For node 19374, the maximum temperature of
this node is 1423 °C and the temperature at this node
reduces to 812 °C after 10 seconds. The cooling rate in
this node at that time was about 61.1 °C/s. Finally, the
maximum temperature of node 19361 is 774 °C and it
is 630 °C. The cooling rate in this node at that time was
about 14.4 °C/s.

4. Experiment

The test welding sample is the same as in the
theoretical calculation and in the modeling: The
material is SUS316L stainless steel, sizes of each plate
are 250 mm x 100 mm x 3 mm. The welding
parameters for experimental welding are the same as
in the theoretical calculation and in the modeling.

The experiment model of temperature
measurement by the thermal sensor during welding is
shown in Fig. 8. These sensors are posited near the
outer boundary of HAZ to find the point that has the
maximal temperature of 800 °C. The sensors measure
and send feedback in the form of voltage to the
amplifier unit. The amplifier unit receives the signal
from the sensors, it amplifies and then feeds the signal
into the microcontroller block. The microcontroller
unit receives the signal from the amplifier unit and
controls the display unit. The display unit will display
the temperature values that are measured from the
temperature sensor through the led screen.

Fig. 8. Temperature measurement by thermal sensor.

The weld width (Fig. 9) and the width of heat-
affected zone (Fig. 8) are measured and presented in
Table 3. The weld width is 6.5 mm. The maximum
width of isotherm enclosure at 800 °C is 15 mm.
Hence, the width of heat-affected zone is 4.25 mm.
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5. Results and Discussions

The weld width (or the width of weld pool), the
maximum width of isotherm enclosure at 800 °C and
the width of heat affected zone in three methods
(calculation, FEM and experiment) are synthesized in
Table 3.

Table 3. Obtained results in three methods

Parameters Theory | FEM | Experiment
Weld width (mm) 8.15 5.9 6.5
Maximum width of
isotherm enclosure | 15.36 | 14.44 15
at 800 °C (mm)
Width —of HAZ\ 56 | 407 | 405
(mm)
Length of weld 3096 | 18.93 i
pool (mm)
Length of isotherm
enclosure at 800 °C | 103.5 70.6 -
(mm)

The isothermal contours at the fusion

temperature of theoretical calculation and FEM are
given in Fig. 10. The weld width in the theoretical
calculation (8.15 mm) is greater than that in FEM
(5.9 mm). The experimental value of weld width
(6.5mm) is between the values of theoretical
calculation and FEM. The difference in weld width
between the result of FEM and experimental result is
small. The weld pool length in the theoretical
calculation (30.96 mm) is much larger than that in
FEM (18.93 mm). The distance from the heat source
center to the front point of the isothermal enclosure in
FEM (3.86 mm) is larger than that in the theoretical
calculation (1.2 mm).

The isothermal boundaries at 800 °C in
theoretical calculation and FEM are given in Fig. 11.
The difference between the maximum width of
isothermal boundaries in three methods is small
(15.36 mm in theoretical calculation compared to
14.44 mm in FEM and 15 mm in experiment). The
length of isothermal boundary at 800 °C in theoretical
calculation (103.5 mm) is much bigger than that in
FEM (70.6 mm). The distance from the heat source
center to the front point of the isothermal enclosure in
FEM (6.8 mm) is much higher than that in theorical
calculation (1.6 mm).

The width of heat affected zone in the theoretical
calculation (3.61 mm) is smaller than that in FEM
(4.27 mm). The result of width of heat affected zone in
FEM is very close to that in the experiment (4.27 mm
is compared to 4.25 mm).
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Fig. 9. Measurement of weld width.
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Fig. 11. Isothermal boundaries at 800°C of theoretical
calculation and simulation.

6. Conclusion

In this study, the width of fusion boundary (weld
width) and the width of heat affected zone in weld butt
of SUS316L stainless steel plates of 3 mm in thickness
are determined by three methods (theoretical
calculation, simulation, and experiment). The research
results indicated that the results of FEM are very close
to the experiment results; there is a big difference
between the results of theoretical calculation and the
results of FEM or the results of the experiment. This
can be explained because in the theoretical calculation
some of the assumptions are assumed. For example,
with the assumption of thin plate, the temperature does
not change with the plate thickness and the coefficients
of the material does not change (thermal diffusion,
thermal conductivity, density,...).

The research showed the correctness as well as
the reliability of the simulation results by FEM based
on SYSWELD software. By using FEM, the
temperature cycle at any point and the temperature
field in welding are determined.
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This research determined the temperature field in
MIG welding of SUS316L stainless steel material. In
a similar way, it is possible to determine the
temperature field for any given material with different
welding processes.

The calculation of the welding temperature field
is the basis to choose the appropriate welding
parameters to achieve a high-quality weld. In addition,
the determination of the welding temperature field
plays an important role to determine residual stress,
welding deformation, and microstructure of the
welded joint.
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