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Recently the most claimed at the market are technologies of body components and parts obtaining which combine multi-metal weld-
ing. Such technologies are especially needed on the railway and motor transport as well as in special production. Manufacturing of
the motor transport frame units consisting of steel skeleton and sheet aluminum coating allows to improve their corrosion resistance
and essentially decrease weight of the carriers, which consequently contribute to the fuel consumption lowering. Residual deforma-
tions originated from the welding process negatively affect the welded construction qualitative characteristics, such as strength,
harshness, containment, corrosion resistance, etc. Stress level reduction is available by means of the welded seam form and qual-
ity, which depend on the welding process technological parameters. Determination of rational technological parameters of the weld-
ing processes requires taking into account the used rolled metal features, namely different thermal conduction of materials, signifi-
cantly bigger (#50%) coefficient of linear (thermal) expansion inherent to non-ferrous metals as compared to carbon steel, foamed
metal-oxide layer formation on the surface of the weld leading to deterioration of corrosion resistance.

The article is devoted to the modeling process of the laser welding modes impact upon strength properties of the weld of aluminum
alloy and constructional steel sheets. Presented are an algorithm and results of the finite-element analysis simulation modeling of
the butt and lap joint laser welding by the example of AMg2M (AMr2M) aluminum alloy and St3 (Ct13) steel samples. Weld strength
properties obtained experimentally and by modelling are compared. It is demonstrated that the worked out simulation model of
multi-metal sheets laser welding may be used for theoretical study of the butt and lap joint welding of any other heterogeneous
materials.

Key words: laser welding, lap joint welding, butt welding, simulation model, method of finite-element analysis, aluminum alloy, steel,
residual stresses, ultimate breaking load, tensile strength.
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Introduction

anufacturing of the motor transport body com-
M ponents consisting of steel skeleton and sheet

aluminum coating allows to improve their
corrosion resistance and essentially decrease weight of
the carriers, which consequently contribute to the fuel
consumption lowering.

Elaboration of scientifically sound recommendations
on the laser welding rational modes providing purposive
forming of desired properties of the welds of aluminum
alloy and constructional steel sheets with different thick-
ness, is a topical problem in the motor transport frame
units manufacturing.

The article is focused on the theoretical study and
experimental research sounding an investigation of the
laser welding modes impact upon the weld strength
properties.

Weld strength properties are essentially affected by
level of residual welding stresses, especially if the material
is disposed towards brittle failure caused by low character-
istics of plasticity and impact elasticity, three-dimensional
stress state, operation in the cold brittleness temperature
range. Weld durability is distinctly reduced by such factors
as tensile residual stresses after welding, stress concentra-
tion inserted by the weld as well as an essential deteriora-
tion of strength properties in the heat affected zones owing
to structural changes. If material works in elastic region,
than total stresses are obtained by summarizing residual
stresses and stresses of external loads [1—3].

The present study is aimed to:

1. Development of a simulation model for laser weld-
ing of heterogeneous materials sheets with different
thickness based on the finite-element analysis. The model
should allow calculating temperature fields of the welded
parts.

2. Working out a procedure for residual welding
stresses determination in a weld-adjucent zone during
butt and lap joint laser welding of heterogeneous materi-
als sheets with different thickness.

Table 1
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3. Elaboration of estimation procedure for laser
emission processing parameters influence over the weld
strength properties (static strength) during butt and lap
joint laser welding of heterogeneous materials sheets
with different thickness.

Research procedure

To estimate laser emission processing parameters
influence over the weld strength properties during laser
welding of aluminum alloy and constructional carbon
and low-alloy steel sheets the following algorithm is
proposed:

— welding samples thermal state modeling based on
CAE-systems;

— welding samples stress state caused by tempera-
ture influence modeling based on CAE-systems;

— determination of plastic temperature deforma-
tions and residual stresses in the heat affected zones;

— modeling the welding samples stress state when
mechanically tested on tearing machine rupture-test
machine;

— determination of tensile strength in the heat af-
fected zones of samples obtained by mechanical tests on
tearing machine rupture-test machine taking into ac-
count residual stresses and structural changes (orhaa/(s,
rates) for heat affected zones [1].

Simulation modeling has been implemented on
specimens of AMg2M aluminum alloy and St3 steel.
Such a choice accounts for the fact that these materi-
als are prevalent and the most commonly used for the
components of carrier body manufacturing. Lap joint
and butt welding were considered.

Thermophysical and mechanical properties of ma-
terials of the samples employed in the model were as-
signed according to reference data: with dependence on
temperature (Tables 1, 2) and without it (Table 3) [4, 5]:

Characteristic property of the developed computa-
tional model lays in the fact that the weld is forming of
fragments consequently providing heat enclosure along

Thermophysical and mechanical properties of the St3 steel depending on temperature

Temperature, °C —m———-m-

Thermal conduction coefficient A, W/(m:K) 55
Elastic modulus E, MPa 213,000 208,000
Yield point o ,, MPa 274 243

Table 2

202,000

195,000 187,000 176,000
230 185 166 150

167,000 153,000
120 =

Thermophysical and mechanical properties of AMg2M aluminum alloy depending on temperature

Thermal conduction coefficient A, W/(m-K)

Elastic modulus E, MPa 71,000 69,000 63,000 51,000 33,000
Linear expansion coefficient a., 1/K 0.000024 0.000024 0.0000268 0.0000288 0.0000294
Yield point 5 ,, MPa 100 95 70 35 =
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Table 3
Thermophysical and mechanical properties of St3 steel
and AMg2M aluminum alloy

Density p, kg/m® 7850 2680
Specific heat ¢, J/(kg-K) 500 963
Linear expansion coefficient 0.000014 -
ap 1/K

Poisson's ratio, Y 0.32 0.33
Tensile strengtht o, MPa 430 210

the length of it, while their geometric dimensions mould
a volume, corresponding to the weldpool size. In the
course of solving a problem, fragment temperature is
changing along the second-order curve from the tem-
perature exceeding melting-point of the more refractory
metal to the melting temperature of the less refractory
one. This change is taken place during time slice de-
pending on the laser beam traverse speed and its length.

Fig. 1. Weld outward appearance for samples
obtained by butt (@) and lap joint (b)
welding
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Table 4
Experimentally obtained weld pool parameters

Parameters
0.5

Weld pool length, mm 0.75
Weld pool depth, mm 3 3.3
Weld pool width, mm 1 0.70-0.78
Width of heat affected zone for AMg2M alloy, mm 0.2 0.04
Width of heat affected zone for St3 steel, mm 1 0.75
Time of beam traverse above the weld pool, s 0.01 0.025

It is obvious, that accuracy of calculation results
mainly depends on correctness of the weld pool param-
eters and its temperature spread determination [6—8].
For geometrical dimensioning of partition grid param-
eters which make welded seam as well as the width of
heat affected zonesheat affected zones, real dimensions
of the samples weld obtained by butt and lap joint weld-
ing were used (Fig. 1).

As a result of study of five specimens for
each weld type, there were determined average
values of the fragments corresponding to the
weld pool as well as the width of a heat affected
zone. Thus, the weld pool parameters obtained
for welding conditions as P= 3000 W and beam
traverse speed as v = 50 mm/s for butt weld-
ing and welding conditions as P = 1600 W and
beam traverse speed as v = 30 mm/s for lap
joint welding are presented in the Table 4. Heat
affected zone value on the side of aluminum
was visually determined by means of inverted
microscope Nikon Epiphot TME 200. This
side possesses more dark microstructure and
insignificant microhardness increase in area
close to welded connection point as compared
with source aluminum material at cross micro-

sections of the weld.

First step of the finite-element modeling
is a three-dimensional model developing for
subject of inquiry. Then they determine finite
elements type and size, specify physical and
mechanical properties of material depending
on temperature, assign boundary conditions.
Solid-state simulation software SolidWorks
were used for 3D-model making. Modeling

of heat processes existing during welding was
fulfilled in environment of CAE complex
SolidWorks Simulation. Four-component fi-
nite element was used to fix a thermal state
of a part. Finite-element model consisted of
643,190 nodes and 3,781,417 elements for a
butt joint and of 211,372 nodes and 1,239,183
elements for a lap joint with transverse weld.
Average rib size of finite element in the heat

Fig. 2. Solid-state (a) and finite-element (b) models of the butt welded sample and
solid-state (c) and finite-element (d) models of the lap joint welded sample

affected zones made up 0.03—0.05 mm, for
the rest of the model it was equal to 0.2 mm.
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In the process of modeling there were con-
sidered half of the specimen cutting off by
longitudinal symmetry plane. This allowed
guaranteeing the rational combination of
required computational resources without
degradation of accuracy. Both solid-state
and finite-element models are represented in
Fig. 2.

Welding of samples was carried out in one

pass. Time domains for design regimes came to:
0.3 s for butt welding and 0.5 s for lap joint weld-
ing. This time domains were divided into slots
according to the time of beam traverse upon the

Fig. 3. Sample temperature distribution in the weld zone during butt welding for
0.09 s (@) and during lap joint welding for 0.1 s

weld part equal to the weld pool length, i. e. 0.01 s
and 0.025 s. For corresponding weld fragment
within each time domain there were settled
the I type boundary conditions in accordance
with the weld pool temperature changes curve
(1400—600 °C), time slot for each domain was
0.0005 s. Temperature field obtained at the last
step served as a starting condition for a following
time domain. Cooling down of the samples sur-
faces in process of welding fitted with conditions
of free convection, that is at the corresponding
surfaces there were settled the 111 type bound-
ary conditions: heat transfer coefficient as
50 W/m?-K and ambient temperature as 27 °C.

Results

Temperature fields of the lap joint and butt welded
samples are represented in Fig. 3.

Calculation of stress state of the samples was carried
out for the first second of cooling, since the beginning
of cooling indeed is connecting with plastic compres-
sive strains, which cause residual stresses. Target setting
have corresponds with the finite-element realization of
the thermoelasticity theory.

Stress state of the welded samples at cooling stage
(0.05 s) is represented in Fig. 4.

Analysis of the temperature and stresses distribution
at the AMg2M alloy heat affected zone (Fig. 5) shows
that along the full length of the welded seam stresses
level exceeds the yield point of the material. That is
plastic deformations develop and cause residual stresses
after the sample cooling down.

During the butt welding, stress state is close to the
single-axis one. At the same time, during the lap joint
welding we obtain a three-dimensional compound stress
due to the welded seam implantation into the section of
an AMg2M alloy sample.

It is known that the peak level of residual welded
stresses is typical of the fusion zone at the point of a
change-over from welded seam to base metal, and such
a zone indeed determines static strength of welded
components. Thus, calculations of plastic deformations
in this zone were based on dependences obtained by use

Fig. 4. Equivalent stress fields (von Mises) of the butt welded samples (a) at the
cooling down stage (0.05 s); stress fields o5 of the lap joint welding samples
(b) at the cooling down stage (0.5 s)

. Terﬁperéturé o . .

Voltage

1.0 2.0 3.0

4.0

5.0 6.0 7.0 |mm

b Voltage

Temperature
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200

150

100 1 1 1 ‘ 1 1 1
0 1.0 20 3.0 4.0 5.0 6.0 7.0 mm

Fig. 5. Temperature and stresses 65 distribution in the AMg2M alloy
heat affected zone in case of butt welding for a 0.05-s cooling
down (a); temperature and von Mises equivalent stresses
distribution in the AMg2M alloy heat affected zone in case of lap
joint welding for a 0.05-s cooling down (b)
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Heat-affected
area AMg2M

Fig. 6. Von Mises equivalent stress field for the butt welded samples under the load of
180 kgf (a) and for the lap joint welded samples under the load of 160 kgf ()

of the Neiber generalized principle and deformation
criteria of limiting state [9, 10]:

o,=1.750,; 6]
e,=0.76[In(1/(1 — ))]*S, )

here ©,, y — tensile strength and relative narrowing of
material on rupture; £ — elastic modulus; 6,; — stress
obtained as a result of the thermoelasticity task so-
lution; b = —0.9...—0.12 — for deformable materials;
¢ = —0.5...—0.6 — for deformable materials; m = 0.1 —
for temperature loading [11].

Using the flow theory realized in the context of the
finite-element analysis [2, 3] is complicated by the fact
that the samples’ temperature field varies in a wide range
during the welding process. On application of the flow
theory, it is not feasible to correctly describe deforma-
tion curves for temperatures close to melting tempera-
ture of materials. But for solving the suggested equations
it is enough to carry out a thermoelastic calculation and
to apply reference data on mechanical characteristics of
material.

Calculation of plastic deformations forming in the
weld-adjacent has been carried out for high-beat state of
samples, corresponding to 0.05 s in case of butt welding
and 0.5 s in case of lap joint welding at cooling stage.
Zone on AMg2M side has been observed, because its
strength properties are substantially lower then those
of St3 steel. Temperature in the designed area has been
changed along the weld seam between 230 and 359 °C
for butting and between 240 and 270 °C for splice.
Linear temperature stresses 65, = 90—50 M Pa for butt-
ing and Oeqlin = 220—250 MPa for splice. According to
the temperature range for AMg2M, .= 140—30 MPa,
v = 0.9-0.6. In case of butt welding, stress state is close
to the single-axis one. That’s why absolute peak com-
pression stresses were considered, that is 65;;,. During
the lap joint welding we obtain a three-dimensional
compound stress due to the welded seam implantation
into the section of an AMg2M alloy sample. Therefore,
residual stresses were determined by use of equivalent

stresses calculated by the Huber —
Mises — Hencky hypothesis, that is
A Geqlin- Absolute values of designed
P temperature plastic deformations in
the weld-adjacent zone have amount-
ed € = 0.0012—0.0013 for butting and
€&y = 0.0021—0.0025 for splice. Level
of residual stresses made up G, = 86—
96 MPa and 6, = 140—160 MPa re-
spectively.

Tensile strength for the heat af-
fected zone of AMg2M alloy have
been determined according to the re-
sults of conditions modeling for butt
and lap joint welded samples loading
on a tensile test machine. Load have
been changed proportionally from 0 to 300 kgf in a
5-s loading time. Calculation results are represented
in the Fig. 6.

The peculiarity of a finite-element model for cal-
culating the lap joint welded samples stress of a break-
ing load lied in the contact elements, included into the
model to ensure possibility of the movements of the
samples relative to each other.

Changes of strength properties of material in the
heat affected zone have been took into consideration
while estimating the tensile strength of the butt welded
sample. For deformable alloys AMg2 (AMr2), AMg3
(AMr3), AMg5 (AMrS), AMg6 (AMr6), the weld-
adjacent zone damping factor is within the limits of
0.8—0.9 [12]. Stress diagrams for the weld-adjacent
zone at the loading stages were obtained as a result of
composing tensile load stresses of a rupture machine
and residual welding stresses (Fig. 7).

Implemented strength analysis of a butt sample
for residual stresses level of 86—96 MPa and AMg2M
tensile strength of 180 MPa made it clear, that the
failure load is within the limits of 200—240 kgf, which
corresponds to the weld’s tensile strength or ¢, =
= 84—94 MPa.

—

MPa
300
260
| P=240kgr | P=300kgf
220 L‘ j
180 \__ /, Jj
140 o_rhaa 1 ! { { { { { . P=180 kgf
1
000 2 4 6 8 10 12 14 mm

Fig. 7. Tensile strength and stress diagrams at loading stages for the
AMg2M alloy heat affected zone in case of butt welding
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Range of stress changes for the alloy heat affected
zone in case of lap joint welding is as follows:

e forload P = 160 kgf'it is 50—60 MPa;

o for load P = 240 kgfit is 80—90 MPa.

In view of the residual stresses level of 140—160 MPa
and AMg2M tensile strength of 210 MPa and without
taking into consideration the weld-adjacent zone damp-
ing factor, since the base material is also in the ruptured
zone, failure of the sample should have place at the load
of 160—170 kgf, which conforms to the weld’s tensile
strength of 50—70 MPa.

As a result of experimental study on the rupture ma-
chine of five-samples lots of similar welded pairs with
suitable engineering parameters, average values of ulti-
mate load come to the following:

— for butting it is 215 kgf;,

— for splice it is 168 kgf.

Difference between the modeling and experimental
results amounts to 1.8—2.3%.

Conclusion

1. Simulation in the context of the designed procedure
of determination of residual welding stresses in the weld-
adjacent zone in case of laser welding have showed that
the weld’s residual stress level, given the laser welding of
heterogeneous materials by example of AMg2M and St3,
is considerable (for butting it is §6—96 MPa; for splice it
is 140— 160 MPa). This leads to deterioration of the weld’s
strength parameters.

2. Mode of samples’ failure is testimony to high brittle-
ness in the AMg2M fusion zone, which is concerned with
aluminum temperature overheating and formation of frag-
ile intermetallide phases like FeAl,, AlsFe,, AlFe;.

3. Elaborated estimation procedure of the laser weld-
ing processing parameters influence over the welding seam
strength properties allowed to determine, how deterioration
of the welding seam strength properties in comparison with
base material depends on operating modes. Lessening ex-
ceeds 40% for butt welding and 60% for lap joint welding,
which is related to the weldpool volume expansion and in-
termetallic compounds formation rate.

4. The worked out simulation model of the sheets of
heterogeneous materials laser welding allowed to correctly
calculate breaking load for selected types of connection and
parameters of engineering process. Relative deviations of
the theoretical research results from those obtained at the
tensile test machine come to the following: for butting —
2.3%; for splices — 1.8%, which verifies the worked out
simulation model adequacy.

5. The worked out simulation model of multi-metal
sheets laser welding may be used for modeling the butt and
lap joint welding of any other dissimilar materials.

METAL PROCESSING
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