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TpexmepHbI KOHEYHO3/IEMEHTHbIN aHanM3 TO4YeUHbIX CBapPHbIX
COEINHEHWNIA B YCNOBUSIX PACTSHKEHUS U CXKaTUA
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BbINONHEH TpPexMepHblii KOHEUHO3NEMEHTHbIN aHann3 06pasLoB C OAHAM, TPeMs U NATbi0 Toueu-
HbIMW CBApHbIMU LUBAMW NpPU PacTAXKEHWU W c>KaTuu. [ns pacyeTa Ha NMPOYHOCTH WUCMONb-
3yeTcs pacnpegeneHue ynpyroniacTUYeCKUX HANps>XKeHUil B KopHe TouyeuHoro wea. Mpefno>keHa
MeToAnka Ccy6MOAenMpoBaHus, Mo3Boasiollas MNoAyuuThb GOnee TOUHble Pe3ynbTaTbl KOHEUHO-
3/IEMEHTHOr0 pacyeTa TOYEUHbIX LIBOB ManbliX pasmMepoB. Cxema UWUCNEHHOTO pacyeTa fJaeT
BO3MO>XHOCTb YUUThIBATbL NapamMeTpbl MaTepuana u reomeTpuyeckne HenuHeliHbie aPeKThl,
06yCcnoBneHHbIe HAMYMEM 3a30pa MEXKAY TOHKOCTEHHbIMU NAacTUHAMU, UX BbiNydnBaHuem u T.4.
MpoaHan“3uMpoBaHo ynpyroe W ynpyronnacTuyeckoe MnoBefeHWe 06pasLoB C pasnnuHoii KoH(uUry-
pauueil cBapHbIX WBOB NPU HAFPY>KEHUM PACT ATNBAIOLLMMU U COKUMAIOLLMMU OCEBbIMU YCUNUSMU.

KnioueBble cnoBa: TPEXMEPHbI KOHEYHO3INEMEHTHbIA pacyeT, COEAUMHEHUs C
TOYEYHOI CBApPKOM, METOAMKA KOHEYHO3/IEMEHTHOTO Cy6MOAEIMPOBaHNS, TOHKNE
MAacTUHbLI, 3a30p, BbIMy4YnBaHUE.

Introduction. Spot welding is one ofthe most practical and reliable methods
for fixing thin metal sheets together. One of the desirable characteristics of spot
welding techniques is its application in robotization. Hence, spot welds are widely
applied to produce thin sheet components, especially in the automotive and
transport industries. Fatigue is one of the critical problems in the design of spot
welds. The required local stress and strain parameters in welded joints are
commonly obtained via calculation, measurements and experimental based results
[1]. The local stresses, in turn, induce stress concentration, which can be assessed
using plate or shell model assumptions. Alternatively, finite element methods
(FEM) are used for local stress-based fatigue prediction, e.g., using the Neuber
[2], the Molski-Glinka [3-4], the volumetric approach [5-6], etc.

Three-dimensional finite element (3D FEM) stress analysis is applied to the
most spot-welded joints, including tensile-shear, cross tension and peel-coal ones
[7-12]. In this study, elastic-plastic 3D FEM analysis is applied to modeling of
the mechanical behavior of mono point, triple points and multiple points in
tensile-shear spot welds. The gap effects between two thin sheets are accounted
for and compressive behavior of spot-welded joints is investigated.
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To take into account spot welds, which are generally very small relative to
other dimensions of welded joints, the main problems are a small sheet thickness
and existence of stress concentration at the edges of nuggets, which are very
sensitive to geometrical dimensions of spot welds (i.e., nugget diameter, small
sheet thickness, etc.) To obtain exact and reliable distribution of the local stresses
and strains at spot welds in three-dimensional case is usually very difficult due to
a specific geometrical configuration of these spots. Hence, many assumptions
based on application of beam elements, shell elements and combination of these
two elements are proposed. For example, plate strip model, continuous beam
model, combination of shell and solid elements for thin plates and nuggets,
respectively [13], and application of a single beam [14] can be considered as the
most practical methods (Fig. 1).

The most reliable and exact methods for determination of stress distribution
in tensile shear spot welds are restricted to 3D FEM analyses.

Solid elements Plate elements

Clamped support Clamped support

7

Beam element

Shell element

Fig. 1 Finite-element models for a mono-point-spot-welded joint: (a) plate strip model for
tensile-shear spot welds; (b) continuous beam assumption; (c) application of shell, rigid bar, and
solid elements for tensile-shear spot welds; (d) beam and shell element in vertical direction.
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1 Finite Element Model Description. We perform FEM analysis for three
specimen configurations involving a mono point, triple points, and multiple
points spot-welded joints (Fig. 2). Due to symmetry, only one-half of spot-welded
joints is considered. Solid elements with 20 nodes are used, and the ANSYS
software is applied for linear and nonlinearcalculations. One end of specimens is
fixed, while the other end is loaded in longitudinal direction of spot-welded joints
by tensile or compressive loads. FEM analysis takes into account the material and
geometrical nonlinear behavior of mono point spot-welded joint, which leads to
their large-scale rotation displacements in their deformed shapes [13]. For triple
and multiple point cases, the rotation phenomenon is less manifested, and thus the
geometrical non-linearities can be neglected.

Fig. 2. Geometrical configuration of mono point, triple points and multiple points tensile-shear
spot-welds left to right, respectively. (All dimensions are in mm.)

To obtain more realistic and reliable FEM analysis, it is critical to know the
actual material properties and behavior. The cyclic stress-strain curve, which
contains stiffening and hardening features of material, is very suitable for stress
calculation via FEM analysis. The stress-strain curve for the material under study
is shown in Fig. 3 [15].

Cyclic stress strain curve

N -o.1001
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Fig. 3. Cyclic stress-strain curve and the material parameters: cyclic strain hardening exponent and
coefficient n' and K', respectively.
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The material properties are: Young’s modulus E = 205,000 MPa, Poisson’s
ratio v = 0.28, yield stress 0j =299 MPa, and the ultimate stress o u = 431 MPa.
As seen from Fig. 2, the nugget is very small relative to the specimen length and
width. Therefore we use a sub-modeling technique, in order to obtain the local
stresses and strains at the nugget edge. In Fig. 4, the typical mesh and geometrical
dimensions of the spot weld incorporated into the sub-modeling method are
presented.

R
d

Fig. 4. General configuration of the FEM models: mono point (@), triple point (b), and multiple
point (c) spot-welded joints, and detailed view of the spot weld (d).

2. Application of Sub-Modeling Method in Spot-Welded Joints. The
sub-modeling technique overcomes the scale difference problems, discussed in
the prevoius sedction and thus makes possible to get more accurate results in the
required region of the FEM model. The cut boundaries for sub-modeling
technique are presented in Fig. 5. These should be located far enough from the
stress concentration zone, i.e., radii of the cutting boundaries for spot welds
should be twice higher than that of a nugget. Sub-modeling reduces, or even
eliminates, the need for sophisticated transition regions in solid FEM models and
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allows one to optimize mesh density of the required region. However, sub-
modeling applications are restricted to solid element models and cut boundaries’
distances from the stress concentration zones. The cut boundaries need to be far
enough from the hot-point stress zones, otherwise considerable errors in FEM
results for considered models are likely to be obtained. Therefore, it is necessary
to provide the comarative analysis of stress distributions obtained for the cut
boundaries using the sub-model and the full-sized model and check the
calculation accuracy. The cut boundary planes for tensile-shear spot-welded joint
are shown in Fig. 5. The respective stresses calculated for the full-sized model
and sub-model with the above the cut boundaries are presented in Fig. s.

Symmetry plane

Fig. 5. The general configuration of cut boundary planes for tensile-shear spot-welded joint.

The comparative analysis of three tensile shear spot welds, including mono
point, triple points and multiple points (see Fig. &) demonstrates that the
sub-model has a suitable accuracy and its cut boundaries are located far enough
either from the high level stress locations and the hot points. Hence, the
application of sub-modeling is expedient for the reliable analysis of the stress
concentration zone near the spot-weld edges.

3. Stress Distribution near Spot Welds in Tensile Shear Spot-Welded
Joints. The stress distribution for tensile shear spot-welded joints is the basis of
spot weld design. Figure 7a presents the basic diagram of spot weld stress
analysis: the stress values are given for left to right direction of spot welds.
Figure 7b shows the distribution in thickness direction of stresses, which are
generated as a combination of bending and tensile stresses at the edge of spot
welds.

The stress distribution in longitudinal direction of spot welds for three
tensile-shear spot welds, which is presented in Fig. s, can be subdivided into three
zones. Zone | covers the stress evolution in the lower plate, while zone Il and
zone 111 correspond to the stress distributions in the nugget and upper plate,
respectively. The peak stress locations are at the end of zone | and at starting
point of zone 111.
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Fig. 6. Comparative analysis of elastic stress distributions calculated by the sub-model and
full-sized model for mono point (a), triple point (b), and multiple point (c) spot-welded joints.
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i LThickness

Fig. 7. The typical stress distribution near spot welds: (a) stress distribution in longitudinal direction
for upper plate and lower plate as anti-symmetric form; (b) stress distribution in plate thickness
direction (kt is elastic stress concentration factor, anax is the maximum stress, and ag is the net
stress).
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Fig. s. Elastic stress concentration factor distribution near spot welds.

In Fig. s, three types of tensile-shear spot-welded joints are compared. The
elastic stress concentration factor kt has two tensile and two compressive peaks.
The comparative analysis of Fig. s reveals that triple points and multiple points
exhibit a similar mechanical behavior, whereas addition of two more spot welds
(multiple points) yields no high strength improvement as compared to triple
points. Moreover, stress values in the boundary condition at the edge of a spot
weld are less than the respective loads applied to the opposite side. Therefore,
failure always occurs from the side where the load is applied. The stress
distribution in thickness direction of thin plates is also critical. The initial cracks
are formed at the edge of spot welds. In plate thickness direction, stress evolution
depends on two major factors: 1) tension and 2) bending effects. The bending
stresses are generated because of eccentricity, which naturally exists in these
kinds of connections. Evidently, the tensile-shear spot-welded joints bending
stresses depends on the applied forces, sheet thickness and gap between two thin
plates. In Fig. 9, stress distribution in thickness direction is shown. High stress
values are formed at the edge of nugget, and the stresses change their sign to
negative at the neutral axis in plate thickness direction.
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Fig. 9. Elastic stress concentration factor evolution along plate thickness direction from inner side to
upper side for spot-welded joints.

Noteworthy is that the strength of spot welds plate thickness direction is
controlled by the gap between lower and upper plates. Insofar as the ratio
between the gap and the plate thickness is considerable even for a small gap, the
latter cannot be neglected in the stress analysis and design. Incorporation of gap
effects in FEM finite element models make a great difference in design of spot
welds. Figure 10 shows the gap effect for mono point tensile shear spot-welded
joint.

Fig. 10. The maximum structural stress evolution for elastic and elastic-plastic analysis due to gap
variation in mono spot-welded joint case (M =F (t+S) =Ft(1+ S/)).

Hence, consideration of gap is essential for the estimation of fatigue strength
of tensile-shear spot welds, although it is neglected the most researchers, e.g.,
[8-12]. Incorporation of the gap parameter d in our 3D FEM analysis of
tensile-shear spot-welded joints has revealed that this effect is the most
pronounced in the case of mono spot-welded joint. In the current study the gap
value is o.12 mm and all calculations are based on experimental observation of
selected specimens. As the stress distribution around spot welds is elastic-plastic,
the cyclic stress-strain curve is used for calculations. As seen from Fig. 11, the
stress relaxation in plastic zones near high stress location occurs, and a nmax
depends on the elastic-plastic stressed state.
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Fig. 11 Fatigue stress factor elastic-plastic distribution near spot welds in longitudinal direction.
(The applied force for all spot-welded joints is taken as F = 2250 N.)

The elastic-plastic stress distribution in sheet thickness direction is given in
Fig. 12

Fig. 12. Fatigue stress factor elastic-plastic distribution near spot welds in longitudinal direction.
(The applied force for all spot-welded joints is taken as F = 2250 N.)

Here the same pattern as in the elastic case is observed: There are peak
stresses as well, and tensile stresses change into compressive ones. However, in
the elastic-plastic case, the neutral axes of triple and multiple spots approximately
coincide, while mono spots are characterized by a larger tensile zone.

4. Compressive Loading Conditions for Tensile-Shear Spot-Welded
Joints. The spot welds are generally applied for connection of two thin plates.
Due to small thickness of these joints, their applicability is restricted to certain
specific cases. The mechanical behavior of tensile-shear spot-welded joints under
compressive loading conditions is critical for estimation of their application
range. However, mostly tensile loads are currently accounted for in the
application of spot welds (e.g., in automobile industry, for many types of thin
sheet connections). In operational conditions, compressive loads can be
experienced by spot-welded structures. Therefore, the buckling effect can occur in
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tensile-shear spot-welded joints. We took this effect into account in the present
3D FEM analysis. Due to similarity between fixed-fixed ends and all the joints
under study, this type of buckling is modeled in order to estimate that of
tensile-shear spot-welded joints (Fig. 13).

Fig. 13. Schematic representation of critical buckling load for fixed-fixed ends (L, b, and t are the

1El Ebti
plate length, width, and thickness, respectively; Por = (?)EB% :n—%LE—I.

It is evident from Fig. 14 that the first buckling mode is the most typical for
all three spot-welded joints under study.

Fig. 14. The first buckling mode configuration for mono point (a), triple point (b), and multiple
point (c) tensile-shear spot-welded joints.

The critical buckling loads for the three tensile-shear spot welds obtained
from the 3D FEM analysis using the ANSYS software are summarized in Table 1
It is noteworthy that the critical buckling load for fixed-fixed ends can be easily
calculated using the available input data [16-17].

As seen from Table 1, all spot-welded joints under study have a higher
buckling resistance tant a plate with fixed-fixed end conditions, but the critical
buckling load capacity for triple points is the highest. The major parameter in
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buckling analysis is geometrical characteristics. The comparison between triple
and multiple points spot-welded joints in Fig. 2, indicates that the distance
between triple joints in longitudinal direction of spot-welded joint is two times
relative to multiple-points. Due to this geometrical effect, unbraced distance for
triple points is less than multiple points spot-welded joints. Hence, the major
geometrical parameter, which has a great effect in buckling capacity of spot welds
can easily be distinguished. Other parameters such as plate thickness, nugget
diameter and number of spot welds is also important to verify compressive
behavior of tensile-shear spot-welded joints, but the most effective geometrical
parameter in buckling capacity of spot welds is distance between spot welds or
unbraced distance. In Fig. 15, the braced and unbraced distances for buckling
capacity analysis are shown.

Table
The Critical Buckling Load and Effective Length for Three Different Types
of Spot-Welded Joints

.. \nZE|
Spot-welded joint Pa’N KL —J ,mm K
p joint type V Ry
Fixed-fixed ends 636.71 150.00 0.5000
Mono point 866.85 12855 0.4285
Triple points 1203.92 190.08 0.3636
Multiple points 1025.59 11818 0.3939

Fig. 15. Braced and un-braced length for three spot-welded joints (mono point, triple points, and
multiple point’s tensile-shear spot-welded joints).

The braced and unbraced distances are very important to manipulate
compressive behavior of spot-welded joints, and it is shown in Table 1 that the
number of spot welds improves the buckling capacity of tensile-shear spot-
welded joints, while the unbraced length augmentation results in a lower buckling
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capacity. Although multiple spot-welded joints have two additional spot welds,
their buckling capacity is less than that of triple ones. This can be attributed to
the unbraced and braced length effects. The distance between spot welds in
tensile behavior is also important, but manifests a different behavior pattern. The
braced length in all spot-welded joints provides a rigid section and if the braced
length is long, the rigid section increases, which require higher force values to
obtain the buckling conditions. Hence, the lowest buckling capacity can be
expected from mono point spot-welded joints. And the highest one - from lap
welded joint.

In addition to the buckling effect, we have studied the post-buckling
behavior of spot welds. The nonlinear buckling analysis is required to investigate
the post-buckling conditions of all three mentioned spot-welded joints. The
rotation of spot welds is the most critical parameter in their post-buckling
analysis. In Fig. 16, the post-buckling behavior of three selected spot-welded
joints is shown. Here the angle between two thin sheets (20) changes with the
compressive axial load.
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Fig. 16. Post-buckling analysis of selected tensile-shear spot-welded joints with the same spot weld
configuration.

As seen from Fig. 16, the rotation of mono point spot-welded joint occurs
even at low compressive loads. Hence, joint rotation based on compressive loads
for mono spot-welded joints is more noticeable. The experimental results for
tensile-shear spot welds demostrate the same pattern [18]. The triple and multiple
points produce less pronounced joint rotation as compared to the mono points,
which can be related to the respective number of spot welds and their locations.

5. Fracture Mechanics Applicability to Spot-Welded Joints. The results
obtained from this study suggest that tensile-shear spot-welded joints exhibit
different mechanical behavior in tension and compression. The spot-welded joints
study can be subdivided into low-cycle fatigue (LCF) and high-cycle fatigue
(HCF). The crack initiation and propagation occur in the heat-affected zone
(HAZ) and base metal within the LCF and HCF ranges, respectively. Low axial
loads correspond to the HCF range and, consequently, cracks initiate and
propagate in the HAZ. Alternatively, high axial loads lead to initiation and
propagation of cracks in the base metal, which makes possible application of the
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fracture mechanics to tensile-shear spot-welded joints. Various formulas for the
stress intensity factors in such joints have been derived [19-21]. However, the
available fracture mechanics approaches and SIF formulas for spot-welded joints
are not applicable to crack initiation in the HAZ and for the LCF analysis
[22-23]. Therefore, the proposed elastic-plastic 3D FEM analysis can be used as a
tool of further expansion into this field.

Conclusions

1. Three-dimensional mechanical behavior of tensile-shear spot-welded
joints has been studied for three spot-welded joint types, including mono point,
triple points and multiple points. FEM solutions of stress fields in the spot welds
are obtained for elastic, elastic-plastic, buckling and post-buckling loading cases.
The application of sub-modeling technique yielded more accurate and less
time-consuming numerical results than conventional FEM meshing schemes.

2. The stress distributions near spot welds in longitudinal and thickness
directions have been analyzed, the critical point being the toe of spot welds. The
mono point case, due to its specific configuration and a large plastic zone,
exhibits a high joint rotation and a complex deformation pattern, while triple and
multiple points produce less joint rotation and are more preferable for application
from this standpoint.

3. The mechanical behavior of triple and multiple point spot-welded joints
are very close to each other in tension and compression. Hence, they have similar
strain and stress distributions, which suggest similar fatigue behavior. The stress
distribution in thickness direction reveals that a combination of the axial stresses
and bending stresses controls the stress distribution pattern and mechanical
behavior of the joints under study. The gap existing in spot welds raises the stress
concentration factor at the toe of spot welds. Low thickness of sheet metals has a
significant influence on the stress distribution at spot welds. The gap effect results
in a higher bending moment, and consequently, in higher tensile stresses and
larger plastic zones, which reduce the fatigue life and load-bearing capacity of
spot-welded joints.

4. The buckling capacity of spot-welded joints has been studied. The
comparison between the chosen specimens and fixed-fixed end beam shows that
the larger number of spot welds results in a higher buckling capacity of
spot-welded joints, but such factors as braced and unbraced length play their role
as well. Post-buckling behavior of spot-welded joints has also been studied and
explained within the framework of the proposed approach.

5. Finally, such parameters as the number of spot welds, spot-weld diameter,
plate thickness, distance between spot welds or braced distance and gap between
two thin sheets are shown to be crucial for the reliable design of spot-welded
joints. The special emphasis is made on the gap effects, which are neglected in
recent publications, but are shown to deteriorate the mechanical behavior for
spot-welded joints. Another aspect of this problem is development of an adequate
model of processes in the heat-affected zone for the low-cycle fatigue life
prediction of spot-welded joints.
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Pestome

BWKOHaHO TPMBUMIPHUIA CKIHYEHHOE/IEMEHTHUI aHani3 3paskiB 3 O4HUM, TPpbOMa
Ta N’ATbMa TOYKOBMMW 3BapHMMMW LUBaMW B YMOBAaxX poO3TAry i cTucKy. [ns
pO3paxyHKy Ha MiLHICTb BUKOPUCTOBYETLCA PO3MOLIN NPYXHO-NNACTUYHUX Ha-
NPY>XeHb Y KOPEHi TOYKOBOrO LWBA. 3anponoHOBaHO METOAMKY CYyOMOeNtoBaHHS,
WO AO03BOMSIE OTPMMATK OiNbll TOYHI pe3ynbTaT¥ CKIHYEHHOENEMEHTHOrO po3-
paxyHKy TOYKOBUX LWIBIB Manux po3mipis. Cxema 4YMUC/OBOr0 Po3paxyHKy fnae
MOX/MBICTb BpaxoByBaTW nmapaMeTpu Martepiany i reoMeTpuyHi HeniHiHi edek-
TW, 3YMOB/IEHI HAABHICTIO 3a30py MK TOHKOCTIHHUMM naacTMHamu, iX BUNU-
HaHHAM i T.M. [1poaHanizoBaHO NPYXHY i NPY>XXHO-NNACTUYHY MOBESIHKY 3pa3KiB
i3 pi3HOI KOHMirypauico 3BapHWX LWBIB MPWU HaBAHTAXEHHI PO3TAHXHUMM i
CTUCKANbHUMW OCbOBUMU 3YCUIAMM.
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