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Abstract

EN 10346:2015 DX52D+Z steel is a low-carbon, zinc-coated steel suitable for cold forming, widely used in the automotive industry
due to its superior formability despite its low strength. Sheets produced in different sizes and forms are annealed by passing through
the continuous galvanizing line after cold rolling. In this study, fatigue properties of these steels which were joined by spot welding
with low welding current and high welding cycles, were measured and failure characterization was made, too. Tensile testing was
made using a number of lap joints with different parameters and the variation of hardness within the weld area was also investigated.
During the fatigue testing, crack initiation and propagation have been experimentally determined. A significant increase in hardness
was observed from the base metal to the weld nugget, and the welding process caused a 38% reduction in the strength of the base
material due to the heat affect from the joint. In the microhardness test, the highest hardness value was measured in the weld nugget
heat affected zone (228.4 HV), and the hardness of the base metal was 169.4 HV. It has been determined that welded joints have
infinite life below approximately 20% of the maximum tensile load.
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Oz

EN 10346:2015 DX52D+Z, diisiitk mukavemetine ragmen istiin sekillendirilebilirligi nedeniyle otomotiv endiistrisinde yaygin olarak
kullanilan, diisiik karbonlu, soguk sekillendirmeye uygun ¢inko kapl bir ¢eliktir. Farkli ebat ve formlarda tiretilen saclar, soguk
haddeleme sonrasi stirekli galvanizleme hattindan gegirilerek tavlanmaktadir. Bu ¢alismada diisiik kaynak akimi ve ytliksek kaynak
cevrimi ile nokta kaynagl ile birlestirilen bu celiklerin yorulma 6zellikleri 6l¢iilerek hasar karakterizasyonlari da yapilmistir. Farkl
parametrelere sahip bir dizi bindirmeli baglanti kullanilarak ¢ekme testi yapilmis ve kaynak bdlgesindeki sertlik degisimi de
incelenmistir. Yorulma testi sirasinda c¢atlak baslangici ve ilerlemesi deneysel olarak belirlenmistir. Ana metalden kaynak ¢ekirdegine
kadar sertlikte 6nemli bir artis gozlenmis ve kaynak islemi, birlestirmeden gelen 1s1 etkisinden dolayr ana malzemenin
mukavemetinde %38'lik bir azalmaya neden olmustur. Mikrosertlik testinde en yiiksek sertlik degeri kaynak cekirdeginin 1sidan
etkilenen bolgesinde (228.4 HV) 6l¢iilmiistiir ve ana metalin sertligi 169.4 HV olmustur. Kaynakl baglantilarin maksimum ¢ekme
yukiiniin yaklasik %20'sinin altinda sonsuz 6mre sahip oldugu belirlenmistir.

Anahtar Kelimeler: Diisiik karbonlu celik, Nokta kaynagi, Diisiik kaynak akimi, Yiiksek kaynak déngiileri, Yorulma limiti

1. Introduction around 85% and an average of 3,000 to 5,000 spot welds are

Spot welding is the most important joining technique in the
production of basic parts of the vehicles, such as the chassis, it is
mostly associated with automotive manufacturing. In addition to
the developments on the spot welding method, other joining
methods are also in the process of making continuous progress in
the manufacture of the body and bodywork, such as laser spot
welding [1]. It is mostly significant in the automotive and white
goods sectors that studies on safety of passengers and the weight
reduction on the vehicle have led to the use of different materials
together and ultimately search for a different manufacturing
method. However, the most important joining method in the
manufacture of vehicles is still the electric resistance spot
welding method. Compared to other methods in production of
vehicles, the rate of use of spot welds in the vehicle body is
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made on the bodywork of the vehicles [2].

Many studies on issues such as eliminating the basic problems
encountered during the application of spot welding, obtaining
more effective results with changes in parameters, new
applications in spot welding techniques, etc. have continued to
advance from the first days until today [3-11]. Spot welding
problems such as welding spatters, the degradation of the
electrode tip causing short electrode life, a decrease in strength
due to misalignment, shunt current loss between welded points,
welding of more than two sheets, spot welding of different metals
such as aluminum and steel sheets, surface coatings, surface
oxides and surface contact resistance etc. problems have been
extensively studied [12- 20].
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Figure 1. a) Software interface, b) Tensile test specifications and c) Quasi-static tensile test machine

Table 1. Mechanical properties of EN 10346:2015 DX52D+Z steel

Holloman Plasticity

Johnson-Cook Plasticity Model

Model Coefficient Coefficient
Yield Strength (MPa)  Ultimate Strength(Mpa) Total Elongation (%) K n A B n
124,54 253,37 33,1 455,66 0,242 124,83 420,18 0,499
Table 2. Chemical composition of EN 10346:2015 DX52D+Z steel

Si% Mn% P% S% Cr% Mo% Ni% Nb%

0.050 <0.001 0.249 0.006 0.028 0.034 0.014 0.041 <0.002

Al% Cu% Co% B% Ti% V% W% Sn% Ca%

0.165 0.030 0.014 0.0074 0.001 0.003 0.006 0.006  0.0027

As% Mg% Ce% La% Pb% Sb% Te% Ir% Fe%

0.013 0.0006 0.021 0.012 0.003 <0.005 <0.001 <0.001 99.291

m

(@) (b)

©] (d)

Figure 2. Typical geometry of tensile shear spot welding samples including multi-points, a-Single point welded (OP), b-Welded from
two vertical points(TVP), c-Welded from two horizontal points(THP), d-Four point welded(FP).

Many studies have also been conducted on the fatigue behaviour
of different types of loading effects to evaluate the fatigue
strength of spot weld joints [21-23]. Many different methods
have also been proposed to estimate fatigue life of the spot-

welded joints [24-26]. Using fracture mechanics approach that

considers a nugget edge as a crack tip, the fatigue life of the joints
was evaluated on the local stress around weld nugget and local
strain in the vicinity of a weld nugget [27-32].
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The aim of this study is to experimentally investigate the fatigue
properties of plates joined to each other by spot welding of EN
10346:2015 DX52D+Z steel, which is preferred for its easy
formability in the automotive industry. First of all, by keeping the
other five important parameters (Electrode diameter, welding
time, squeeze time, holding time and electrode force) constant,
the welding current that creates the maximum tensile force was
determined. The lap joints were produced with a single and
multiple spot welds and tensile tested. The structure and size of
the weld nugget, fatigue crack initiation and propagation were
examined and fracture mechanisms related to the failure have
been discussed.

2. Materials and Methods

2.1. Materials and methods subheading

The basic mechanical properties and chemical composition of EN
10346:2015 DX52D+Z steel are shown in Table 1 and Table 2,
respectively. The tensile test samples (Fig. 1b) prepared
according to EN ISO 6892-1 standards were tensile tested with
the 8081-Instron universal servo-hydraulic testing machine (Fig.
1c) at a crosshead speed of 0.01 mm/s at room temperature in
accordance with the standards. Here, the data from ten samples
were calculated using software and the basic tensile test average
data were obtained (Fig. 1a).

A semi-automatic spot welder (SIMSEK 50KA) was used for the
welding process. Two sheets of 1 mm thickness were joined
under pre-set PLC control parameters. For this sheet metal
thickness, the recommended G-16 type copper alloy electrode
caps were used for all spot welds. The diameter of the caps is
16mm and the diameter of the welding contact surface is 6mm.
The overall dimensions of samples for fatigue tests are shown in
Figure 2. The sheets were prepared and tested according to EN
ISO 14273 (Specimen dimensions and procedure for shear
testing of resistance spot welds); the samples were in dimensions
of 45 x 105 mm and sliced parallel to rolling direction, and
welded according to the dimensions determined by the standard.
In specimens of shear type tensile fatigue test, two spacers of 45
mm length of the same thickness were mounted on the sample
ends in order to reduce the bending effect. The two sheets to be
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welded were mounted together with 35 mm long surfaces. As it
can be seen in Figure 2. that a combination of a single, double and
quadruple spot welds were used in the tests; spacing between the
spot welds and edges were determined with sufficient distance.

2.2. Optimal weld current procedure

Studies showed that the most important parameter for the
optimum quality, strength and fatigue life of the weld joint is the
form of the nugget that forms between the sheet metals during
the spot welding process. [23, 33-35]. There are many spot
welding parameters such as electrode diameter, current holding
time, clamping time, electrode force, welding current etc. for the
formation of the spot weld joint. The latter is the most significant
parameter compared to other process parameters that determine
the quality of the weld joint. If the welding current is too low, it is
impossible to have sufficient heat generated to form the weld
nugget and hence low mechanical properties are inevitable. Even
if a nugget is formed, it may cause a low strength because of spot
weld nugget considerably smaller than the minimum nugget
diameter [36, 37]. When the current is high, there is a risk of over
melting the entire weld nugget region and result in a decreased
thickness of nugget zone.

The basic principle in spot welding nugget formation is the
contact resistance at the electrode-sheet and the sheet-sheet
interfaces, playing a dominant role in the Joule heat generation
encountered by the welding current as it passes from one
electrode to the other. Hence, the heat is produced in proportion
to the contact resistance of the region formed by the electrodes
and plates [38], and the temperature increase in this region
causes an increase in the overall resistance of this region. Melting
in this zone firstly begins at the contact surface between the
sheets and spreads into the other parts of the both sheets, leaving
metallurgically affected base metal nearby nugget zone.

Electrode surface contact diameter was selected as a 6 mm and
30 cycles of weld time, 60 cycles of squeeze time, 30 cycles of
holding time, 260 kP of electrode force. By keeping these
parameters constant, an optimum the strength levels of the joints
were attempted to obtain with the changing welding current.
Tensile test of specimen joined with different welding currents
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Figure 3. Shear load vs. weld current plot for optimal welding parameters choice
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and consequent microscopic examination showed that 7.75 kA
gives the best optimal shear force value for samples spot welded

(Fig. 3).

The tensile shear test graph of three samples with different
numbers of spot-welding combination produced by using 7.75 kA
welding current is given in Figure 4; other parameters were kept
constant. In order to determine the force for fatigue test, which is
to be performed later, the shear force values were used by taking
the average of 20 shear force-extension tests for each test.

Load (kN)

When the stiffness exceeds the selected 25% value, the joint is
now considered to be failed [39]. The testing was carried out and
the results were calculated over the entire test values as in Figure
4 for a single weld point and for 33%-50%-66% of the average
maximum shear force. As seen in Figure 5, it was determined that
the stiffness value appeared from the upper value of 47% and
slowly progressed downwards throughout the entire test. A large
decrease was observed suddenly when the fatigue life reached
90-95% due to the growing fatigue cracks being unable to carry
the load.

Displacement (mm)

18 20 22 24 26 28

Figure 4. Shear load vs. weld current plot for optimal welding parameters choice

2.3. Fatigue test procedure

8801-Instron universal servo-hydraulic testing machine was
used to conduct fatigue test on lap joint and non-welded test
specimens. The spot-welded samples were subject to various
sinusoidal load by using SAX software preloaded on the universal
testing machine. Considering the sensitivity of the test device, R
= 0.1 for load ratio and a test loading frequency of 25 Hz were
used. In similar studies, the loading frequency was taken within
the range of 5-25 Hz [39, 40]. The weld stiffness behaviour during
fatigue loading test is observed in the force data obtained from
load cell and the displacement data measured with an
extensometer. For welded samples, the weld stiffness value is
taken as 25% as given in the literature [39]. The stiffness value is
the ratio of the differential force value to the displacement change
during the test, and the results were evaluated after the tests.

33%
50%

66%

1000

2.4. Microstructure, fracture morphology observation
and microhardness measurements

For microstructure and fracture morphology observation, all
welded samples were longitudinally sliced along the center of the
nugget. The cutting process was done manually on a Metkon
Metacut-M250 precision cutting machine at high speed.

The sample was mounted for polishing using a thermosetting
plastic compound. The cross-section of the samples was polished
using sand-paper to 1 micron and then etched by holding itin 3%
Nital etchant fluid for 3-3.5 seconds.

Number of Cycles

10000 100000 1000000

Figure 5. Stiffness ratio vs. number of cycles graphs for three fatigue load ratios
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(b)
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Figure 6. (a) Macrostructure of weld nugget and zones(Base Metal (BM), Heat Affected Zone (HAZ), Fusion Zone (FZ)) (b)
Microhardness of weld nugget region, (c) Microstructure of weld nugget.

Vickers hardness tests were performed with a 100 g load using
Mikrobul low load Vicker hardness tester, on the surface of the
polished specimens. In addition, the measurement was made
along a line parallel to the sheet contact area and at a distance of
850 pum in order to make measurements in the base metal area
with localized microstructural changes took place in the weld
area in Figure 6; hardness values, microhardness indentations
and the distances between them is also given in Figure 6.

Half and symmetrical weld nugget is shown in Figure 6a. The
hardness values measured here are also symmetrical with other
side of the welding. The three typical microstructures in the
welded joint region are called base metal(BM), fusion zone (FZ)
and heat affected zone (HAZ) [Fig. 6a]. The heat affected zone
(HAZ) and the base metal (BM) are clearly separated and this
separation is clearly determined by the microhardness test. In
Figure 64, it can be seen that a hardness of approximately 152.8
HV-0.1 in the weld nugget and 169.4 HV-01 in the base metal
were measured, and hardness reaching the highest value in the
near region of the line separating the weld nugget and the base
metal with 228.4 HV-0.1.

The ferritic-martensitic structure seen in the welding nugget of
low carbon steels and the heterogeneous appearance in the HAZ,
which is also confirmed by hardness measurement, are given in
Figure 6b. In some studies, it has been determined that the
formation of martensite in the welding area of this type of steel is
due to the quenching effect of copper alloy electrodes and their
quenching effect, as well as the short welding cycle. In these FE
technique studies [41-44] in which the weld joint was modeled,
it was calculated that even the 1000 °C/s cooling rate required
for martensite formation was exceeded. As seen in Fig 6¢, as in
similar studies, the HAZ structure in the region close to the fusion
boundary consists of martensite, grain boundary ferrite and
Widmanstatten ferrite [45].

3.

The fatigue life curves of EN 10346:2015 DX52D+Z steel are
shown in Figure 7. Infinite life values for the spot-welded joints
(Fig. 7) are taken according to the maximum shear force (Figure
4). The % ratio of test results is given in Figure 8. The forces were
divided into ten equal parts and applied on the samples prepared
in accordance with the standard. It was assumed that it would
reach an infinite lifetime when the number of cycles exceeded
1E+7.

Results

Each data sets having different type or number weld point could
be characterized by similar smooth curves as in Fig. 7 and Fig. 8.
For test specimens with four different number of spot weld joints,
changes were observed according to the nature of the force
magnitude and the life limits were found to be similar based on
the load amplitude ratio %. As a result of the tests, it was
observed that the fatigue strength was approximately 20% of the
static joint strength. The static strength values used here were
obtained by averaging more than twenty quasi-static tensile
shear tests (Test speed=0.01 mm/s) for each sample containing
a different number of spot welds. The life curves found by the
least squares’ method, which can be defined by the exponential
equation, can be defined by the number of load cycles applied to
the sample up to the values above the life limit (Fig. 7). In the
equations obtained from the curve fitting, the average R-square
of the curve-fit procedure was calculated as 98.2%

Fatigue cracks are encountered in a circular geometry in the
sample around the weld at the sheet interface. This circular form
is one of the most obvious indicators of stress concentration.
Throughout the entire fatigue life, it is believed that the crack
path was determined by the stress distribution around the weld
as no preferred microstructural path was found [39]. Fatigue
strength depends on the nature of the load on the spot weld and
the stress concentration factor of the circumferential notch
around the weld [21].
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Figure 7. Fatigue load amplitude vs. cycles-to-failure curves for the tensile-shear samples
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Figure 8. Fatigue load ratio vs. cycles-to-failure curves for the tensile-shear samples

Different types of failure modes can be associated with different
separation load type and direction. Naturally, a similar type of
failure mode was encountered in the tests. The samples exhibited
a fracture morphology where the weld button remained intact on
one sheet and separated from the other steel sheet. Fatigue crack
was measured to occur at a distance of approximately 0.75 mm

from the weld button. When a fatigue crack is first formed, the
crack propagates partially along the thickness of the sheet and
around the circumference of the weld button at a small angle.
Then crack continues to expand perpendicular to the direction of
pull as it propagates planarly along the plane towards the base
sheet (Fig. 9).

Figure 9. Development of crack propagation in %50 load amplitude ratio

304
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Figure 10. (a) Failure mode on one-spot welded joint; (b) Failure mode on four-spot welded joint

At this moment, the crack completely penetrates the thickness of
the sheet. Now that the crack has fully penetrated the sheet
thickness, the weld is further released and the tensile-shear
specimen tends to rotate due to the unbalanced load distribution
of the load. As a result, the specimen rotates slowly about an axis
parallel to the tensile plane of the tester jaws (Fig. 10a), except
for the four spot welded specimen by its nature (Fig. 10b).

Mag= HOX
EHT =20.00 V.

Zss,

Figure 11. Microstructure of the crack surface of the welded
joint with a squeeze time of 60 cycles and a welding current of
5.4 kA
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Fatigue increases the stress triaxiality at the crack tip, thus
further increasing the crack growth rate. The overall failure
occurs by tearing of the base material due to the fact that it can
no longer carry the increasing load with the effect of an additional
moment applied at the crack tip.

Microstructures and fatigue crack surface morphologies are
shown i Fig.10 and Fig. 11. As seen in Figure 11., both striation-
like characteristic structure and non-uniform dimple-like
structures were observed. This image suggests a ductile type of
failure. Coarse columnar dendritic crystals (Fig. 6), which can be
easily observed in the spot weld nugget, are surrounded by the
heat affected zone, which has a boundary with different
microhardness values from the base metal and weld nugget. After
the fatigue load, the stress concentration forms a crack. Crack
path is determined along the HAZ boundary, crack initiation and
propagation are probably due to the interaction between plastic
zone formation in this circumferential notch.

4. Discussion and Conclusion

An experimental investigation of the fatigue properties of EN
10346:2015 DX52D+Z steel spot welded samples led to the
following conclusions:

1. Microhardness tests showed that a hardness of
approximately 228.4 HV-0.1 in weld nugget boundary (HAZ),
169.4 HV-0.1 in base metal and 152.8 HV-0.1 in weld nugget.

2. The welding process caused a 38% decrease in the strength
of the base material due to the joining by applied heat and its
effect on the base metal, and it was observed that the fatigue
strength was approximately 20% of the static strength.

3. Fatigue crack was measured to occur at a distance of
approximately 0.75 mm from the weld button. When a fatigue
crack is first formed, the crack propagates partially along the
thickness of the sheet and around the circumference of the weld
button at a small angle. Then crack continues to expand
perpendicular to the direction of load as it propagates planarly
along the plane towards the base sheet.
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