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Abstract

In this study, a methodology was successfully developed and validated to evaluate the behavior of spot welded joints of
DP780, TRIP780 and DCO04 steels in high cycle fatigue. Test specimens were made with three spot welds and Wohler
curves were developed using the uniaxial tensile/traction load adopting the Owen R90C90 method. The spot welds
showed an increase in fatigue life and a reduction in the maximum load, similar to steels. The influence of mechanical
strength and material thickness tested and the types of fractures that occurred were compared. In low cycle regions,
spot welds showed greater dispersion at maximum loading, between the different materials, and in higher cycle regions,
this dispersion was reduced. The results obtained by adopting this method using three spot welds showed greater
repeatability and less variation between the specimens of the same material. This developed method can be used with
increased reliability to develop automotive bodies and spot welded components.
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1. Introduction

The body frame, also known as the Body-in-White, is one of the most important parts of a vehicle and normally contains
thousands of spot welds. Failure of some of these welds and welded joints in the body frame can cause undesirable noise
and vibrations and can lead to a reduction in the structure's crashworthiness. In addition, optimizing the number of
spot welds, considering fatigue resistance, stiffness, among others, reduces production costs [1].

Several authors have researched spot welds and the combined effect of parameters such as material property and
thickness, weld and notch geometry, fusion zone, microstructure and the loading condition on fatigue behavior [2].

There is not a vast body of literature on fatigue methodology to develop the S-N curve for components joined by spot
welds, describing the test specimen definitions that best represent the application of spot welds and the way to treat
the dispersion of the results. In this study, the spot weld behavior was evaluated when subjected to a high cycle fatigue
test, the test parameterization was defined, its performance was evaluated and the S N curves were made using the
Owen R90C90 method, through different types of AHSS (TRIP780, DP780) and IF (DC04). The manufacture of specimens
with three aligned and equidistant spot welds, instead of a single central point, was defined and standardized.
Adjustments were made to minimize dispersion in the fatigue results, as well as the influence of the test variables
evaluated. Using the comparative study of spot welds between the AHSS, the behavior and influence of the material
resistance compared to fatigue were observed. Concerning the IF steels, the behavior and influence of the increase in
material thickness were evaluated. The types of fractures observed in the spot weld after the fatigue test in each test
condition were described and compared.
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Interstitial Free (IF) steels constitute one of the main groups of steels used in the manufacture of automotive parts, such
as outer body panels, flooring, roofing and door frames, due to their excellent conformability, deep drawing capability,
fatigue resistance, tensile strength and stiffness [3, 4, 5].

Dual Phase (DP) steels are one of the most used multiphase types among advanced high-strength steels (AHSS) in
automotive parts. They are applied to automobile components, such as cross members, rails, wheels, bumper inner
reinforcement and auto longeron. The microstructure of these steels consists of hard martensite islands in ferrite
matrix. This dual-phase composite microstructure leads to a combination of high mechanical strength imparted by the
martensitic phase and good ductility by the ferritic phase. This unique combination allows the use of thinner sheets,
thus reducing vehicle weight, improving fuel efficiency, reducing greenhouse gas emissions and costs [6, 7].

Another class of AHSS widely used in the automotive industry is Transformation Induced Plasticity (TRIP) steel.
Depending on their chemical composition and thermomechanical processing, the microstructure of these steels can
consist of ferrite, bainite, martensite and retained austenite. The high fraction of ultrafine retained austenite obtained
in these steels, due to the effect of strain hardening (transformation of austenite into martensite by plastic deformation),
allows the manufacture of components with greater energy absorption during a collision [8, 9].

The relationship between the fatigue life of engineering materials and the applied stress is an important property for
reliability in processes and designs. For safe-life design, fatigue test data is often presented in S-N curve form, for
example, a log-log plot of stress S versus median fatigue life N, which is expressed in the number of cycles to failure.
Fatigue life even under controlled stress levels and experimental conditions exhibits a large dispersion range. A
conventional method to describe this curve and make the probability adjustment is to use approximately 15 specimens
in each analyzed stress value, making it a time-consuming and expensive method [10].

2. Experimental Methodology

Commercial cold-rolled and annealed stress-relief steels DP780 and TRIP780 that were 1.2 mm thick and DC04 that
was 0.7 mm and 1.2 mm thick were used. Rectangular specimens measuring 50 mm wide by 90 mm long were made.
Spot welds among the test specimens were carried out with an overlap of 22 mm of material and with three aligned and
equidistant spot welds, as shown in Figure 01.

Figure 1 Dimensions and positioning of the test specimens and spot welds: (a) overlapping of the material, (b)
distance between the edge of the plate and the spot weld, (i) distance between the spot welds. Measures in millimeters

The tensile tests on the steels were conducted, according to the ISO 6892-1: 2009 standard, in an INSTRON model 4467
universal testing machine, 30 kN load cell, video extensometer and Bluehill software, at room temperature.

The fatigue tests, on the welded specimens, were carried out using the INSTRON servo-hydraulic equipment, model
8801, with a frequency of 50 Hz, the loads were of the traction-traction type, sinusoidal curve, load ratio equal to R =
0,1 constant throughout the test. The S-N curves (in this study, the maximum load versus number of cycles to failure
curve was used) were created with 5 stress levels, a minimum of 3 valid samples and a duration limited to 5.0 x 106
cycles or to fracture of the specimen. The calculations used, described in Equations 1 to 5, were [11, 12]:

Maximum stress = F 5 = 0. 47 coeeeveveernenens (1

Minimum stress = F; = Fpae-01 e (2)
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Mean stress= ~ 7 2 e (3)
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Alternating stress=  f.= T e (4)
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Stressratio: R = ™% (5)

max.

Where Fmax is the maximum stress; o is the tension; A1 is the area; Fmin is the minimum stress; Fum is the mean stress; Fa
is the alternating stress; R = stress ratio.

To make the S-N curves, the fatigue parameters were obtained using the median and the Owen R90C90 method,
obtained from the data of the tests carried out, and the slope factor of the S-N curve (k), the coefficient of fatigue
resistance (of ') and fatigue resistance exponent (b) [11, 13]. Basquin's equation was used, which defines the S-N curve,
according to Equation 06 [11].

Where g, is the true stress amplitude; Jf’ is the coefficient of fatigue resistance; 2Nfis the number of reversals; and b is
the fatigue resistance exponent.

Equation 06 was converted into linear format, where fatigue life is the dependent variable as shown in Equations 07 to
09 [11, 14]:

Y=A+BX (07)
(/) J— (08)
i - (09)

Where Y is the fatigue life estimate; A is the regression coefficient estimate; B is the angular coefficient estimate; X is
the variable; b is the fatigue resistance exponent; and oy is the coefficient of fatigue resistance.

The linear regression used to solve A and B, the fatigue properties, were calculated according to Equations 10 and 11
[11]:

-a
0! =108 e (10)
L S (11)

Parameters oy and b represent the median S-N fatigue curve. The curve design represents the reliability and 90%
confidence and was calculated using Owen's modified method [11].

“w_n

When the curve was generated, the median S-N curve was shifted to the left by the product of sK,,,,. Parameter “s” is
the parameter of the linear regression function and is defined, Equation 12, by [11, 13]:

S:Jiizgﬂn—(A—E&ﬂz ........................ (12)

Where s is the standard error of the sample and the number n; is the number of samples used in the linear regression
[11].
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The morphological analysis of the fractured surfaces after the fatigue test was performed by scanning electron
microscopy in Versa 3D DualBeam model equipment. Fractured regions in the spot weld nuggets and in the regions
between the nuggets were analyzed.

3. Results and discussion

3.1. Microstructure

The results of the structures obtained in the metallography of DC04 steels that were 0.7 mm and 1.2 mm thick and
DP780 and TRIP780 that were 1.2 mm thick are shown in Figure 02.

Figure 2 Microstructure of the steels analyzed at different magnifications: A) DC04 that was 0.7 mm thick; B) DC04
that was 1.2 mm thick; C) DP780 that was 1.2 mm thick and D) TRIP780 that was 1.2 mm thick
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Both analyzed DC04 steels presented a grain size between 7 and 8, and the ferritic microstructure, according to the FCA
MS.50002 standard [15]. Wei Li and Masomeh Oliaei, studied the IF steel and found the ferritic microstructure without
any other phases, with the average grain size of 26.2 um [16, 17], similar to that found in this study. The analyzed DP780
steel presented a microstructure consisting of ferrite and martensite, in addition to residual austenite, a result according
to the FCA MS.50002 standard [15] and similar to the Ekrem Oztiirk study [18]. The TRIP780 steel analyzed presented
a microstructure consisting of ferrite, martensite, bainite and retained austenite, a result according to the FCA MS.50002
standard [15]. V. Paranthaman studied the TRIP780 steel and also found the microstructure composed of multiphase
bainite, ferrite, retained austenite and martensite [19]. The microstructures of the analyzed steels are in accordance
with their respective specifications.

3.2. Tensile test

Typical stress-strain curves were obtained for the analyzed materials DC04, TRIP780 and DP780 where all of them
presented typical characteristics of ductile steels. The calculated results of tensile strength, yield strength, elongation,
n, r and BHz and the values specified according to the standard are shown in Table 01.

Table 1 Results found in the tensile test of the analyzed samples

Tensile Strength | Flow Limit | Elongation
Material | Specified / sample R N BH: (MPa)
(MPa) (MPa) (%)
Spec.2 270 to 350 140 to 210 > 38 >1.60/0.18
DC04 0.7 mm 290 140 52 2.72 |0.25
1.2 mm 280 163 50 2.84 |0.24
Spec.b =780 470 to 600 21.00 >20.16| ---
TRIP 780
1.2 mm 888 494 21.43 0.22 | ---
Spec.b =780 450 to 560 =14 =30
DP780
1,2 mm 843 504 14 83

aDIN EN 10130:2007 [20], b BS EN 10346:2009 [21]
All the analyzed materials presented values in the tensile tests as specified in the standard for the tested samples.

3.3. Fatigue Properties

Maximum load {N)

Figure 3 Maximum loads versus Number of cycles to failure obtained for welded test specimens of steels DC04, DP780
and TRIP780
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The results of the maximum load versus number of cycles to failure curves of the welded specimens of DC04 steels that
were 0.7 mm and 1.2 mm thick, as well as DP780 and TRIP780 that were 1.2 mm thick are shown in Figure 03. The
visualization of stress curves versus number of cycles was used instead of the traditional curve of tension versus number
of cycles. Using stress instead of tension was possible as the spot welds were performed in the same positions on all
specimens and had parameters consistent with those used in automotive production processes. Thus, the area and its
respective dispersion of the three spot welds, where the applied stress was equally distributed, was considered similar
in all test specimens.

It was observed that the fatigue life of all welded samples increased as the maximum load reduced. This behavior is
expected for metallic materials [22] showing that the welded bodies have fatigue characteristics consistent with their
respective materials. The run-out data points for analyzed sample without failure were considered up to 1.0 x 10° cycles
and are labeled with horizontal arrows in Figure 03. In addition, in low cycle regions, steel welds with higher mechanical
resistance, TRIP780 and DP780, failed at higher maximum loads than the DC04. In the region of 1.0 x 103 cycles,
dispersion of results of up to 1.8 x 10* N was observed for the different materials and thicknesses analyzed. In this
region, the specimens DC04 0.7 mm and 1.2 mm presented load values close to 1.0 x 104 N and 1.4 x 10* N, respectively,
TRIP780 presented load value of 2.2 x 10* N and DP780 presented load value of 2.8 x 104 N.

After increasing the number of cycles, a reduction in the dispersion of results was observed for welds performed on
steels that were 1.2 mm thick, and in the range of 1.0 x 106 cycles, DC04, DP780 and TRIP780 presented similar values
and close to 3.1 x 103 N, 3.3 x 103 N and 3.7 x 103 N, respectively. On the other hand, for the weld in DC04 material that
was 0.7 mm thick, a value close to 1.8 x 103 N was observed.

The S-N curves of the steels in Figure 03 were compared with the results of other articles, but a similar study for a direct
comparison of the results was not found in the literature. The articles reported using specimens with only one (01) spot
weld. However, comparing with the values found in the steels analyzed and plotted in Figure 03, it can be observed that
Kitae Kwon studied TRIP1180 steel that was 1.6 mm thick, and the S-N Curve found mean loading values of 74.03 %
[23]. This value is expected because it is a material with higher mechanical strength and it is thicker. Heewon Cho
studied TRIP980 steel that was 1.2 mm thick and the S-N Curve had mean values of 39.85% [24]. The value found was
close to 33% (one third of the specimen with 03 spot welds). A higher value is expected because it is a material with a
higher mechanical resistance value. H. Oikawa studied TRIP780 steel that was 1.2 mm thick and the results were with
the welds with average values of 50.63% [25]. The values were well above 33% (one third of the specimen with 03 spot
welds) which was expected because it is a material with the same resistance and thickness, observing that the author
did not plot the S-N Curve. This showed better results than Heewon Cho [24], who studied TRIP980 steel that was 1.2
mm thick. Hamid Reza Ghanbari studied DP800 steel that was 1.8 mm thick and the results found welds with average
values of 33.41% [26]. The values found were close to 33% (one third of the specimen with 03 spot welds). The value
is lower than expected because it is a thicker material, observing that the author did not plot the S-N Curve. Trishita Ray
studied DP780 steel with laser spot welds that were 1.0 mm thick and the results of the welds tested found mean values
0f48.39% [2]. The values found were above 33% (one third of the specimen with 03 spot welds), but a different welding
process was used. Sendong Ren studied DP980 steel that was 1.2 mm thick and the S-N Curve found average values of
60.30% [27]. The values found were much higher than 33% (one third of the specimen with 03 spot welds) because it
is a material with a resistance class greater than that studied, and superior to the article by Hamid Reza Ghanbari [26],
who studied DP800 steel that was 1.8 mm thick. Kaushal Kishore studied IF steel with DP600 steel that was 1.3 mm
thick and the results found welds with mean values of 55.76% [28]. The values found above 33% (one third of the
specimen with 03 spot welds) were expected as the material is thicker. Gorti Janardhan studied the IF steel with the
HSNbD steel that was 1.2 mm thick and the S-N Curve found mean values of 72.45% [29]. The values found were well
above 33% (one third of the specimen with 03 spot welds) because the material is the same thickness and superior to
the article by Kaushal Kishore [28], who studied IF steel with DP600 steel that was 1.3 mm thick. H. Oikawa studied IF
steel that was 1.2 mm thick and the results were found with welds that had mean values of 43.46% [25]. The values
found were above 33% (one third of the specimen with 03 spot welds). This value was expected as the material was
the same thickness. It can be observed in the literature that there is no test standardization. Moreover, some researched
articles did not make the S-N curve as they only plotted the results in graphs. There was a lack of linearity of the results
and they were much higher than those expected compared to other articles, showing great dispersion between the
results. There is a need for test standardization and 03 spot welds to carry out the fatigue test in the spot welds as using
the methodology described here, it was possible to generate the S-N curves of 03 steels of different classes and of
different thicknesses with consistent results compared with the articles studied, and the results found provide useful
indications for fatigue test design in spot welds.

The results of the curves using the Owen method, the welds in DC04 steels that were 0.7 mm and 1.2 mm thik, and
DP780 and TRIP780 that were 1.2 mm thick are shown in Figure 04.
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Maximum load (N)
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Figure 4 Owen R90C90 approach of Maximum load versus Number of cycles obtained for welded specimens of DC04,
DP780 and TRIP780 steels

Adopting the Owen R90C90 method, the curves of the DP780 and TRIP780 steels were in the range of 1.0 x 103 cycles
and the lines overlapped with the increase in the number of cycles. In the range of 3.0 x 10> cycles, the Owen curve of
the DP780 steel was superimposed with the S-N curve of the DC04 material and was 1.2 mm thick. The Owen curve of
the DCO4 steel, which was 1.2 mm thick, overlapped the S-N curve of the DC04 steel, which was 0.7 mm thick in the
range of 1.0 x 103 cycles and the curves distanced when the number of cycles was increased, at a range of 1.0 x 10% cycles.
A greater dispersion was observed between the Owen R90C90 curves in relation to the S-N curves for the DC04 steels.
This was due to the stress levels selected in the test, which had numbers lower than 1.0 x 103 cycles, therefore a high
stress value. This difference increases the value of the standard error “s”, calculation used in plotting the lines of the
Owen R90C90 method, causing a greater displacement of the curves. For the finite fatigue life range, in which the stress
amplitude shows a decreasing trend in relation to the number of cycles, the Owen method was able to model the
uncertainty associated with the regression analysis [30]. Owen's method ensures that the data used in deriving the
fatigue parameters are appropriate and indicative of the physical behavior of the material. The method allowed the
precise derivation of the fatigue parameters, and thus the use of a fatigue software simulation to shorten the product
development cycle, reducing the number of iterations in the design and test cycle [31].

3.4. Visual analysis of fractures

Visual analyses were carried out on the specimens with the lowest and highest number of cycles of steels DC04 that
were 0.7 mm and 1.2 mm thick and DP780 and TRIP780 that were 1.2 mm thick to understand the crack propagation
behavior, shown in Figure 05.

The low cycle specimens, DC04 0.7 mm and 1.2 mm Figure 05 (A and C) and TRIP780, Figure 05 (G), showed crack
propagation only on the periphery of the nugget. The high cycle specimens, Figure 05 (B and D), the DP780 low and high
cycle steel specimens, Figure 05 (E and F) and the high cycle TRIP780 steel specimens, Figure 05 (H) showed the crack
propagation along the entire width of the specimen and parallel to the spot welds.
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Figure 5 Fractures in the specimens in the analyzed IF and AHSS steels: A) DC04 that was 0.7 mm thick, 12.5 x 103
cycles; b) DC04 that was 0.7 mm thick, 1.0 x 106 cycles; C) DC04 that was 1.2 mm thick, 12.9 x 103 cycles; D) DC04 that
was 1.2 mm thick, 6.3 x 10> cycles; E) DP780 12.1 x 103 cycles; F) DP780 1.5 x 106 ¢c; G) TRIP780 8.6 x 103 cycles and
H) TRIP780 1.1 x 106 cycles
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3.5. Fractography of fatigue samples

The fracture morphologies, observed at SEM, of DC04 steel, which were 0.7 mm thick, the specimen with 12.5 x 103
cycles in the spot weld and the specimen with 1.0 x 106 cycles in the spot weld region and in the region between the spot

welds are shown in Figure 06.

Dimples

Intergranular fatigue propagation

()

Intergranular fatigue propagation

y

‘\* _ Fatigue striations

(D)

Figure 6 SEM image of fractures of DC04 steel specimens, which were 0.7 mm thick: a) spot weld region in the

specimen with 12.5 x 103 cycles; b) spot weld region on the specimen with 1.0 x 10¢ cycles; c) and d) spot weld region

on the specimen with 1.0 x 106 cycles and higher magnification image, respectively

Figure 06 (A) shows the fracture with a ductile region with micromechanisms essentially formed by dimples, typical
morphology of a ductile fracture [32]. Figure 06 (B, C and D) illustrates typical fracture characteristics with fatigue
striations and intergranular fatigue propagation, typical fatigue fracture morphology [33].

The DCO4 steel fractures, which were 1.2 mm thick, the specimen with 12.9 x103 cycles, in the spot weld region and the
specimen with 6.3 x 105 cycles in the spot weld region and in the region between the spot welds are shown in Figure 07.
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Figure 7 SEM image of fractures of DC04 steel specimens, which were 1.2 mm thick: a) spot weld region on the
specimen with 12.9 x 103 cycles. b) spot weld region on the specimen with 6.3 x 105 cycles. ¢) and d) spot weld region
on the specimen with 6.3 x 105 cycles and higher magnification image, respectively

Figure 07 (A) illustrates the fracture with mixed crack propagation, morphology and fatigue striation with stable crack
propagation and micromechanisms formed by dimples referring to the region of unstable crack propagation. Fatigue
fracture morphology and plastic deformation (overload). In Figure 07 (B, C and D), fractures with fatigue striations in
the grain boundary and intergranular fatigue propagation are observed, typical fatigue fracture morphology. M. N. James
[3] and V. Sajadifar [34] studied IF steels and verified that intergranular fatigue propagation during fatigue similar to
the morphologies found in the steels analyzed in this work.

The fractures of the DP 780 steel, which were 1.2 mm thick, the specimen with 12.1 x 103 cycles and the specimen with
1.5 x 10% cycles in the spot weld region and in the spot weld region are show in Figure 08.
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Figure 8 SEM image of fractures of the specimens of DP 780 steel, which is 1.2 mm thick: a) spot weld region on the
specimen with 12.1 x 103 cycles; b) spot weld region with 12.1 x 103 cycles; c) spot weld region on the specimen with
1.5 x 10° cycles and d) spot weld region on the specimen with 1.5 x 106 cycles

Figure 08 (A, C and D) shows fracture morphologies with micromechanisms formed by fatigue striations and
transgranular crack propagation, typical fatigue fracture morphology [35]. Figure 08 (B) shows a fracture with ductile
morphology with micromechanisms formed essentially by dimples, a typical fracture structure with plastic deformation
[36]. H. R. Ghanbari, studied DP steel and found fatigue striations and transgranular propagation [26] with morphology
similar to that found in the analyzed DP780 steel in this paper.

Figure 09 shows the fractures of TRIP780 steel, which were 1.2 mm thick, the specimen with 8.6 x 103 cycles in spot
weld region and the specimen with 1.1 x 106 cycles in the spot weld region and in the region between the spot welds.

Figure 09 (A) shows the fracture with micromechanisms formed by fatigue striations, dimples and the presence of
microcracks. Figure 09 (B and C) illustrates fracture morphology with micromechanisms formed by fatigue striations
and the presence of micro cracks. Both correspond to fatigue with transgranular crack propagation. Z. Zhang studied
TRIP steel, and the micrograph analyzed by scanning electron microscopy after the fatigue test showed cracks with
transgranular propagation, lamellar structure and a large amount of crack ramifications [37].

The analysis of the fractures of the test specimens with a lower number of cycles showed the influence of the material
resistance, where the fractures presented fatigue with transgranular propagation, and micromechanisms typically
formed by dimples, characteristic of deformation due to overload (plastic deformation of the material), where the
material resistance has an influence on this type of deformation. The specimens with the highest number of cycles, DC04
steels, showed intergranular propagation and fatigue striations in the grain boundaries and the DP780 and TRIP780
steels showed fatigue striations and microcracks, typical fatigue fractures, where there was a reduction in the influence
of the material resistance in this type of fracture.
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Figure 9 SEM image of fractures of TRIP780 steel specimens, which were 1.2 mm thick: a) spot weld region on the
specimen with 8.6 x 103 cycles; b) spot weld region on the specimen with 1.1 x 10¢ cycles and c) spot weld region on
the specimen with 1.1 x 106 cycles

4., Conclusion

Based on the test results carried out by the developed methodology, the high cycle fatigue behavior was observed in
spot welds in the materials DP780, TRIP780 and DC04, using the S-N curves and the Owen method and the fracture
mechanisms involved in the ruptures of the specimens using the scanning electron microscopy technique.

A reliable methodology was developed for the fatigue test in spot welds, using the specimen with 03 spot welds instead
of 01 spot weld, to minimize the effect of the dispersion of the results. Using 03 spot welds on the test specimen, the
results were repeatable, and the values obtained in the tests led to a smaller dispersion in the results. They were the
closest condition to that used in the vehicle’s body frame.
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