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ARTICLE INFO ABSTRACT
Keywords: Under cyclic loading in ULCF and LCF regimes the strain plays a fundamental role in the analysis of the
Strain fatigue resistance and in the estimation of the fatigue life. The DIC method, which allows to acquire strain

Cyclic loading
Gaussian model
Lifetime estimation
DIC

and deformation in large areas is applied in order to obtain the maximum reached strain, strain range, mean
strain and SWT parameter during a fatigue test on a friction stir welded specimen. Since the distribution
of these variables in the region of interest shows a geometry given by a symmetric bell, a Gaussian model

is considered to model it. The evolution of these variables during the fatigue test up to failure is fitted by
applying a third grade polynomial. The obtained results, show the plausibility of the proposed method to
model the strain distribution and evolution under cyclic loading.

1. Introduction

Nowadays, the use of components manufactured by joining dissim-
ilar alloys, such aluminum and steel plays an important role in the
automotive and aerospace industry. The friction stir welding (FSW)
method (Kumar et al., 2015; Watanabe et al., 2006; Hatano et al., 2018;
Wang et al., 2019; Matsuda et al., 2020; Liu and Dong, 2021) is one al-
ternative to join aluminum (Al) alloy and steel plates, which afterwards
are used to manufacture the components required by the industries
mentioned above. The analysis and estimation of the fatigue strength of
these components is a mandatory task, since their safety and reliability
have to be guaranteed. This task can be accomplished by evaluating
experimental data obtained from fatigue experiments (Okane et al.,
2017; Uematsu et al., 2020; Sandnes et al., 2022). Particularly, the
fatigue strength in ultra low cyclic fatigue (ULCF) and low cycle fatigue
(LCF) regimes depends strongly on the strain. Usually, strain gauges are
used to measure the strain during fatigue tests. However, these gauge
allow only a local measure of the strain. Another option is the appli-
cation of the Digital Image Correlation (DIC) method, see Chambers
(2017), Uematsu et al. (2021). The DIC method offers the possibility
of capturing strain, displacement and deformation in large areas with
higher accuracy. This fact represents the main advantage of DIC in
comparison with using strain gauges, which measure the strain in
discrete and finite locations, see Gorszczyk et al. (2019). Additional
advantage of the DIC method are well described in Abdulqader and
Rizos (2020).
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2. Fatigue experiments
2.1. Materials and welding conditions

The materials used to manufacture the specimen are Al alloy,
A6061-T6, and stainless steel, type 304, plates with the width of 75 mm
and length of 150 mm. The thicknesses of A6061 and type 304 plates
are 6 and 5 mm, respectively. The Friction Stir Welding (FSW) tool
with concave shoulder, with a diameter of 14 mm, was used for the
joining, see Fig. 1. The tool has a threaded probe with the diameter
of 6 mm and length of 4.7 mm, see Fig. 2. The tool rotational and
traveling speeds were fixed at 700 rpm and 100 mm/min, respectively.
The tool plunge depth and tool-to-work piece angle were 0.8 mm and
3° from the vertical axis, respectively. The detailed joining procedures
and microstructures in the stir zone (SZ) are described in our previous
study, see Ogawa et al. (2019).

2.2. Experimental procedures

In the as-welded plate, 0.1 mm from the top surface and 0.9 mm
from the bottom surface were removed by milling as schematically
shown in Fig. 3.

Subsequently, the tensile specimens were sampled from the welded
plates by electrical discharge machining. Tensile tests were conducted
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Fig. 1. Geometry of the FSW tool.
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Fig. 3. Schematic illustration showing the surface removal process.

150
| 60 |
| ‘
Type 304 = A0 o
g' 3%
;% Weld zone

Fig. 4. Geometry of the specimen subjected the tensile tests.

using the specimens in accordance with JIS (Japanese Industrial Stan-
dard) Z 2241 13B, where the test piece has the gauge length of 50 mm
and the width of 12.5 mm as shown in Fig. 4.
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Fig. 5. Geometry of the specimen subjected to the fatigue tests.
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Fig. 6. ROI considered to perform the DIC method.

The tool center corresponds to the center of the gauge length of
the tensile specimen. Tensile tests were conducted using an electro-
hydraulic testing machine (SHIMADZU: EHF-LV-020k1-020).

The geometry of the specimens used in the fatigue experiments is
shown in Fig. 5.

A digital camera, Nikon D7500, with the CMOS sensor with the size
of 23.5 x 15.7 mm was used to acquire the images of the surface under
study, which is also know as Region of Interest (ROI). The lens of the
digital camera was Nikon AF-S VR Micro-Nikkor 105 mm f/2.8G IF-
FD. Random dot patterns on the ROI were formed by white and black
color sprays. In the DIC procedure, deformation is measured by the
matching of luminance distribution in the ROI before and after loading.
The location and appearance of the ROI considered in this study are
shown in Fig. 6.

2.3. Hardness distribution

The detailed microstructures and mechanical properties are de-
scribed in Ogawa et al. (2018) and Ogawa et al. (2019),so that, the
hardness distribution is briefly described in this section. The lower
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Fig. 7. Hardness distribution on the bottom side.

graphic on Fig. 7 shows the Vickers hardness profile on the bottom
surfaces of the specimens.

Softening occurred in the SZ due to the heat input during FSW, and
the minimum hardness appeared at the thermo-mechanically affected
zone (TMAZ). It should be noted that the minimum hardness appears
at about 9 mm away from the interface on the top surface, whilst and
about 6.5 mm on the bottom surface. In addition, the hardness near the
interface (0 1 mm) on the bottom surface was nearly comparable to the
minimum hardness at 6.5 mm away from the interface. The hardness
mapping measured on the Al side surface is shown in Fig. 8 (Ogawa
et al., 2019). It should be noted that the area of lower hardness (blue
area) in the TMAZ has vertical asymmetricity, where lower hardness
appears further from the interface on the top side. Furthermore, mini-
mum hardness appears near the interface (0 3 mm) only on the bottom
side.
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Fig. 8. Hardness mapping measure on the Aluminum side surface.



P.D. Toasa Caiza and Y. Uematsu

Applications in Engineering Science 15 (2023) 100131

Points of image acquisition during a load cycle

110+
100+
90
80

Stress [MPa]
o

—60|
_70+
80
—90+
-100+
-110+

Time [-]

Fig. 9. Stress values corresponding to the digital image acquisition during a loading cycle.

Table 1

Stress values corresponding to the digital image acquisition during a loading cycle.

Increasing

Decreasing

Tension [MPa]
Compression [MPa]

0, 0.05, 80, 90, 100, 110

-0,05, -60, —-70, —80, —90, —100, —110

100, 90, 80, 0.05,0
-100, -90, -80, -70, —60, —0.05, 0

3. DIC method applied on the bottom side
3.1. Image acquisition

The fatigue experiment was performed under a stress range of 220
MPa and a stress ratio R = —1. The fatigue failure occurred at the
loading cycle N = 6461.

According to the procedure described in Section 2.2, twenty five
digital images were taken at fifteen cycles. The specific moments when
the images were taken during a loading cycle are shown in Fig. 9 and
described in Table 1.

3.2. Application of the DIC method

For every cycle, in which the digital pictures were taken, the DIC
method was applied to calculate the strain and to display its distribu-
tion. Since there are 375 pictures of the strain distribution, as example
only the pictures corresponding to the cycles N =5 and N = 3000 are
shown in Figs. 10 and 11.

Once the strain distribution has been obtained, it is possible to
obtain several variables or parameters, which depend on the strain and
on the loading cycle.

3.2.1. Maximum strain location

The first results obtained after applying the DIC method are the
maximum strain values and their location as they are shown in Table 2.
According to the dimensions of the images taken during the experiment,
the points where the maximum strain is reached are located in the red
region that is marked in Fig. 12.

Thus, the maximum strain is reached within a tight region, located
around 18 mm from the top of the ROL As a matter of fact, the strain
distribution has a bell geometry, which starts at the interface of steel
and aluminum and reaches its peak on the SZ, see upper graphic on
Fig. 7. There are two more lower peaks on the strain distribution, they
are located on the SZ and on the TMAZ.

In the x direction the maximum strain is reached in a brighter
region, however its size and location are not relevant since the loading
during the fatigue test is along the y axis.

Table 2
Location and value of the maximum strain reached during the fatigue test up to failure
at N =6461.

N Max. Strain X-coord Y-coord
[-] [-] [mm] [mm]
1 0.0041231447 5.03 18.07
2 0.0052560423 4.96 18.07
3 0.0056512649 4.81 18.07
4 0.0058712825 5.11 18.07
5 0.0058829590 4.81 18.15
6 0.0060677354 5.25 18.07
7 0.0062312116 4.81 18.07
8 0.0062877001 4.96 18.07
9 0.0061845778 4.96 18.15
10 0.0062264002 4.96 18.15
100 0.0066539869 5.11 18.07
500 0.0072175299 5.03 18.15
1000 0.0076959070 5.03 18.15
3000 0.0088001000 5.33 18.07
5000 0.0126490250 5.33 18.07
6461 0.0131306 - -

4. Modeling of strain distribution and evolution

As it was mentioned before, after performing the DIC method on the
digital images, the distribution and evolution of the strain and other
related variables on the region showed in Fig. 12 can be obtained, see
Figs. 10 and 11.

4.1. Strain distribution

Since of particular interest are the points where the maximum strain
is reached, it is possible to plot the strain distribution through these
points and along the x and y axis. A particular example is shown in
Fig. 13, which displays the strain distribution during the loading cycle
N = 1 under five different stresses at the point (5.03, 18.07) mm.
The strain distribution along the x axis does not vary too much in
each stage. However, along the y axis the strain has a very particular
geometry, given by a bell, whose highest point is located where the
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Fig. 10. Strain distribution during the loading cycle N =5.

2D distribution of strain at N = 3000
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Fig. 11. Strain distribution during the loading cycle N = 3000.

Since the maximum strain is reached under tension, it is important

maximum strain for a given stress is reached. Moreover, on the left
side corresponding to Aluminum there are two additional small bells,
while on the right side corresponding to the Steel the variation of the

strain is much smaller.

to see how the strain changed during the fatigue test. The Fig. 14 shows
the maximum strain reached during the fatigue test, along the loading
axis y and at x = 5.03 mm. The corresponding loading cycles and strain
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Fig. 12. Region where the maximum strain is reached. Position compared with the data of the first loading cycle and of the complete fatigue experiment.

values are those shown in Table 2. During all fatigue test the strain
distribution kept a bell geometry, which is symmetric regarding the
point where the maximum strain is reached. Moreover, the width on
the basis of the bell keeps constant around 1 mm on each side. This
symmetric behavior of the strain and its evolution up to failure suggests
two approaches to evaluate these facts. On the one hand the strain
geometric distribution could be modeled by applying a Gauss function.

On the other hand the strain evolution could be modeled by applying
power functions.

4.2. Gaussian modeling of the maximum strain distribution
The preliminary results show that the strain during the fatigue test

has a particular geometry given by a bell along the load direction y, see
Fig. 14. The highest strain values are located at the peak of the bell,
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Fig. 13. Strain distribution across the point (5.03, 18.07) mm, where the maximum strain is reached during the loading cycle N = 1.
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Fig. 14. Maximum strain distribution during the fatigue test along the loading axis y and x =5.03 mm.

which matches with the SZ that indeed has the lowest hardness value,
see Fig. 7. There are two additional lower peaks, which are located in
the SZ and in the TMAZ.

According to these results, it seems plausible that the strain dis-
tribution along the loading axis y can be described by a Gaussian
model.

A Gauss function G(a, b, ¢) is a symmetric curve in form of bell given
by

2
_<x;b>
f(x)=a-e ¢

where q is the height or maximum value of the curve, b is the position
of the peak or center of the curve and c is related the width of the bell,
see Fig. 15.

Particularly, the parameter c is related with the width of the bell at
the half of its maximum, which is known as full width at half maximum

R a,beR,c>0 1)

(FWHM) and it is given by
FWHM = 24/log(2)c (2)

Among its applications, the Gauss function is used to model peaks
of functions by considering a Gaussian mode given by

2
" —<*i”f>
y=Ya-e "/, 3
i=1

where n is the number of peaks to fit.

Thus, it seems plausible to apply a Gaussian model to fit the strain
along the loading axis y. Then, as it has been shown in Fig. 14, the
geometrical distribution of the strain along the tension axis y can be
described by the sum of three Gauss functions.

An example of three Gaussian functions consider to model the strain
distribution are shown in Fig. 16.
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Fig. 16. Sum of three Gauss functions.

Taking into consideration the experimental data, the modeling of
the strain based on a Gaussian model was performed. The Fig. 17 shows
the fitting the curves for every loading cycle during the fatigue test.

The estimation of the parameters corresponding to the Gaussian
model are shown in Table 3.

4.3. Modeling of the maximum strain evolution

According to the experimental results, the maximum strain increases
during the fatigue test, see Table 2. This strain variation can be modeled
as well. In this case, a polynomial of grade 3 given by

log(e,,) = ay + a,(log N) + ay(log N)* + a3(log N)* (4)

has been considered to do this. The polynomial parameters are shown
in Table 4 and the fitting in Fig. 18.

4.4. Strain range distribution and evolution

From the results obtained by applying the DIC method it is also
possible to evaluate the strain range evolution in the ROI. The Figs. 19

Table 3

Parameter estimation of the Gaussian model.
N a; b, ¢ a, b, ¢ ay by c3
1 0.004 18.183 0.683 0.000 18.002 0.268 0.002 15.689 1.966
2 0.004 17.994 0.539 0.003 18.623 0.389 0.003 15963 1.983
3 0.005 18.157 0.702 0.001 18.618 0.319 0.003 15.886 2.130
4 0.005 18.168 0.701 0.001 18.658 0.307 0.003 15.903 2.102
5 0.023 18.788 0.935 0.003 15.897 2.382 -0.021 18.915 0.862
6 0.005 18.183 0.710 0.000 18.609 0.291 0.003 15.940 2.221
7 —0.002 18.188 0.380 0.007 18.188 0.619 0.003 16.013 2.743
8 0.005 18.207 0.694 0.000 18.447 0.000 0.003 15971 2.398
9 0.005 18.210 0.707 0.003 15.975 2.459 0.000 18.059 0.000

10 0.006  18.262 0.755 0.008 22.386 6.925 -0.007 19.563 2.200
100 0.016 18.216 0.804 -0.011 18.218 0.913 0.003 16.222 2.464
500 0.006 18.323 0.610 0.002 17.697 0.370 0.003 15.973 2.186
1000 0.000 18.448 0.005 0.003 15.836 2.122 0.007 18.209 0.735
3000 0.000 18.148 0.012 0.008 18.202 0.709 0.003 15.980 2.175
5000 0.010 17.901 0.509 0.008 18.545 0.463 0.003 15.774 1.844

and 20 show the strain range distribution at the loading cycles N = 1
and N = 3000. At the beginning of the experiment, the variation of

the strain range presents two peaks along the loading axis y. One small
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Fitting of the maximum strain distribution during fatigue test
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Fig. 17. Gaussian modeling of the maximum strain distribution along the loading axis y during the fatigue experiment.
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Fig. 18. Evolution of the maximum strain during the fatigue test up to failure at N = 6461.

Table 4
Strain evolution. Parameters of the fitting polynomial.
ay a a a3
1.43395 0.33726 —0.0834764 0.00682264

peak at 11.21 mm and the big one at 18.15 mm on the loading axis.
The location of the big peak matches with location of the point where
the maximum strain is reached. However, as the experiment continues,
only the big peak located in this region remains and increases. This
behavior can be observed in Fig. 21, which shows the strain range
evolution along the loading axis y at the point x = 5.03 mm during
the fatigue test.

Particularly, at the loading cycle N = 5000, the peak of the strain
range bell increased notably and its bottom decreased significantly.
This behavior is expected, since the fatigue crack growths along the
interface between steel and Al. Moreover, as it is known, the fatigue
crack growth rates are faster in the final stage of fatigue failure.

It is very interesting to observe, that on the aluminum side, the
stress range increases the farther from the TMAZ zone it is, and on the
steel side the variation of the strain range is very small. Along the x
axis, the strain range does not vary much, see Figs. 19 and 20.

Table 5
Location and value of the maximum strain range reached during the fatigue test up to
failure at N = 6461.

N Strain range X coord Y-coord
[-] [-] [mm] [mm]
1 0.0039436403 0.13 11.21
2 0.0041038308 0.13 0.45
3 0.0041574483 0.13 0.3

4 0.0036198851 0.13 0.82
5 0.0040474463 0.13 1.7

6 0.0036216571 1.54 0.3

7 0.0041377258 0.13 0.45
8 0.0041267668 0.13 0.3

9 0.0038223939 1.02 0.3
10 0.0040355676 0.13 0.45
100 0.0039552718 0.13 0.3
500 0.0041553457 0.13 0.3
1000 0.0041759498 0.13 18.15
3000 0.0050337479 0.13 18.15
5000 0.009471433 0.13 0.37
6461 0.00908209
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Fig. 19. Strain range distribution at the loading cycle N = 1.
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Fig. 20. Strain range distribution at the loading cycle N = 3000.

Table 6
Strain range evolution. Parameters of the fitting polynomial.
4 a; a a3
1.3362 0.107559 —0.0543424 0.00608497

Similar to the case of the maximum strain, the maximum strain
range shown in Table 5 can be fitted by a third grade polynomial. The
Table 6 shows the fitting parameters and Fig. 22 shows its fitting.

As it has been seen, the strain range distribution presents a bell
geometry on the TMAZ and its main peak is located in the same region
where the maximum strain is reached. Thus, this distribution could
be also modeled by applying a Gaussian model and its evolution by
a polynomial of third grade.

10

4.5. Mean strain distribution and evolution

It is well know that the mean strain plays an important role in the
fatigue life of a structure, so that, observing how the mean strain varies
under cyclic loading could provide additional information about the
fatigue resistance of the specimen.

The Figs. 23 and 24 show the mean strain distribution correspond-
ing to the loading cycles N = 1 and N = 3000. In this case, the maxi-
mum mean strain is reached on the same region where the maximum
strain is observed, see Tables 2 and 7.

Like the maximum strain reached during the maximal tension and
displayed on Fig. 14, the mean strain distribution along the loading
axis y show three peaks with a bell geometry at the points y
11.73,16.08, 18.15 mm, see Fig. 25. On the one hand, at the left of the
bell the mean stress varies while the test continues. On the other hand,
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Fig. 21. Strain range distribution during the fatigue test along the loading axis y at the point x = 5.03 mm.
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Fig. 22. Evolution of the maximum strain range during the fatigue test up to failure at N = 6461.

Table 7
Location and value of the maximum mean strain reached during the fatigue test up to
failure at N = 6461.

N Mean Strain X-coord Y-coord
[-1 [-1 [mm] [mm]
1 0.0028106830 5.03 18.15
2 0.0037191529 4.96 18.15
3 0.0039716961 5.03 18.15
4 0.0043944288 5.11 18.07
5 0.0042340937 4.81 18.15
6 0.0045474143 5.03 18.07
7 0.0045519557 5.03 18.15
8 0.0045222252 5.11 18.07
9 0.0047032073 5.03 18.15
10 0.0044906849 5.03 18.15
100 0.0049210933 5.25 18.07
500 0.0051787668 5.03 18.15
1000 0.0057107847 5.03 18.15
3000 0.0063820897 5.33 18.07
5000 0.009800307 5.03 18.15
6461 0.0101393 - -

11

Table 8
Mean strain evolution. Parameters of the fitting polynomial.
do a4 5 a3
1.04785 0.406078 —0.1006 0.00806927

at the right of the bell the variation of the strain range is very small.
Along the x axis, the mean strain does not vary much. Similar to the
case of the strain range, at the loading cycle N 5000 the mean
strain range changes its behavior as well. At this moment, the mean
strain increased notably along the loading axis y. This is particularly
interesting since this cycle is close to the failure moment, which occurs
at N = 6461.

Similar to the previous variables, the maximum mean strain can be
also fitted by a third grade polynomial. The Table 8 shows the fitting
parameters and Fig. 26 shows its fitting.

As it has been seen, in this case the mean strain distribution presents
also a bell geometry on the TMAZ and its main peak is located in the
same region where the maximum strain and strain range are reached.
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Fig. 24. Mean strain distribution at the loading cycle N = 3000.

Thus, this distribution and its evolution could be also modeled by
applying the proposed methods.

4.6. Variation of the Smith-Watson-Topper (SWT) parameter during the
fatigue experiment

In order to study the fatigue resistance during the fatigue test, the
SWT parameter (Smith et al., 1970) given by
Ae

7 * €max

SWT = %)

has been considered.

Usually, the SWT parameter is considered to study effect of mean
strain on the fatigue strength and fatigue life in ULCF and LCF regimes.
This fact is very important, since in the performed experiments, both
strain range and mean strain change during loading cycles.

As expected the distribution of the SWT reaches its maximum values
in the same region as the maximum and mean strain, see Table 9.

12

The Figs. 27 and 28 show the distribution of the SWT parameter
during the loading cycle N = 1 and N = 3000. In the first loading cycle,
the distribution presents two peaks with a bell geometry. However,
as the tests continues, only one peak located around 18.5 mm on the
loading axis y remains. This behavior is similar to those from the
maximum and mean strain, so that, it can be also modeled by applying
a Gaussian model.

The SWT distribution along the loading axis y shows also three
peaks with a bell geometry at the points y = 11.73,16.08,18.15 mm,
see Fig. 29. On the one hand, at the left of the bell the SWT parameter
varies while the test continues. On the other hand, at the right of the
bell the variation of the SWT parameter is very small. Along the x
axis,it does not vary much. Similar to the case of the strain range, at
the loading cycle N = 5000 the SWT parameter changes its behavior
in a similar way. At this moment, which is close to fatigue failure, the
SWT parameter decreased notably.
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Fig. 25. Mean strain distribution during the fatigue test along the loading axis y at the point x = 5.03 mm.

Max. mean strain evolution and fitting

20 T
— 3rd. order fitting
® Max. mean strain
e Fatigue failure

10+

=
3 51
w s
@
o
2 [
1! ‘
1 10

| |
100 1000 104

N[-]

Fig. 26. Evolution of the maximum mean strain during the fatigue test up to failure at N = 6461.

Table 9
Location and value of the maximum PWM parameter reached during the fatigue test
up to failure at N = 6461.

N SWT X coord Y-coord
[-1 [-1 [mm] [mm]
1 0.0023434783 7.93 18.15
2 0.0028824111 6.96 18.15
3 0.0030163693 4.81 18.07
4 0.0029575347 7.93 18.15
5 0.0031351284 6.89 18.15
6 0.0030404688 4.51 18.15
7 0.0032524011 7.93 18.15
8 0.0033041241 4.81 18.15
9 0.0030497558 7.93 18.15
10 0.0031090739 7.93 18.15
100 0.0034027956 4.81 18.15
500 0.0037193319 4.07 18.15
1000 0.0039581906 4.14 18.22
3000 0.0046296096 3.92 18.15
5000 0.006219029 7.93 18.22
6461 0.00649858 - -

13

Table 10

SWT parameter evolution. Parameters of the fitting polynomial.
4 a; a a3
0.877137 0.240561 —0.0611828 0.00532087

Similar to the previous variables, the SWT parameter can be also
fitted by a third grade polynomial. The Table 10 shows the fitting
parameters and Fig. 30 shows its fitting.

The distribution of the SWT parameter presents also a bell geometry
on the TMAZ and its main peak is located in the same region where the
maximum strain and strain range are reached. Thus, this distribution
and its evolution could be also modeled by applying the methods
proposed in the previous sections.

5. Conclusions
As it has been seen, the DIC method offers a good alternative to

model the strain, displacement and deformation during cyclic loading.
Since the strain and its related variables play a fundamental role during
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Fig. 28. SWT parameter distribution at the loading cycle N = 3000.

the fatigue in ULCF and LCF regimes, it seems reasonable to apply
this method in order to estimate the fatigue strength of stir welded
structures in these regimes.

In this study, the DIC method has offered interesting results re-
garding the distribution and evolution of four variables, the maximum
reached strain, strain range, mean strain and SWT parameter.

Their distribution was evaluated at 15 loading cycles and the four
variables show a symmetric bell geometry along the loading axis. The
main peak of these bells was located in the region corresponding to the
SZ. The fatigue failure was located along the interface between steel ans
aluminum.

The evolution of these variables was modeled by third grade polyno-
mial, which seems adequate to fit their corresponding data. The fitting
polynomials show a similar behavior for all of the variables and allow
to obtain a suitable estimation at the loading cycle where the fatigue
failure occurs.

The obtained results suggest that modeling of the distribution and
evolution of the strain and related variables can be a suitable approach
to analysis the fatigue life of stir welded specimens.

14

However, despite the interesting results, it is necessary to perform
subsequent fatigue tests by considering different stress ranges and
ratios in order to estimate the fatigue life and to model 4¢ — N the
corresponding curves.
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