Article

Optimization Design of a Small-Sized Cruciform
Specimen for Biaxial Fatigue Testing

Zheng Lu 12, Jia-Yu Zhao 12, Chang-Yu Zhou !'? and Xiao-Hua He 1-2*

1 School of Mechanical and Power Engineering, Nanjing Tech University, Nanjing 211816, China;

201861107025@njtech.edu.cn (Z.L.); 201961207106@njtech.edu.cn (J.-Y.Z.); changyu_zhou@163.com (C.-Y.Z.)
Jiangsu Key Lab of Design and Manufacture of Extreme Pressure Equipment, Nanjing 211816, China
*  Correspondence: xh_he@njtech.edu.cn; Tel.: +86-255-813-9953

check for

Received: 29 July 2020; Accepted: 20 August 2020; Published: 25 August 2020 updates

Abstract: The in-plane biaxial specimen can well reflect the complex stress state of sheet metal.
However, there is no standard for small-sized specimens used in the low-power biaxial fatigue testing
machine. The main goal of this paper is to apply the finite element method and orthogonal experiment
method to design the cruciform specimen, considering the influence of three main parameters
including the diameter of the central semispherical thinning area, the minimum thickness of the center
and the arm thickness of the specimen. According to the central strain dispersion coefficient and the
strain concentration coefficient proposed in this paper, we ensured that the distribution of strain in
the gauge area is uniform and the strain it at its maximum value at the same time. The optimized
specimen is verified by a biaxial fatigue test with the digital image correlation (DIC) technique. It is
found that the fatigue crack appears in the center region, which proves that the optimized specimen
can be effectively used for biaxial fatigue test.

Keywords: biaxial fatigue; cruciform specimen; orthogonal experiment design; digital image
correlation technique

1. Introduction

In engineering applications, sheet metal is often in the complex stress state under biaxial or
multiaxial cyclic loading, so it is not enough to study the mechanical properties of materials under
uniaxial load. In the traditional tensile test, it is implied that the constitutive equation under uniaxial
stress state is the same as that under complex stress state. However, this assumption has been proved
by many scholars to be inconsistent with the real stress condition. The stress state of a metal plate under
plane condition is usually biaxial stress or multiaxial stress. Once there are cracks or defects appearing
in the structure, there will be a complex stress field around the defects. Generally, the thin-walled
tubular and round bar specimens subjecting to axial or torsional loads are commonly used in the tests,
which is not suitable for rolled plates [1]. Therefore, it is very important to study the in-plane biaxial
fatigue life with the cruciform specimen, and the design of the cruciform specimen is the key to the
success of this kind of test [2].

In recent years, many types of cruciform specimens have been introduced to study the biaxial
quasi-static tensile or fatigue behavior of metallic materials [3-7]. The cruciform specimen proposed by
Kuwabara [8] was used in biaxial tensile test international standard ISO 16842: 2014 (E) [9]. The design
of filleting between arms and slotting in arms can be used to study the tensile yield behavior of
materials. However, due to the low central strain level of the specimen, it is difficult to achieve necking
or fracture state. Besides, if the strength at the slitted arm is lower than that of the central region, it will
fracture prematurely at the slitted area under fatigue load. Thus, it is not applicable to the biaxial
fatigue test. To overcome this shortcoming, solutions of thickness reduction and fillet design have been
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reported. Yuan et al. [10] and Seymen et al. [11] respectively adopted the central semispherical thinning
and annular thinning design, which can dramatically improve the central plastic deformation limit
without increasing notable shear stress. Yu et al. [12] studied the complex strain path of biaxial loading
with the optimization design of two-step thickness reduction in the central area of the cruciform
specimen. Baptista et al. [13] used direct multiple search (DMS) method to optimize multiple variables
to obtain the best geometry for cross shaped specimen. The results show that the center reduced
thickness value is the main variable affecting its stress level, and a smaller thickness will produce a
larger center stress. Ebrahim et al. [14] found that the transition curve between the two arms of the
cruciform specimen has a great influence on the strain distribution of the loading arm. Zhao et al. [15]
used ABAQUS finite element software to compare and analyze three kinds of cruciform specimens
with different inter arm filleting, and found that the central region of specimens with “line-arc-line”
fillet can produce greater plastic strain. So far, previous works have been focused on the design of
specimens with different shapes and sizes for high-power biaxial fatigue testing machine [15-18],
which are not applicable to the in-situ biaxial testing machine (rated load 5 KN) used in this paper.
In this paper, the optimal design of a cruciform specimen for low-power biaxial testing machine
is carried out. The orthogonal experiment design method is used to study the influence of several
specimen parameters on the two objective functions, which are the strain dispersion coefficient and
the strain concentration coefficient proposed in this paper. Considering the stress and strain field
comprehensively, higher stress level and better stress uniformity are obtained in the central region.
Through biaxial tensile and fatigue tests with the optimized specimens, combined with the digital
image correlation (DIC) strain measurement method, the validity of the finite element simulation
results is verified, and the goal that the fatigue failure occurs in the center of the specimen is achieved.

2. Optimization of Small Cruciform Fatigue Specimen

2.1. Design Criteria

The key part of a biaxial fatigue test is the cruciform specimen, and the design process of cruciform
specimen should adhere to the following criteria [19-21]:

(@) The stress and strain distribution in the central gauge area are uniform.
(b) The stress concentration in the non-gauge area is as small as possible.
(c) For the fatigue test, the fatigue failure should occur in the gauge area.
(d) The test should be repeatable.

2.2. Basic Shape of Cruciform Specimen

Referring to the specimens shown in references [15,22,23] and combining this information with the
characteristics of the existing biaxial testing machine fixtures in the laboratory, the basic shape of the
cruciform specimen in this paper is determined, the overall dimensions are 100 mm X 100 mm, the arm
width is 20 mm, as shown in Figure 1. The overall thickness of the specimen is the same, and the
central area is not thinned. The transition fillet is composed of a segment of arc and two straight lines.
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Figure 1. Dimensions of basic cruciform specimen (unit: mm).
2.3. Finite Element Simulation

The cruciform specimen used in this test belongs to double symmetry plane geometry, and the 1/4
model is established by ANSYS 16.0 (ANSYS Inc., Pittsburgh, PA, USA). The solid structural unit of
the model is eight-node finite element, and the overall unit size is set as 0.3 mm. Figure 2 is the finite
element mesh and boundary conditions, the thickness direction is divided into six layers. The test
material is commercial pure titanium TA2, according to the uniaxial tensile test, the elastic modulus is
121.92 GPa, Poisson’s ratio is 0.34, yield strength is 335.27 MPa. Figure 3 shows the true stress-strain
response curve of the material. The model of elastic-plastic behavior used in finite element analysis
(FEA) is Multilinear Isotropic Hardening Plasticity (MISO). The in-phase equibiaxial tensile stress of
100 MPa is applied to the horizontal and vertical end faces of the two arms respectively to obtain the
maximum principal plastic strain nephogram, as shown in Figure 4.

Figure 2. Finite element mesh and boundary conditions.
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Figure 3. True stress-strain curve of commercial pure titanium TA2.
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Figure 4. Maximum principal plastic strain.

It can be seen in Figure 4 that the constant thickness of the basic specimen does not reach a high
strain level in the central region, while there is a strain concentration at the fillet, which is not conducive
to the fatigue failure of the specimen center. Through the design of center thinning and arm thickness
reduction, the strain growth of the central region can be achieved, and the strain concentration at
the fillet can be appropriately reduced. The parameters to be optimized are shown in Figure 5, i.e.,
the diameter of the central semispherical thinning area d, the arm thickness of the specimen ty and the
minimum thickness of the thinning area ¢. Spherical radius SR changes with d, fy and t.
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Figure 5. Optimization parameters of specimen.
2.4. The Influence of the Diameter of the Central Thinning Area

As is known from Section 2.3, if the overall thickness of the specimen is kept the same, the strain
value in the central region is relatively small, and there is a large stress concentration at the filleting of the
two arms. Therefore, the central area needs to be thinned appropriately. In the literature, hemispherical
thinning design is often used in the cruciform specimen for biaxial fatigue test. The advantage of this
scheme is that it can increase the deformation of the central area and reduce the stress concentration at
the fillet between the two arms. The hemispherical thinning mainly involves two parameters, one
is the diameter of the hemispherical edge of the thinning area d, the other is the minimum thickness
t of the thinning area. Firstly, the thickness of the loading arm is set as 1.2 mm, and the minimum
thickness of the central thinning zone is 0.3 mm. The hemispherical edge diameter is changed from
7 mm to 10 mm, increasing by 1 mm each time. The biaxial tensile tests were simulated under different
loads. The biaxial loadings are equal and in the same phase. The loading process includes 25 load
steps, and the maximum load is 2000 N. The maximum principal plastic strain of the central point was
extracted, as shown in Figure 6.

0.25
[ |
o d=7
=
= 020Ff —A—d=8
< d=9
= [ ]
@ —m—d=10 &
Q
g 015} / /
= u/A
) | /
g ¥
E o010t !
E. ./:
£ )/
=] A
E 4
0.05 F :
’.’.s."- :
l—l—"-'.—.‘. !
0.00 e B—87, : : i &
0 400 800 1200 1600 2000 2400

Simulation load (N)

Figure 6. Variation of maximum principal plastic strain of central point under loading.
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With the increase of loading, especially after 1400 N, the maximum principal plastic strain and
equivalent plastic strain of the central node show a large upward trend. The larger the center diameter,
the more obvious the curve rises, and the greater the strain value under the same load. It can be
seen from Figure 6 that the maximum principal plastic strain will be greatly different with various
diameters, which means that the diameter of the thinning zone has a great influence on the strain of
the central region.

2.5. The Influence of the Minimum Thickness of the Central Thinning Area

The minimum thickness of the central region has a certain influence on the strain concentration
and strain value of the center. It can be seen from Figure 6 that when the diameter of the hemispherical
thinning zone is 10 mm, the node in the central zone presents a large strain. Therefore, firstly, the center
diameter is supposed to be 10 mm, and the loading arm thickness is 1.2 mm. Only the minimum
thickness t of the central thinning area is changed, and the values are 0.2 mm, 0.3 mm, 0.4 mm and
0.5 mm respectively.

The simulation calculations of different thickness of the center were carried out respectively.
Figure 7a shows the curve of the maximum principal plastic strain of the central node A with simulation
load. It can be seen from the figure that the minimum thickness of the central zone has a great
influence on the central strain level of the specimen. Under the same loading condition, the strain
level increases with the decrease of the center thickness. When the central thickness is 0.4 mm and
0.5 mm, the maximum principal plastic strain in the central region is less than 0.10%. When the
thickness is reduced to 0.3 mm and 0.2 mm, the strain level increases rapidly, reaching about 0.23%
and 0.59% respectively.

Figure 7b shows the variation curve of the stress value of node B at the fillet with the stress value
of node A during the loading process. It can be seen that when the principal stress of node B is at
the same value, the principal stress of central point A increases with the decrease of central thickness
t. When t < 0.3 mm, op < 04, the stress concentration of central node A is large. When t > 0.4 mm,
0p > 04, the stress concentration of node B is greater, and the fracture will occur at the fillet, which is
not reasonable. Generally speaking, the smaller the thickness of the center, the more concentrated the
stress at the center relative to the fillet, which can effectively avoid the fracture of the fillet before the
center due to the large stress value.

Figure 7. (a) Variation of principal strain of central node A with simulation load; (b) Variation of
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2.6. Optimization of Cruciform Specimen

2.6.1. Definition of Objective Coefficients

For the cruciform specimen, it is very important to ensure the large strain uniformity in the central
gauge area and the greater stress concentration of the central region compared with the fillet. Therefore,
it is necessary to define two objective coefficients as the measurement basis. A 1.2 mm X 1.2 mm
square area in the center of the specimen is selected as the central strain extraction position. Here,
the 1/4 model is established by finite element software, and the corresponding size is 0.6 mm X 0.6 mm.
The arc length of about 1.2 mm is also selected to extract the strain at the fillet. The model is meshed
using a 0.3 mm sized unit, as shown in Figure 8. There are nine nodes closest to the center and five
nodes closest to the fillet. Then the central strain dispersion coefficient « is obtained:

0e

Eavg

a= )
where 6, and ¢ayg represent the standard deviation and average value of the maximum principal
strain of the nine nodes at the center respectively. The ratio of the two is the central strain dispersion
coefficient @, which can be used to characterize the uniformity of strain distribution in the central
region of the specimen. The smaller the value is, the greater the central strain uniformity is.

As shown in Figure 8, five nodes closest to the fillet are marked in blue and denoted by m (m = 5);
nine nodes on the four elements closest to the center are marked in red and denoted by n (n = 9).
Then the strain concentration coefficient 8 is obtained:

1 m
Lym o
po mEiti @)
iyn e
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where the numerator represents the average value of the maximum principal strain of the nodes at the
transition fillet, and the denominator represents the average value of the maximum principal strain of
the nodes in the central region. The ratio of them is the strain concentration coefficient 8, which can be
used to characterize the strain concentration in the central region. The smaller the value is, the higher
the central strain concentration is.
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Figure 8. Node positions of center area and fillet.
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2.6.2. Orthogonal Design Scheme

The geometric factors to be considered in the design of cruciform specimen are the thickness of
loading arm ¢;, the minimum thickness of central region t, and the diameter of hemispherical thinning
area d. The scheme adopts three factors and four levels, the corresponding orthogonal table is Li¢
(4%) [24]. The level of each factor is shown in Table 1.

In addition, the influence degree of various geometric factors on the two objective coefficients was
calculated by the data analysis software statistica. According to the analysis of variance in Table 2,
the order of the influence of each factor on the plastic strain distribution in the central region is as
follows: the minimum thickness of the central region ¢t > the thickness of loading arm ty > the diameter
of the hemispherical thinning area d.

The orthogonal test table and the calculation results of objective coefficient are shown in Table 3.
It contains 16 specimens with different size combinations, corresponding to 15 different ratios of center
thickness to arm thickness, ranging from 0.125 to 0.5. This obviously expands the two thickness ratios
(0.167 and 0.15) set in the optimization process of Baptista et al. [13], which can better reflect the
relationship between these parameters and the specimen optimization geometry.

Table 1. Factors level.

Arm Thickness Center Thickness Center Diameter
Levels
to (mm) t (mm) d (mm)
1 1.6 0.2 7
2 14 0.3 8
3 1.2 0.4 9
4 1.0 0.5 10
Table 2. Analysis of variance.
Effect SS df MS F 4
to 0.875936 3 0.291979 8.76390 0.013015
t 2.159554 3 0.719851 21.60673 0.001287
d 0.169354 3 0.056451 1.69442 0.266488
Residual 0.199896 6 0.033316 - -

Note: In the table, SS is the sum of squares of deviation, df is the degree of freedom, MS is the mean square deviation,
F is the F statistic, p is significance level, and p < 0.05 is considered to be statistically significant.

Table 3. Results by orthogonal experiment.

Arm Thickness  Center Thickness Center Diameter Load Ratio1:1  Load Ratio 2:1

Number

to (mm) t (mm) d (mm) a B a B
1 1.6 0.2 7 0.1848 0.3042 0.5101 0.2666
2 1.6 0.3 8 0.0842 0.5346 0.2230  0.5305
3 1.6 0.4 9 0.0561 0.7746 0.1132  0.9993
4 1.6 0.5 10 0.0449 1.1153 0.0164 1.3243
5 14 0.2 8 0.1513  0.3427 0.4347 0.2624
6 14 0.3 7 0.0797 0.5932 0.2344 0.7418
7 1.4 0.4 10 0.0206 1.1063 0.1109 1.0729
8 14 0.5 9 0.0272  1.1517 0.0132  1.9257
9 12 0.2 9 0.0846 0.4838 0.2695 0.3116
10 12 0.3 10 0.0674 0.7942 0.2190 0.5124
11 1.2 0.4 7 0.0989 17498 0.1531 1.6673
12 12 0.5 8 0.0062 3.3003 0.0152  3.0308
13 1.0 0.2 10 0.0260 0.9274 0.0899 0.5273
14 1.0 0.3 9 0.0418 09642 0.1446 0.6376
15 1.0 0.4 8 0.0582 1.7500 0.1194 1.5574
16 1.0 0.5 7 0.0629 3.6284 0.0901 3.9389
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It can be seen from Figure 9a that the minimum thickness ¢ in the central region has the greatest
influence on the objective coefficient, and the diameter d of the hemispherical thinning area has the least
influence. When the load ratio F,/Fy is 1:1, the combination of small strain dispersion coefficient a and
strain concentration factor f is A1B1C3, that is, the specimen arm thickness is 1.6 mm, the minimum
thickness of the central region is 0.2 mm, and the diameter of the hemispherical thinning area is 9 mm.
The corresponding a and § are 0.1563 and 0.2776 respectively, as shown in Table 4.
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Figure 9. Trend chart of relationship between factors and experimental indexes; (a) Load ratio 1:1,
(b) Load ratio 2:1.

Table 4. Objective coefficients of four combinations.

Specimen Combination A1B1C3 A1B1C4 A3B1C3 A3B1C4
a 0.1563 0.1044 0.0846 0.0717
B 0.2776 0.3238 0.4838 0.5836

Considering the more complicated biaxial stress state in the experiment, the a and f8 of 16 groups
of specimens in the orthogonal experiment table were calculated respectively when the biaxial load
ratio is 2:1, as shown in Table 3. Figure 9b shows the mean value of each factor at each level, and the
corresponding preferred combination is A1B1C4. It can be also seen that the minimum thickness t of
the central region has the most significant impact on the results, while the arm thickness ¢y and the
diameter d of the central thinning area have little influence on the results, which is consistent with the
conclusion in Figure 9a.

Under the load ratio of 1:1, when the arm thickness of the specimen is 1.6 mm, the central plastic
strain value is only 0.2659% (as shown in Figure 10) under the simulated load of 2000 N, which is difficult
to realize the large deformation and failure of the central region of the specimen. Considering that
the arm thickness has little influence on the experimental indexes and the setting of the subsequent
experimental scheme, the arm thickness of 1.2 mm is selected as the final size. Therefore, the optimal
combination can be selected A3B1C3, which is the ninth combination in Table 3. Similarly, under the
load ratio of 2:1, the optimal combination A3B1C4 obtained from the above orthogonal experiment.
The strain dispersion coefficient @ and strain concentration coefficient § of the above combinations
are shown in Table 4 respectively. It can be seen from Table 4 and Figure 10 that the « of combination
A3B1C3 and A3B1C4 is smaller than that of A1B1C3 and A1B1C4, indicating that the central strain
uniformity is better, while the g is slightly larger, indicating that the central strain concentration is
slightly less than the first two combinations. However, under the same 2000 N load, the combination
A3B1C3 and A3B1C4 has a higher plastic strain level (0.4555% and 0.5071%, respectively), which can
better meet the strain requirements of biaxial low-cycle fatigue test. For non-equibiaxial loading,
A3B1C4 can meet the test requirements. Considering the subsequent fatigue tests are more based on
equibiaxial loading, A3B1C3 is finally selected.
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Figure 10. Maximum principal plastic strain in the central region of four combinations.

In Figure 11, node strain distribution along the 45° diagonal path for specimen combination
A3B1C3 under in-phase equibiaxial loading (Fy/Fy = 1). It is found that before the normalized distance
is 0.6, the maximum principal plastic strain decreases with the increase of the distance from the center.
Although the maximum principal plastic strain increases at the fillet, it is still far less than the central
strain. Since the loading mode is mainly load control adopted in this paper, and most of the parameters
related to fatigue life prediction are related to strain, the strain distribution in the central region of the

combination meets the requirements of fatigue test. In conclusion, the optimized combination A3B1C3
is reasonable.

0.5

o o o
[\S) W ~
<

Maximum principal plastic strain(%)
o

0.0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Normalized distance along path

Figure 11. Node strain distribution along the 45° diagonal path for specimen combination A3B1C3
under in-phase equibiaxial loading (F./Fy = 1).

For cruciform specimens, the effect of shear stress should also be considered in order to obtain a
more uniform strain field in the central region. The same in-phase load of 3 KN is applied to the two
axes. The shear stress distribution of the optimized sample is shown in Figure 12. The shear stress
is the largest at the corner of the loading arm, and gradually decreases with the distance from the
center area. Figure 13 shows the stress distribution of the nodes along the direction of the red arrow in
Figure 12. It can be seen from the figure that the farther away from the center, the greater the shear
stress. The shear stress at the farthest node 8 is 39 MPa, which is only about 9% of the major stress here.
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In the circular area with radius of 1.2 mm in the center, the shear stress has little effect on strain and the
strain distribution is more uniform. Therefore, the circular range with a center diameter of 2.4 mm can
be used as an effective strain measurement area.
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Figure 12. Distribution of shear stress.
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Figure 13. Stress distribution in strain measurement area.

Therefore, through orthogonal experiment and finite element simulation calculation, the size of
cruciform specimen for biaxial fatigue test is finally determined as follows: the arm thickness t; is
1.2 mm, the minimum thickness ¢ in the central region is 0.2 mm, and the diameter 4 of hemispherical
thinning area is 9 mm. The detailed dimensions of the specimen are shown in Figure 14.
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Figure 14. Optimized size of cruciform specimen (unit: mm).
3. Verification by Biaxial Tension and Fatigue Test

Digital image correlation (DIC) technology is a non-contact full-field strain measurement method
proposed by Peter and Ranson in the early 1980s [25]. By comparing the surface speckle images
before and after deformation, the surface whole field displacement and strain distribution can be
calculated. It has been used in many aspects of experimental research [26-29], especially in the field
of biaxial fatigue. During cyclic loading, DIC can be used to detect the whole field cyclic strain
and crack initiation [22] and extract the center average strain change history from the measured
displacement/strain field. The material response to various loading conditions has been discussed [30].

The material used in this experiment is cold rolled and annealed TA2 Sheet, and its chemical
composition is shown in Table 5. The in-situ biaxial testing machine (IPBF-5000, CARE Measurement
& Control Co., Ltd., Tianjin, China) was used to carry out equibiaxial tensile tests on the TA2 cruciform
specimen. The loading process was controlled by load, and 2 KN load was applied to the two loading
arms respectively, so that the load ratio Fy/F, of X-axis to Y-axis is always equal to 1. The cruciform
specimen is shown in Figure 15. The central area of the specimen is hemispherical thinning, and the
spherical milling cutter is used for cutting, so there are vortex-like traces in the center thinned area,
but this does not affect the smoothness of the thinned area. In order not to affect the fatigue life of the
material, metallographic sandpaper will be considered in subsequent tests to eliminate cutting traces.

Table 5. Chemical composition of TA2 (wt.%).

Fe C N H (o) Ti
0.061 0.0028 0.006 0.002 0.087 99.816

Figure 15. Cruciform specimen.
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The biaxial test system and the non-contact strain measurement system based on DIC are shown
in Figure 16. The DIC system uses a CCD camera (FUJIFILM HOLDINGS CORP., Akasaka, Tokyo,
Japan) (Figure 16b), with a resolution of 2452 x 2056 pixels. The post-processing software adopts
the calculation criterion of zero-normalized sum of squared differences (ZNSSD), and the subset size
is set to 21 px. In displacement measurement, Gaussian prefiltering was used to reduce the bias
error. Subsequently, the filtered image set was analyzed using the affine shape function and bilinear
quadrilateral polynomial interpolation. Before the test, it is necessary to spray black and white paint
on the surface of the sample to make the speckle pattern, as shown in Figure 16e.

(a) Biaxial test system

(c) PC system (f) Clamping device

Figure 16. Biaxial test system and digital image correlation (DIC) test system: (a) Biaxial test system;
(b) camera; (c) PC system; (d) halogen lights; (e) speckled pattern; (f) clamping device.

The specimen shown in Figure 15 is used for the biaxial fatigue test. For the equibiaxial test
(Fy/Fy = 1), the loading waveforms of both axes are sine wave with an average value of 1250 N,
an amplitude of 1250 N, and a frequency setting of 0.2 Hz, as shown in Figure 17a. For biaxial test
(Fx/Fy = 2), the loading sine wave of X-axis with an average value of 1250 N, an amplitude of 1250 N;
and the loading sine wave of Y-axis with an average value of 625 N, an amplitude of 625 N. The loading

frequency is 0.2 Hz in both axes, as shown in Figure 17b. The two axis loads are applied synchronously
under the control of the servo motor.
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Figure 17. Loading waveforms: (a) Equibiaxial test (Fy/F, = 1); (b) Biaxial test (Fy/Fy, = 2).

The equibiaxial tensile test is carried out on the cruciform specimen by in-situ biaxial testing
machine, and the whole field strain was measured by DIC. The post-processing software is used to
extract the strain data points in the 45° diagonal direction of the central area of the specimen, and the
results are compared with the finite element simulation results, as shown in Figure 18. It can be seen
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that the simulated value of von Mises strain on the diagonal reaches the peak at the center, and it
is symmetrically distributed at the fillets on both sides. Although the experimental value measured
by DIC is slightly lower than the simulation value, the overall change trend of the two is basically
consistent. Due to the limitation of specimen processing technology, the thickness of the four arms
cannot be guaranteed to be uniform and equal. According to ISO 16842: 2014 (E) [9], the accuracy of
arm thickness meets the tolerance of +0.1 mm. These errors make the strain of the fillet on both sides
to show asymmetry. However, this effect cannot be taken into account because only the central strain
of the specimen needs to be measured in the later fatigue test.

—a— Experiment (DIC)
——FEA

S = = e
'S o % =3
T T T

Von Mises equivalent strain (%)

S
o

-12 -9 -6 -3 0 3 6 9 12
Relative position in gage section

Figure 18. Comparison of DIC and FEA simulation results.

The results of biaxial fatigue test are shown in Figure 19. Under load ratio F,/Fy = 1:1, a microcrack
visible to the naked eye was captured by CCD camera in the central area of the specimen surface, and
the angle between the crack initiation angle and the horizontal direction is close to 45°, as shown in
Figure 19a, which is consistent with the results obtained in reference [31], and is close to the ideal
state of equal biaxial loading. Similarly, under load ratio F,/F, = 2:1, the initial crack occurs in the
central region, and the crack direction is perpendicular to the loading X-axis, as shown in Figure 19b.
These findings are in good agreement with the results of Ackermann et al. [7] who found that the major
cracks are oriented at an angle of 45° to the loading axes under equibiaxial loading, and perpendicular
to the axis of maximum principal strain under biaxial loading ratio 2:1. The tests results show that the
optimized specimen can be effectively used for biaxial fatigue test.

=initial crack & 0 L initial crack

10mm i 10mm
P ——

Figure 19. DIC crack initiation detection: (a) Load ratio 1:1; (b) Load ratio 2:1.
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4. Conclusions

In this paper, we provided a type of cruciform specimen for biaxial fatigue test. The main means
of specimen optimization is finite element simulation analysis. The influence of three main specimen
parameters fy, t and d on the above two objective coefficients was discussed by using the orthogonal
test optimization method, and the change of different biaxial stress ratio was fully considered. Finally,
the suitable specimen was determined.

Biaxial tensile and fatigue tests were carried out on an in-situ biaxial testing machine (IPBF-5000)
with optimized cruciform specimens. The whole field strain was measured by DIC system. The results
showed that the central strain measured by the experiment was in good agreement with the finite
element simulation value, which verifies the measurement accuracy of DIC and the accuracy of finite
element simulation. Under the condition of equibiaxial loading, fatigue crack initiation occurs in the
central region of the specimen. With the accumulation of cyclic plastic strain, the crack propagates
along the direction of 45° until fracture. Under the condition of biaxial load ratio 2:1, the crack initiation
also appears in the central region of the specimen, and the crack direction is perpendicular to the X-axis.

The cruciform specimen obtained in this paper provides a possibility for fatigue test of low-power
biaxial testing machine (rated load 5 KN), which can realize the fatigue failure of material in a small
load range, and then study its mechanical properties under fatigue load. In the future, biaxial fatigue
tests with different biaxial stress ratios or different loading paths can be carried out to study the more
complex plane biaxial fatigue behavior.
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