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1. INTRODUCTION

ABSTRACT

In this study, Quasi-Static Punch Shear Test (QS-PST) for AISI-304 stainless steel sheet
material with 0.5 mm thickness was performed experimentally and numerically, then the
results were compared. QS-PST was designed non-standard according to the need and is
especially used to determine the puncture resistance of composite plate materials againstlow-
speed loading. Since the results obtained from QS-PST are similar to those from ballistic tests,
this has attracted the attention of researchers. The experimental study was carried out by
integrating the die and punch which were specially produced for this test, into an
electromechanical tensile-compression test device with a capacity of 100 kN. In order to define
the material properties correctly in numerical analysis, the tensile tests of the relevant
material were also carried out with the same device. Then, the CAD model of the experimental
system was generated and Finite Element Analysis (FEA) was performed. In FEA, the mesh
structure was determined as tetrahedral, since it gave closer results in such tests and the
analyzes were performed by increasing the number of mesh from 16700 to 151800 elements.
Finally, the experimentally and numerically obtained results were compared and it was
observed that the result were very close depending on increasing the number of mesh.

engineering due to their high mechanical properties,
chemical resistance to corrosion, and low costs. (Kaoumi

Sheet metal materials are most widely used material
type in almost all industrial fields, from automotive to
aeronautics, from food to agriculture (Aydin and
Karaagag 2019). These materials are exposed to external
factors that negatively affect their lifetime, depending on
the environment and conditions in which they are used.
Or, they may lose their integrity by being subject to
deformation in the face of uncalculated loadings, or they
may lose their function by being deformed. In order to
prevent such situations, manufacturers develop material
production processes and apply different methods to
make sheet materials more resistant to such undesirable
situations. For example, galvanization or alloying
processes applied for providing corrosion resistance in
areas where corrosion is not desired. Similarly, types of
stainless  steel ~made  with  chromium-nickel
reinforcement are widely used in mechanical

and Liu 2018).

Along with technological developments, stainless
steels are used in many sectors such as chemical and
automotive industries, electronic devices, medical
applications. Stainless steels are used as components in
many applications due to their high tensile strength and
ability to work at high temperatures. (Al-Bakri et al.
2016). Moreover, stainless steels are frequently
preferred in food industry because of their high
corrosion resistance properties (Celiker et al.,, 2021).

Stainless steels are categorized according to their
crystal phase and microstructure. According to this
classification, they are named as; austenitic stainless
steels (300 series), ferritic stainless steels (430, 442 etc.),
martensitic stainless steels (403,410,420 etc.), and
duplex (Ferritic-Austenitic) stainless steels (1.4362,
1.4507 etc.) (Tirkoglu and Ay 2021). After giving brief
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information about sheet metals, especially stainless
steels, some of the scientific studies in this field are
briefly summarized. Koleoglu et al, investigated the
effects of plasticity models in their study, which model
the plastic behavior of materials in sheet metal forming
processes on finite element estimation. For this purpose,
they examined different plasticity models in terms of
both deformation and tearing (Kéleoglu et al. 2019).In a
similar study, Vatansever and Esener analyzed the effects
of calculation parameters on simulation precision and
solution time with FEA of sheet metal forming. In
particular, they determined the parameters that
minimize the solution time and improved the solution
time (Vatansever and Esener 2019).

Karajibani et al, on the other hand, presented a
simulation-based approach for the determination of the
forming layer curve (FLC) in bilayer metal sheets. In this
study, they obtained the FLC of aluminum-1100 /
copper-C10100 two-layer plate through numerical
analysis and experimental research (Karajibani et al.
2017). In another study, Cagdas and Taskin, 2020.
developed a modified analytical expression to determine
the quasi-static pre-indentation loads of foam core
sandwich beams with thin laminated galvanized steel
surfaces, which may be valuable in the preliminary
design phase. This analytical statement was confirmed
by the indentation tests, and they also examined the
effects of the surface layer lamination parameters on the
indentation (Cagdas and Taskin 2020).

When the studies were examined, it was observed
that there were intensive and different studies on sheet
materials, and it was observed that both experimental
and numerical studies were carried out. The produced
sheet materials are tested, especially for chemical and
mechanical resistance and whether they are suitable for
the area of use during the production phase. Most
frequently preferred mechanical tests for sheet materials
are: tensile, three-point bending and hardness tests.
However, tests for measuring the shear resistance of the
material against puncture are not widely used on the
surface of highly loaded impacts concentrated in small
areas that can be considered as points. One of the most
popular tests in this field is QS-PST, which is used to
determine the puncture resistance of sheet materials due
to its similarity with ballistic results (Kawano et al. 1988;
Longére and Dragon 2015). In addition, in recent years,
experimental and numerical applications of QS-PST have
been increasing in composite materials, which have
replaced metals due to their light weight and high
strength properties. (Ayten et al. 2020; Salman et al.
2018). Although the QS-PST looks similar to punching,
which is a mechanical forming method, it is a different
test method as it tests material resistance using different
pitch-to-punch ratios (SPR) and different punch tip
geometries (flat, conical, and pyramidal). In addition, this
test gives a preview of how sheet metal materials will
behave during the press-forming process. Sheet
materials are commonly converted into products by
printing-forming methods (Karajibani et al. 2017; Sener
etal. 2020; Vatansever & Esener 2019). It is thought that
the experimental and numerical application of QS-PST to
the material will be beneficial in overcoming the
production problems encountered in this process.

When the literature is examined, although there are
similar studies, however neither numerical nor
experimental application of QS-PST for stainless steels
has been found. For this reason, even though this study is
new in this field, it is thought that it will contribute to the
literature. Thus, it was aimed to apply this method, which
is frequently used in the testing of composite materials,
to metal materials.

In this study, a non-standard QS-PST was applied to
stainless steel sheet material experimentally and
numerically, and the results were compared. Thus, the
generated CAD model and system were verified. In order
to determine the most accurate model, FEAs were
repeated by reducing the mesh size and increasing the
number of elements. It has been observed that when the
number of elements is increased, the results of the FEAs
approached to the experimental study results.
Consequently, the importance of mesh size and number
in numerical analysis has been demonstrated. This
method is frequently used in the literature for the
validation of numerical analysis models (Ugtu etal. 2017;
Seyedzavvar et al. 2022). In addition, the same material
was subjected to tensile tests with two different strain
rates to identify the material in the library of the
numerical analysis software.

2. METHOD

AISI-304 stainless steel (304 SS) sheet metal with a
thickness of 0.5 mm was chosen as the test material. This
material was cut with a liquid-cooled cutting device in
suitable sizes for QS-PST with edge lengths of 100 x 100
mm thus, the workpiece was made ready for the test. 304
SS has 8.00 g/cm3density, 193 GPa modulus of elasticity,
540 - 750 MPa tensile strength, and elongation 45 %. It
also includes nearly 18 % chromium and 8 % nickel
elements.

The QS-PST die consists of three parts, the lower die
consists of two parts, and the punch is included as the
third part. (Fig. 1). In this study, the punch tip geometry
was selected as straight cylinder for both experimental
and numerical investigations, and the span-to-punch
ratio (SPR) ratio was specified as 2. Moreover, while the
punch diameter is 13 mm, the gap diameter corresponds
to 26 mm. This die was specially designed for the
electromechanical tensile-compression tester, and is
made of special hardened steel. Thus, it can resist to
deflection and deformation.

Workpiece SS—-"
y
Bottom
Die

Figure 1. QS-PST system (a) experimental setup, (b) CAD
model

307



Turkish Journal of Engineering - 2022; 6(4); 306-312

In Fig. 1, the experimental setup and the CAD model
of this setup can be seen. In order to shorten the solution
time of FEA by reducing the number of meshes in the CAD
model, the dimensions of the workpiece were reduced by
50% (to 50 x 50 mm).

As a method, first of all, the experimental setup was
prepared and the QS-PST application was made. The
prepared workpiece was firstly subjected to punch tests
in the experimental setup. The feed rate of the punch was
kept constant as 2 mm/d in all experiments

Later on, the CAD model of the material was prepared
and made ready for numerical analysis. In order to
investigate the plastic deformation three-dimensional
FEAs were performed by using Deform 3D software. This
software is widely preferred for numerical modeling of
machining methods (Hascelik and Aslantas 2021). Also
this software is frequently preferred in severe plastic
deformation studies with its realistic results (Ogiit et al.
2021; Sahbaz et al. 2019). For this reason, it was chosen
in this study as well. In all analyzes, the temperature was
selected as 20 °C and the coefficient of friction was
specified as 0.08 in shear mode. In addition, in order to
make the behavior of the material more accurate and
reliable in numerical analysis, the tensile tests were
performed on the same material and it was identified as
a new material in the material library of the FEA
software.

Figure 2. (a) Fine-mesh representation of the workpiece
(b) detailed representation of the double-layer mesh

The mentioned tensile tests were repetitive, and
tensile rates were adjusted to correspond to material
strain rates of 0.25 sec! and 8 secl. In the tensile tests,
the length of the tensile specimen was at least 5 times
larger than the width, taking into account the ASTM-E8
standards. The tensile tests applied to specimens with 70
mm gauge length, 12.5mm width, and 0,5mm thickness.
Then, the prepared CAD model was defined to the FEA
software and the finite element mesh structure of the

workpiece was prepared. It is very important to
determine the number of mesh as accurately as possible
so that the results of the analysis give absolute accuracy
and similarity with the experimental results. For this
reason, without changing the geometry of the workpiece
and other parameters, the number of mesh was gradually
increased from 16700 to 151800, and 7 analyzes were
performed. Finally, since the result of the analysis with
the mesh number of 151800 is closest to the
experimental result, it was decided that it would be more
accurate to examine the outputs of this analysis in
numerical results. Before the numerical analysis, the
workpiece consists of a very fine finite element mesh as
shown in Fig. 2 and consists of 151800 tetrahedral
elements and 39433 nodes. In this type of deformation
analysis, the tetrahedral mesh structure is preferred
because it requires the least user interaction and
supports adaptive mesh thinning, and accordingly gives
more accurate results. The union of these small regions,
called finite elements, is called a finite element mesh.
Elements that make up the finite element network are
connected to each other by nodes located on the edges of
the elements (Emirler et al. 2019; Sahbaz et al. 2013;
Sahbaz et al. 2016). In the numerical analysis, the punch
speed was applied as 2 mm/d, same as the experiments.

3. RESULTS and DISCUSSION

As aresult of this experimental study, it was observed
how the sheet material was deformed by the QS-PST
effect. In this process, the changes in the force according
to the punch progress were recorded thanks to the
software of the test device.
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Figure 3. Tensile results at different speeds (a) Stress-
Strain graph, (b) angular tensile fracture, (c) fracture
surface
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circumference of the circle that the punch contacts with

The shear stress was calculated by using the simple
shear equation (t=F/A) with the data obtained from this the material thickness, its unit is mm2. For this study,
software. Here, 't' is the shear stress, its unitis MPa, 'F' is since the punch circle circumference (nd) is 40.84 mm
the total force on the punch, its unit is Newton, and 'A' is and the material thickness is 0.5 mm, the cutting area 'A’
the area subjected to shear, which is the product of the corresponds to 20.42mm?,
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Figure 5. Numerical analysis result (a) test system, (b-e) workpiece stress, strain and damage results and views
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Because of the material has a high formability feature,
a high rate of deformation is observed until crack and
separation formations as seen in figures (Fig. 3-4). In
order to better analyze these properties, the tensile tests
performed, and it was observed that the elongation of the
material was around 45% (Fig. 3a). This result was
confirmed by similar results in the literature review
(Kaoumi & Liu 2018). In addition, it was observed that
increasing the strain rate in the tensile test did not affect
the deformation excessively, but decreased the
maximum stress value (Fig. 3a). As a result of the tensile
test, the material was broken with an angle from the
planes with the maximum shear stress (Fig. 3b), the
optical microscope view of the fractured surface and the
measurement of the thickness decrease during fracture
are shown in Fig. 3c.

Fig. 4 shows the workpiece before and after the
experimental QS-PST, a close-up view of the deformation
area and a microscope view of the separation surface.
When the thinning rate of the surfaces after fracture was
measured with the aid of a digital optical microscope, it
was determined that the material thickness, which was
0.5 mm before the test, decreased to 0.15 mm (Fig. 3c) in
the tensile test, and to 0.12 mm (Fig. 4) in the QS-PST
result. This gives information about the ductility of the
material. Further thinning of the material as a result of
the QS-PST is due to the fact that the material is not only
subjected to tension but also to compression during
testing. Thus, the shear stress during the test increased
to 550.6 MPa in analytical calculations given above
(when the material thickness was kept constant), while
as a result of this thinning, it increased to 656.0 MPa in
the FEA (because the area 'A’' became smaller).

During the analysis, the thickness of the material
decreased due to the deformation, and the shear stress
increased because the area on which the shear force was
applied decreased. The FEA results are given below both
visually (Fig. 5) and graphically (Fig. 6). In terms of
comparison, when the experimental and numerical
images after QS-PST are examined, the behavior and
deformation areas of the material under loading show
great similarity (Fig. 4-Fig. 5b).

In Fig. 5a, a numerical analysis image of the entire
system after the test is given, while in Fig. 5b, the mesh
structure of the workpiece after fracture is illustrated in
detail. Thanks to the re-meshing feature pf the software
during the FEA, the mesh size has been increased in areas
with excessive stress by reducing the mesh structure. As
aresult of this, the results converged to the experimental
results as more precise calculations were made. In Fig.
5¢, the damage of the workpiece after breakage is shown,
and the result with a value above 1 on the surfaces with
separation confirms the analysis. In Fig. 5d, the effective
strain results that occur in the workpiece during the test
are shown. In Fig. 5e and Fig. 5f, the maximum shear
stresses are given when the punch moves 4 mm and 5.31
mm (at the moment of fracture), respectively. As can be
seen here, during the test, the maximum shear stress
occurred around the surface where the punch contacts
the workpiece, and as a result, separation occurred here.

When the numerical study results are compared with
the experimental results, it is seen that there is a close
similarity in both visual deformation and numerical

results. The main reason for this is related to correctly
defining the parameters such as friction, mesh structure,
number of mesh and simulation steps during FEA. The
effect of the number of mesh, which is one of the most
important of these parameters, on the results has been
examined in this study, and the force-deformation graph
of the mesh number starting from 16700 to 151800 is
given (Fig. 6a).
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Figure 6. QS-PST Force-Strain graphs (a) numerical
analysis result with different element numbers (b)
numerical and experimental comparison

Then, these graphs were compared with the
experimental force-shape change graph, this situation is
shown in Fig. 6b and some values are also given as a table
(Table 1).

It has been determined that the closest numerical
solution to the experimental graph is the analysis with
151800 mesh, and in Fig. 6b it is given comparatively. As
can be seen in the graph, the deformation caused by the
stretching of the experimental workpiece is somewhat
offset. This situation, which seems to be a shape change
difference between experimental and numerical, has
been resolved with the experimental adjusted graph.
While generating the experimentally adjusted graph, the
graph was shifted 45 mm to the left (in the strain axis)
without changing the force values, and overlapped with
the experimental. This is clearly seen from the values in
Table 1.

As can be seen from Table 1, the values for maximum
force (N) and maximum strain (mm) after QS-PST are
given for all numerical analyses, experimental raw and
adjusted experimental procedures. In the table, the
numerical analysis results were compared with the
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experimental (adjusted) results and it was seen that the
smallest difference in both maximum force and

maximum deformation was with the analysis with a
mesh number of 151800.

Table 1. Comparison of Numerical Analysis results with experimental

Number of Elements Max. Force (N)

Experimental

Maximum Deformation = Experimental (adjusted)

Difference (%) (mm) Difference (%)

16700 14172.44 2493 7.00 47.05
39300 12452.67 9.77 5.96 25.21
49700 12066.93 6.37 6.18 29.83
67000 12120.00 6.84 5.67 19.12
93600 12400.24 9.31 5.30 11.34
125400 11600.26 2.26 5.15 8.19
151800 11586.98 2.14 4.82 1.26
Experimental Raw 11343.99 0 5.21 9.45
Experimental

Adjusted 11343.99 0 4.76 0

4. CONCLUSION

In this study, QS-PST was applied both
experimentally and numerically for 304 SS then the
results were compared. When the mesh size is thinned, a
numerical model very close to the experiment is
obtained. The same stainless steel sheet material and
experimental setup used in the experiment were
prepared for the numerical model. After that, a FEAs was
carried out by assigning different mesh numbers to the
workpiece. When the analysis with the highest number
of meshes with 151800 elements is compared with the
experimental results;

* A 2.14% difference in the maximum forces applied
by the punch is detected,

¢ A 1.26% difference was observed in the maximum
deformation of the material.

These very low differences are acceptable for
numerical studies, and a model that is very close to
reality has been obtained with this study. In future
studies, this model can be examined on parameters such
as material thickness, material layer number, punch-hole
ratio.

In addition, as a result of the numerical analysis of
this model, the damage, effective stress and effective
strain values were examined and it was seen that the
highest values were found in the parts of the material
with tearing, as expected. This situation confirms each
other with the optical microscope images, and it is seen
that the thickness of this material, which has a very high
ductility, decreased by about 4 times in the tear region
and decreased to 0.12 mm.
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