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Abstract

This study investigates residual stresses in stiffening ribs of composite materials formed by stamping in a punch-die
system. Using two-dimensional X-ray diffraction (XRD), we measured residual stresses on both the anterior and posterior
sides. Three LITECOR’ composite types, with core thicknesses of 0.8, 1.25, and 1.6 mm, were examined. Results indicate
that as core thickness increases, residual stress values decrease on both sides. Notably, anterior side stresses on the
y-axis are relatively higher (1027-1199 MPa) compared to the x-axis, exceeding posterior side values (998-1083 MPa) at
0.8 mm core thickness. Moreover, the study compares these values with Single Point Incremental Forming (SPIF) and finds
that SPIF generally yields lower stress values for all core thicknesses. These findings suggest that SPIF is favourable for
achieving minimal residual stress in LITECOR® composites. Addressing residual stresses is crucial for enhancing structural
integrity and extending the service life of sandwich panels and composite materials.

Article highlights

1. Residual stresses in stiffening ribs Examined the distribution of residual stresses in composite material stiffening ribs
formed by stamping, highlighting their significant impact on structural integrity.

2. Corethickness influence Demonstrated that increasing the core thickness reduces residual stress values, emphasizing
the role of core thickness in controlling residual stresses.

3. SPIF versus stamping Compared two forming methods and found that Single Point Incremental Forming (SPIF) results
in lower residual stress, suggesting its suitability for achieving minimal residual stress in LITECOR" composites.
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1 Introduction

In the last decade, sandwich panels have evolved significantly, especially in applications where lightweight is essential
[1]. Sandwich panels usually have three layers: a core in the middle and two layers of rigid material where the face mate-
rials offer strength and longevity, while the core material contributes to the panel’s rigidity [2]. The core material has a
low density, which gives it a relatively low weight, leading to sandwich panels with improved mechanical properties.

Sandwich panels are not only light in weight, but since the mid-20th century, they have been used as good sound
and heat insulators [3]. Furthermore, sandwich panels have increased energy absorption capacity [4], high deflection
resistance, bending stiffness, good impact resistance and high load withstanding [5]. These distinctive properties
have earned it wide applications in areas such as aviation, automotive, and marine, in addition to building and con-
struction applications, especially when lightweight is essential [6].

Sandwich panels, which consist of two or more layers of metal with a plastic core, spread widely, and many brands
such as LITECOR", Usilight®, Alucobond’, Hylite", and Bondal’ attracted researchers to conduct intensive studies [7].
These studies included single and multiple-stage mechanical joining [8], mortise-tenon mechanical joining [9], and
spot welding [10, 11]. Several studies deal with LITECOR" sandwich panels, such as those investigating the tribologi-
cal properties [12] and surface roughness [13].

Stiffening ribs are considered one of the essential improvements developed on structures because they effectively
distribute the loads applied to the frame, which increases the load-bearing capacity and limits any potential defor-
mations [14]. Several studies have attempted to strengthen sandwich panels by reinforcing them with additional
stiffening ribs or making stiffening ribs within the same sandwich panel structure. Hand Lay-up, vacuum bagging, and
resin infusion are the main techniques to stiffen sandwich panels and composite materials [15]. In the hand lay-up
technique, sandwich panels are strengthened through stages where the mold is reinforced with fibers. Then a refrac-
tory resin is serially poured in a way that makes it uniformly distributed by using a brush until the required thickness
is reached [16]. Vacuum bagging is an efficient method utilised to shape sandwich panels and composite materials.
The composite materials’ layers are laid on a mold to create a vacuum bag to compress the materials and remove air
voids [17]. Resin infusion technology is a cost-effective and attractive process for shaping the complex geometries
of composite materials, such as creating stiffing ribs. Sometimes it is called resin transfer molding, which includes
injecting the resin into a preformed dry fiber preform seated in a mold under pressure to form the required ribs [18].

On the other hand, several studies using metal forming methods to form stiffening ribs in sandwich panels
appeared recently, such as traditional stamping processes and incremental sheet forming (ISF), specifically single-
point incremental forming (SPIF). The stamping technique in the punch-die is one of the most popular metal-forming
technologies used to form materials in large quantities, especially sheet metal. It involves using a punch and a die to
create the desired deformation through pressure [19]. While the punch is pressed all at once to create the required
workpiece stamping, the ISF technique is often used in producing prototypes or producing limited quantities where
the tool gradually forms the required workpieces [20, 21]. Because the ISF method is associated with CNC, the pos-
sibility of cracks in the workpiece is limited despite large plastic deformation [22].

The most popular incremental forming method (ISF) in recent years has been single-point incremental form-
ing (SPIF). The SPIF used CNC to repeatedly generate a small, controlled deformation according to process param-
eters such as tool geometry and rotational speed, workpiece thickness, feed rate, and tool path [23]. Several recent
attempts have used SPIF to strengthen sandwich panels and composite materials by creating stiffening ribs [24, 25].

Despite the wide range of studies that dealt with composite materials and sandwich panels, those dealing with
the effects of stiffening ribs remained limited. Safiullin et al. [26]found the maximum localization of deformation and
the local strain distribution of sandwich panels produced by titanium sheet alloy VT6S. They studied the reasons for
the non-uniform thickness distribution near the holes in the stiffening ribs. Teodorescu et al. [27] studied the pos-
sibility of replacing the formal classic stiffening ribs in sandwich panels with two carbon/epoxy skins and a core of
polystyrene reinforced with twill weave fabric for weight loss considerations. They compared the resulting stiffness
with conventional sandwich panels.

In engineering applications that are exposed to external loads, internal stresses are often created, causing what
is known as residual stresses (RS), which remain even after the removal of the effective loads [28]. The temperature
gradient, the type of heat treatment, the properties of the materials, and the manufacturing methods are considered
influential factors in generating RS. The residual stresses are generally considered a negative aspect of engineering
structures, but they can be helpful in some applications [29, 30].
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Sandwich panels and composite materials are no different from other structures, as residual stresses affect them
positively and negatively depending on their applications. However, an excessive increase in residual stresses in these
materials can lead to more significant deformation and dimension irregularities, negatively affecting the load-bearing
capacity [31, 32]. Therefore, many studies have tried to understand residual stresses in composite materials better.

Incremental hole drilling, ring core, ultrasonic technique, and X-Ray Diffraction (XRD) are the main methods for meas-
uring residual stresses in composite materials [33]. The hole-drilling technique indirectly measures residual stresses by
drilling a small hole in the composite material to measure the strain relaxation around the hole with a strain gauge. The
obtained values are used in theoretical equations or through calibration coefficients to find the residual stresses [34, 35].
It is important to note here that the drilling process may need more requirements related to the thickness of the layers
of materials in sandwich panels [36]. The ring core method differs from the hole-drilling method in that it removes a ring
core from the composite area and measures the resulting changes in the shape of the ring [37, 38]. This method is effec-
tive for measuring residual stresses in thin-layer applications [39]. Ultrasonic techniques depend on analyzing ultrasound
data passing through composite materials, where residual stresses determines the spread of these waves. Therefore, the
waves' behavior can indicate the presence or absence of residual stresses [40]. The residual stresses in XRD method is the
tension brought on by the interaction of the tool used and the composite material surface. It depends on the variation of
crystal lattice spacing, which can be widely used to calculate the residual stress distribution in composite materials [41].

In XRD, the residual stress is caused by the interaction between the shape-forming tool and the workpiece surface,
where the average difference between the unclamped and clamped residual stress can reach 18% [42]. The XRD method
is one of the most recently used to calculate residual stresses generated during metal forming. Maal et al. [43] used this
method to calculate bidirectional residual stresses in AA 5083 alloy sheets that SPIF formed. Tanaka et al. [44] also used
it to investigate the impact of the SPIF tool's geometry, particularly the tool radius, on the generated RS.

Despite the increasing use of techniques for calculating residual stresses in composite materials, the qualitative use
of calculating residual stresses for composite materials and sandwich panels strengthened by “stiffening ribs”is limited.
The research gap in this field is still attractive to researchers and manufacturers alike.

The current study extends the authors’ previous work studying residual stresses in Metal-Plastic composite stiffening
ribs formed by SPIF using XRD [45]. This study uses the stamping method in the punch-die system to form the required
stiffening ribs in Metal-Plastic Composites. Then it measures the residual stresses generated on both sides of the surface
of the composite material in both the longitudinal and transverse axes. In addition, this study compares the effect of the
stamping method in the punch-die system and the SPIF method on the residual stresses generated, giving it a novelty
in the manufacture and design of sandwich panels and composite materials.

The remaining sections of this article focus on materials and methods, which include an explanation of how to use
Materials and Methods in LITECOR® composite material and then an explanation of the X-ray Diffractometer to calculate
residual stresses. In the results and discussion section, residual stress on the X and Y axes will be analysed, and the results
obtained from the punch-die system method and the Single Point Incremental Forming (SPIF) method will be compared.

2 Materials and methods

This study investigates the residual stresses generated in Metal-Plastic Composites when they are strengthened by
“stiffening ribs” using punch-die stamping technology. The XRD method was used to find the residual stresses at both
ends of the LITECOR® composite material using a Proto iXRD Combo X-ray diffractometer at the Department of Materials
Science at Rzeszéw University of Technology.

2.1 Stiffening ribs forming

Three LITECOR® (ThyssenKrupp. Essen, Germany) metal-plastic composites of different core thicknesses were used in this
study to investigate the RS. The LITECOR is a sandwich panel consisting of three layers: two outer layers of galvanized
atom-free steel (CR210IF) surrounding a polymer core of (52% PA6 and 36% polyethylene), as shown in Fig. 1a. The core
thicknesses were 0.8, 1.25, and 1.6 mm, while the CR210IF thickness was constant. The LITECOR’ sandwich panels have
good mechanical properties, as yield strength ranges from 120 to 180 MPa, while Ultimate tensile strength can reach
240 MPa with elongation ratios over 25% [25].
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Fig.1 LITECOR’ stamping (a) (b)
a workpiece dimensions,
b after stamping

Galvanized atom-free steel
(CR210IF)

Polymer Core
L ¥ (52% PA6, 36% polyethylene)

100

All Dimensions in mm

The Zwick/Roell Z100 (ZwickRoell company, Ulm, Germany) testing machine equipped with compression test
plates as a punch-die stamping system was used to form 20 mm wide, 120 mm long, 5 mm deep stiffening ribs” in
the LITECOR® sandwich panel as shown in Fig. 1b.

2.2 X-ray diffraction diffractometer

The residual stresses measurements were completed utilizing a Proto iXRD Combo X-ray diffractometer. Since the
1960s, the sin2y method has been considered the most crucial for measuring residual stresses when using the XRD
technique [46]. So, it was used in this study to measure longitudinal and traverse components of generated residual
stresses on both sides of the LITECOR® plastic-metal composite.

As indicated in Fig. 2, Eq. 1 determined strain in the measured direction [47]:

1 , 1 .
€py = 552(6¢)sm2y/ + ESZ(T(P)SIHZI[/ -5 (6” + 0'22) (1)

where: normal stresses (0,,0,,), shear stresses (1), stress component in measured direction (04), and X-ray elastic
constants (%25, and S,).

RS measurements were performed using the XRD sin2y technique according to EN 15305:2008 and ASTM E915
standards. The measurement setup is shown in Fig. 3, where point 3 is in the centre of the plastic deformation area.
Points 2 and 4 are within 5 mm, while 1 and 5 are within 25 mm distance from the centre point (3). residual stresses
was determined on the surface in two axes, X and Y, perpendicular to each other. residual stresses Measurements
were made on both sides of LITECOR® composite sheets.

Fig.2 Plane-stress elastic

model, diffracting crystal- 33
lographic planes angle (),

normal stresses (011, 022, -
033), stress component in Ly e

measured direction (c®)
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Fig. 3 LITECOR stiffening rib
with XRD setup

The Cr-Ka X-ray tube was used as an XRD tool in the residual stresses measurements (wavelength A, Crka=0.2291 nm).
Diffraction peaks of {211} crystal lattice planes were collected. The Bragg angle for the strain-free state was assumed as
20=156.4°. The strain was calculated using X-ray elastic constants of 252 =5.08 x 107 MPa and —S1=1.27 x 107° MPa.
Y angle values: £37.00°, +32.57°, £27.79°, £24.00°, £15.61°, £13.00°, £12.00°, £8.57°, +8.39°, £3.79°, and 0.00°. The
rest process conditions were the following: aperture diameter — 2 mm, exposure time 2 s, gain material 3-Ti, number of
exposures per P angle - 15, X-ray tube power - 80 W (U =20 kV, =4 mA), Gaussian peak fit.

3 Results and discussions

LITECOR® polymer-metal composite consisting of a polymer core layer and two outer layers of galvanized steel was used
in this study, where the XRD method was used for measuring the residual stresses in the formed “stiffening ribs” by the
punch-die stamping technology. Three core thicknesses were examined according to the generated RS. The residual
stresses were measured for the front and back sides of the LITECOR’ for both x-and y axes. The selected core thicknesses
are 0.8 mm, 1.25 mm, and 1.6 mm. For each core thickness, five points 1, 2, 3, 4 and 5 were examined at distances 25, 5,
0, —5, and —25 mm, respectively. The resulting residual stresses are indicated in Table 1. Figures 4, 5, 6 and 7 show the
changes in the residual stresses on the “stiffening ribs” for both the X and Y axes.

3.1 Residual stress in X-axis

Figure 4 shows the change in residual stresses depending on the locations of the five pre-selected x-axis measuring
points on the front side of the LITECOR® material. In the case of thickness 0.8 mm, the value of residual stresses in the
central point (3) was about 1020 MPa. It decreased symmetrically in points 2 and 4, which can be attributed to the redis-
tribution of forces within the structure in the formed stiffening ribs, where the stress decreases when it becomes more
uniform. For points 1 and 5, there is a noticeable increase in RS, reaching about 1200 MPa, where these points suffer
from an increase in the concentration of stresses and external loading. The matter was different for the two cases of core
thickness 1.25 and 1.6 mm, as the lowest values of residual stresses were generated at the central points. Hence, there
was a steady increase whenever it moved away from the central point, which can be attributed to the fact that these
points can have a higher load.

Generally, residual stress values decrease for the anterior aspect with increasing core thickness. Changes in stiffness
and stress concentration could explain the resulting behaviour. According to stiffness, the decrease in the thinner thick-
ness plays a role in reducing the stiffness of the composite material. Therefore, an increase in Stress Concentration can
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Table 1 residual stresses

for th d fth Core thickness Points Distance Residual Stress MPa (Front  Residual Stress MPa
or the X an. Y a?<es 9 the (mm) (mm) Side) (Back Side)
LITECOR® stiffening rib
X-axis Y-axis X-axis Y-axis
0.8 1 25 1195 1199 1052 1025
0.8 2 5 835 1056 934 998
0.8 3 0 1020 1060 1146 1055
0.8 4 -5 852 1027 1012 1083
0.8 5 -25 1198 1120 1075 1034
1.25 1 25 913 977 1037 1020
1.25 2 5 914 1048 894 980
1.25 3 0 786 849 895 930
1.25 4 -5 816 1087 812 841
1.25 5 -25 895 969 985 894
1.6 1 25 589 1038 1119 1178
1.6 2 5 601 1085 921 951
1.6 3 0 531 593 970 925
1.6 4 -5 660 995 897 871
1.6 5 -25 650 993 1040 1045
Fig.4 Residual stress of x-axis 1400
of LITECOR' stiffening rib
(front side) 1200
£ 1000,
=
¢ \HOG
@
E 600
=
& 400 —e—0,8 - Front Side (X)
—®—1,3 - Front Side (X)
200
1,6 - Front Side (X)
0
=30 -20 -10 0 10 20 30
Distance from center, mm
Fig. 5 Residual stress of x-axis 1400
of LITECOR' stiffening rib
(back side) 1200
g ‘\"6‘\/
=
Z 800
&
E 600
]
& 400 —e—0,8 - Back Side (X)
200 —0— 1,3 - Back Side (X)
1,6 - Back Side (X)
0
-30 -20 -10 0 10 20 30

Distance from center, mm

occur within the “stiffened ribs” formed due to the decrease in the ability of the core to absorb loads, which leads to an
increase in the residual stresses to absorb the applied forces.

In contrast, the values of the residual stresses on the back side of the “stiffened ribs” can be considered as values cor-
responding to the values of the front side with two things in mind, as shown in Fig. 5. The values at the central points
on the front side are relatively higher than the corresponding values on the back side, and the core with a thickness of
1.6 mm gave higher residual stresses than those achieved with a thickness of 1.25 mm. The differences between the front
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Fig.6 Residual stress of y-axis 1400
of LITECOR® stiffening rib

(front side) 1200 /
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¢ 800
=
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Distance from center, mm
Fig.7 Residual stress of y-axis 1400
of LITECOR® stiffening rib
. 1200
(back side)
ks 1000 -0
=
& O\M
= 800
H
z
& 600
=
=
=
'z 400 —8—0,8 - Back Side (Y)
]
—0— 1,3 - Back Side (Y)
200
1,6 - Back Side (Y)
0
30 20 -10 0 10 20 30

Distance from center, mm

and back sides can be attributed to the deformation mechanism and material flow during forming of stiffening ribs by
punching on the LITECOR" composite. The difference in the deformation and the material flow leads to heterogeneity
in the distribution of the residual stresses and their concentration at specific points and on one side at the expense of
the other. This result explains the higher values in the central points on the back side on the computation of their coun-
terparts on the front side and the high stresses at a LITECOR’ core of 1.6 mm, which are higher than those achieved in
1.25 mm core thickness.

3.2 Residual stress in Y-axis

Regarding the residual stresses in the y-axis, Figs. 6 and 7 represent the change in the residual stresses at the selected
points 1-5 for both the front and back sides, respectively. When the thickness of the core was 0.8 mm, it was observed
that the residual stresses on the anterior side were relatively high when compared to the x-axis, as they ranged between
1027 MPa and 1199 MPa and were also higher than those achieved on the back side (998 MPa to 1083 MPa). When the
thickness of the core was 1.25 mm, the behaviour of the composite material towards the residual stresses in the y-axis
was similar to that of the x-axis, whether it was on the front side or the back side of the core. It was clear that the lowest
residual stresses were found in the central point (0), while points 1 and 5 were slightly higher, and the values were similar
for the y-axis for both sides, where they were 849 MPa to 1087 MPa for the anterior side and 841 MPa to 1020 MPa for
the backside.

Concerning the maximum thickness of the core used in this study, the behaviour continued similarly to the previous
cases in the frontal aspect, as the residual stress in the y-axis is highest at distal terminal points 1 and 5. At the same time,
the lowest values are achieved at the central point (0). It can also be noted that the values on the back side exceeded
those on the front side, reaching 871-1178 MPa.

In sum, there is consistency in the general stress distribution patterns when comparing the values achieved between
the y-axis and x-axis for both sides of the stiffening ribs. Despite this, some differences can be observed that may occur
due to several factors, such as the interference in the LITECOR® composite material’s layers between the core and the
two outer layers or the asymmetry that occurs in the formed material.
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It is worth noting that the values of the residual stresses on both sides and in both axes exceeded the tensile strength
values for LITECOR sandwich samples in some cases. This fact can be explained by several aspects, such as that residual
stresses are typically measured using non-destructive techniques such as X-ray diffraction. These techniques provide
insight into the internal stress state of the material. Regardless, they do not directly demonstrate the stress that would
cause a fracture. Residual stresses can be addressed within a composite material without causing immediate failure
because they are balanced by compressive stresses in other regions or due to material constraints. Comparing residual
stresses with static tensile yield strength can be misleading, primarily because the stress states in these two scenarios
differ significantly. The forming process introduces complex stress distributions within LITECOR composite materials,
especially in the sandwich samples. While uniaxial tension is applied during a tensile test, the forming process subjects
the composite to multi-axial loading, making distinct stress components [48].

Furthermore, residual stresses can endure due to the material’s elastic deformation, which continues even after the
composite layers are bonded and deformed. It is essential to recognize that a substantial reduction in tensile stresses
typically happens when the layers of the LITECOR tile are separated and the elastic deformation disperses. As a result,
differences in stress values are pronounced between thinner (0.8 mm) and thicker (1.6 mm) sheets. Moreover, the choice
of diffraction elastic constants (XEC) used in X-ray diffraction (XRD) measurements is a contributing factor, which can
have a modest impact on calculated stress values, typically up to approximately 150 MPa. In some instances, tensile
stresses may exceed yield strength, especially after processes that induce high tensile stresses, highlighting the unique
behavior of composite materials under complex loading conditions. The current study focused on a composite sandwich
strengthened by stiffening ribs, where the stiffening ribs increased the material strength by around 35% [49].

3.3 Effect of forming methods

To demonstrate the effect of forming processes on the quality of the resulting “stiffening ribs’, this study focuses on the
residual stress aspect, which is paramount in future failure processes. The study evaluated the results obtained from the
“stiffening ribs” method using the stamping method in the punch-die system. Furthermore, it compared them with those
previously obtained using the SPIF method [45].

Table 2 compares the residual stress values obtained using both methods for the x-axis, whether for the front and
back sides for all used core thicknesses (0.8, 1.25, and 1.6) and compares the maximum and minimum values for each
case. In contrast, Table 3 indicates what was obtained for the y-axis.

The results of the front side of the x-axis showed that the minimum residual stress values were obtained using the SPIF
method compared to the stamping punch method. This result may be because the SPIF method relies on incremental
deformation, facilitating controlled material flow, leading to low plastic deformation and, thus, lower residual stress values
at all points of stiffening ribs in LITECOR" composite material. Moreover, the maximum residual stresses were achieved

Table% Comparing between Side Distance Stamping punch method SPIF method
stamping punch gnd S,PIF (mm) Residual stress (MPa) Residual stress (MPa) [45]
methods for X axis Residual
stresses t=0.8 t=1.25 t=1.6 t=0.8 t=1.25 t=1.6
Front side 25 765 736 801 1195 913 589
5 395 345 -75 835 914 601
0 473 494 557 1020 786 531
-5 488 187 - 166 852 816 660
-25 879 711 651 1198 895 650
Min 395 187 - 166 835 786 531
Max 879 736 801 1198 9214 660
Back Side 25 1041 755 956 1052 1037 1119
5 -193 — 246 - 164 934 894 921
0 784 753 509 1146 895 970
-5 —224 —-124 -176 1012 812 897
-25 1004 762 957 1075 985 1040
Min —224 — 246 -176 934 812 897
Max 1041 762 957 1146 1037 1119
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Table§ Comparing between Side Distance Stamping Punch Method SPIF Method
stamping punch and SPIF

methods for Y axis Residual (mm) Residual Stress (MPa) Residual Stress (MPa) [45]
stresses t=0.8 t=1.25 t=1.6 t=0.8 t=1.25 t=1.6
Front side 25 1199 977 1038 790 816 759
1056 1048 1085 536 436 257
1060 849 593 557 525 384
-5 1027 1087 995 483 422 283
-25 1120 969 993 857 784 684
Min 1027 849 593 483 422 257
Max 1199 1087 1085 857 816 759
Back Side 25 1025 1020 1178 1130 869 932
5 998 980 951 92 141 21
1055 930 925 1260 830 678
-5 1083 841 871 158 208 112
-25 1034 894 1045 1062 819 937
Min 998 841 871 92 141 21
Max 1083 1020 1178 1260 869 937

using the stamping punch method, especially at core thicknesses of 0.8 and 1.6 mm, with values close between the two
methods at 1.25 mm thickness. The higher stress concentration and plastic deformation due to the rapid forming process
used in the stamping punch method are the main reasons for higher values than the SPIF method. For the back side,
the matter did not differ from the front side, as the highest values of residual stresses were achieved using the stamping
method compared to the SPIF method.

When the residual stress values are observed in the y-axis, the comparisons between the two methods generally
indicate that the SPIF method gives lower stress values for all core thicknesses than the stamping method. These results
favour using the SPIF method in forming stiffening ribs in LITECOR® composite material when obtaining the lowest
residual stress is a target.

These results are crucial when using sandwich panels, especially regarding structural integrity and generally affect
the final product’s performance.

4 Conclusions

This study aimed to investigate the distribution of residual stresses in stiffening ribs created by the stamping method in
the punch-die system in several composite panels consisting of a core of polymer and two outer layers of steel, depending
on the thickness of the core layer. The two-dimensional X-ray diffraction (XRD) method measured the residual stresses
at five selected points on both the anterior and posterior sides. Then the study compared these values with previously
obtained using the single point incremental formation (SPIF). Among the most critical conclusions obtained:

e The thickness of the core plays a prominent role in the resulting residual stresses, as the values decreased as the
thickness of the core increased for both the anterior and posterior sides and for both the x- and y-axes.

e The values of the residual stresses differ depending on the location of the five selected points, especially between
the central and those points on their right and left sides.

e When comparing the two axes, the values measured on the y-axis are generally higher than the corresponding values
on the x-axis on the anterior sides, as they ranged between 1027 MPa and 1199 MPa, or the back side (998 MPa to
1083 MPa) at a core thickness of 0.8 mm.

e When comparing the residual stresses obtained from the stamping method in the punch-die system with those pre-
viously obtained from using the SPIF method, the SPIF method gives residual stress values that are much lower than
the stamping method, which makes it preferable, especially when the target is the lowest possible stresses.
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