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ABSTRACT. This study aims to investigate the delamination effect of a metal
sandwich panel using a four-point bending simulation under continual
spectrum loading. The most recent core designs of the sandwich panel have a
cavity that can increase vulnerability in terms of bonding strength under
constant cyclic loading. The sandwich panel is simulated under constant cyclic
loading using different core design configurations, which are rounded dimple,
hemispherical dimple, and smooth surface core design. There are two types
of conditions used; no pre-stress and pre-stress loads with variable stress
ratios based on Gerber stress life theory. Results showed that dimple core
design enhanced mechanical behaviour and fatigue life performance about
33% and 5%, respectively, compared to the sandwich panel with a smooth
surface core design. It is highlighted that modification on the surface of core
design could be beneficial to enhance the bonding strength performance of
sandwich panels and prevent early delamination under extreme conditions
such as constant cyclic loading. This study is beneficial to enhance the bonding
strength for sandwich panels against extreme conditions such as high impact
load and continuous cyclic load.
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INTRODUCTION

honeycomb core, the number of core layers used, and their fatigue behaviour and applications [1-4]. Wang et al.’s

studies of sandwich panels in industries where each kilogramme of materials costs a lot of money, sandwich panels
have become one of the most efficient ways to achieve the highest bending stiffness and strength-to-weight ratios in
structural components [5]. They are made of two thin, rigid, high-strength facing skins linked by a thick, light core attached
using a strong structural adhesive, capable of transmitting loads [6]. Instead of traditional materials like steel and aluminium,
hybrid material structures have been considered by the automotive industry [7] in sandwich panel applications as they will
enhance their mechanical performance. The use of lightweight core, for example, Mg alloy, to separate the facing skins will
also increase the moment of inertia with minimal increase of weight resulting in a structure that can withstand stresses [8].
The combination of magnesium alloy and steel is gaining popularity among the metal combination concept because
magnesium alloy density is much lower at 1.35-1.85 g/cm3, about two-thirds than aluminium alloy density or a third of steel
density [9,10]. Compared to other conventional structural materials like steel and aluminium, magnesium has a lesser
corrosion resistance [11] and viability [12,13]
For sandwich panels, however, failures like delamination are likely to occur due to poor transverse tensile and interlaminar
shear strengths in comparison to their in-plane qualities while also developing internal delamination damage but not evident
to the human eye [14]. To create a -functioning and safe structure, it is crucial to identify delamination on the sandwich
panel as it will also be the reason for the composite materials' rigidity and to reduce long-term performance [14,15]. Although
many components possess elastic cycle stress, plastic deformations are caused by stress concentration resulting in a loss in
fatigue life.
Therefore, this study focuses on the mechanical behaviour of a laminated composite plate made of AR500 steel (face sheets),
epoxy, and AZ31B magnesium alloy (main core) using four-point bending under constant cyclic loading on three sandwich
panels designated as SP-1, SP-2, and SP-3. SP-1 is a sandwich panel with a rounded dimple. SP-2 is a sandwich panel with
a hemispherical dimple on the surface of the magnesium alloy core while the surface of the magnesium alloy core for SP-3
is a solid core. Since the computational approaches based on the finite element method (FEM) have been exclusively used
for the past few years to simulate the mechanical behaviour of a structure [16] and compare computational results with
experiments [10,17], computational analysis was used in this study to simulate the geometrical sandwich panel and modelled
under static and fatigue life theories under constant stress conditions to assess fatigue behaviour of the proposed sandwich
panel with various stress ratios. This computational analysis facilitated a considerable early identification of delamination
processes encountered by the three-dimensional geometrical metal sandwich panel. It showed the importance of core design
when the behaviour of delamination was observed at the bonding area of the sandwich panel and how total deformation
and stress distribution were related to the fatigue life assessment.

O ver the last few decades, researchers have studied sandwich panels with different parameters such as using

MATERIALS AND METHODS

database were chosen, such as Young's modulus, Poisson ratio, shear modulus, yield strength, tensile strength, and

elongation for AR500 steel, AZ31B magnesium alloy [18,19], and epoxy resin and hardener [20]. Fig. 1 shows the
process flow of the sandwich panel simulation in this study. With the help of finite element modelling software, a geometrical
model of a metal sandwich panel was created. The numbers of elements and nodes for SP-1 were 45418 and 103419, SP-2
were 15156 and 54227, and SP-3 were 10164 and 56795 with the boundary condition of four-point bending under loading
condition with and without pre-stress with variable stress ratios. As shown in Fig 1, the Gerber’s mean stress correction was
used instead of Goodman or Soderbeg because during the experiment, it served as a marker for the area below the point of
failure based on the Gerber’s parabola line to determine the lowest fatigue life limit possible [21] and it was also suitable for
ductile materials [22]. Besides, the negative mean stress was not bound by both Sodetberg and Goodman's mean stress
theories [22] which made it unsuitable for this study due to the use of negative mean stress in the fatigue analysis.
As illustrated in Fig. 2, each plate is designed as a three-dimensional model and assembled to make a single-piece composite
model that made up of AR500, magnesium alloy and epoxy. The epoxy adhesive is 1 mm. The total thickness is 25 mm,
excluding the adhesive, following the standard similar to the body panel of a lightweight armour vehicle based on previous
studies [10,23]. They were later simulated as a four-point bending test in the finite element analysis software. The designs

T he whole experiment was simulated and the default material parameters in the finite element software programme
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of SP-1, SP-2, and SP-3 are shown in Tab. 1, Fig. 3, and Fig. 4 with dimensions based on previous studies [13]. Based on
Fig. 4, the diameter is 6 mm to match the 3 mm depth with SP-1.

Creating 3-dimensional
model of sandwich
panel

¥

Finite element analysis
was done for static and
fatigue analysis

v v v

Rounded dimple Hemispherical

core (SP-1) dimple core (sP-2) | | S°id core (SP-3)

¥

Static analysis

l

Fatigue life analysis
(Gerber mean stress correction)

l

Comparison analysis between
core of sandwich panel

Figure 1: The process flow fatigue life stress distribution and deformation of sandwich panel.

Core arrangement

AR500-Rounded dimple
core-AR500
[SP-1]
AR500-Hemispherical
dimple core-AR500
[SP-2]
AR500-Solid core-AR500
[SP-3]

Plate dimension

(1 5% o) s Dimple thickness, mm

180 X 40 3
180 X 40 3
180 X 40 -

Dimple diameter, mm

10

Table 1: Configuration of a sandwich panel for simulation.
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Figure 2: A 2-dimensional view of geometrical sandwich panel, dimension in mm.
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Figure 3: Details for SP-1 a) top view b) side view, dimension in mm.
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Figure 4: Details for SP-2 a) top view b) side view, dimension in mm.
Static load analysis

For the static load experiment, stress distribution (von Mises stress) and total deformation [24] results for the whole body
and bonding area of the panel were analysed. The sandwich panel's loading was chosen based on the percentage of AZ31B
magnesium alloy's yield strength, 165 MPa [19], varying at 60%, 70%, 75%, 80%, and 90%. This assures the sandwich panel's
safety since magnesium alloy has a lower yield strength value than AR500 steel. If the percentage of AR500 steel yield
strength was used in this simulation, the structure would fail since the core was made of magnesium alloy.

Fatigne life analysis

The geometrical sandwich panel was subjected to a constant amplitude loading for fatigue life analysis to observe fatigue
behaviour and life analysis for all sandwich panels. Furthermore, the four-point bending was simulated with and without
pre-stresses based on the loading data history. The fatigue life performance of all sandwich panels was determined by this
pre-conditioning and allowed for stress relief and early panel failure owing to residual stress after the panel was loaded. In
this simulation. The fatigue strength factor was set to default, assuming that the material’s surfaces had no contamination
and polished perfectly. The fatigue performance was compared to the total deformation and stress distribution experienced
by all sandwich panels to identify the delamination mechanism and its correlations in contributing to failure under static and
continual repeated loading. 10 Hz of loading frequency was applied to the four-point bending test simulation with and
without pre-stresses at different stress ratios. With pre-stress, the g, values employed were -0.2, -0.4, -0.6, and -0.8. The
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Omin value was still -1 resulting in stress ratio, K, value to vary at R = 5, R=2.5, R=1.67, and R=1.25. For the four-point
bending test without pre-stress, the values of g, were -0.2, -0.4, -0.6, and -0.8, and g, = 0 for the maximum value while R
was infinity. The load was applied without being stressed beforehand. Eqn. (1) shows how the R is calculated with this
formula in the study [25]:

R=—o2 = =125 1
3 ©)

RESULTS AND DISCUSSION

static and fatigue conditions. The performance of the metal sandwich panel was calculated for static analysis based
on the stress distribution and total deformation experienced by the sandwich panel's bonding area. To assess the
behaviour and strength of the metal sandwich panels under static loading, the two factors in the static analysis (stress
distribution and deformation) were crucial to identify the effects of the core surface configuration on the performance of
metal sandwich panels.
As for the cyclic loading, once applied and simulated on the sandwich panel, the conditions stated eatlier were critical to
encourage the stress release condition and prevent failure due to stress residual on the panel.

T he results of the four-point bending simulation performed using a finite element softwate tool were examined under

Static analysis

Each sandwich panel's von Mises stress distribution and total deformation data exhibited a neatly identical trend, but with
varied maximum and lowest values as the magnesium, alloy core had different kinds of design configurations. According to
Fig. 5, SP-1 has a maximum von Mises stress distribution difference in the bonding area of over 39.12%, while SP-2 is 30%
with SP-3 at both the lowest load (32076 N) and greatest load (48114 N). The first maximum deformation difference
between SP-1 and SP-3 at both lowest and highest load is over 16.25%, while SP-2 is over 3.14%. Based on the percentage
difference of all the geometrical model, sandwich panel that has dimple which are SP-1 and SP-2 performs better than solid
core, SP-3 because it can withstand higher von Mises stress at the bonding region. This means that structural integrity of
the panel was increased.
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Figure 5: Maximum von Mises distribution at bonding area against loading given for SP-1, SP-2, and SP-3

As shown in Fig. 6, the overall deformation of the sandwich panels at the bonding area follows a similar pattern. When
compared to SP-3, an increase in maximum deformation for each load provided can be deduced. The decline in core density
in the dimple area contributed to the increase in maximum deformation. Even though the greatest stress distribution was
possessed by SP-1, SP-2 owned the least deformation with 0.221 mm, still greater compared to SP-3 (0.214 mm) ever so
slightly due to the presence of dimples in SP-1 and SP-2 [13].

The von Mises stress distribution for SP-1 at bonding area was 88.623 MPa at maximum and 0.294 MPa at minimum values
based on Fig. 7. The delamination phenomenon is shown by the contour distribution at the bonding area. The findings
indicate that SP-1 and SP-2 perform 32.73% and 26.09%, respectively, better in terms of decreasing delamination risk at the
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sandwich panel's bonding layer than SP-3. The simulation proves that the presence of dimples on the surface cores in SP-1
and SP-2 has enhanced the structural integrity [26] of the panel compared to solid core design because it can withstand
larger amount of stress on bonding region.
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Figure 6: Total deformation (bond atea) against loading given for SP-1, SP-2, and SP-3 at the bonding area
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Figure 7: Simulation result of von Mises stress distribution for SP-1 with 40095 N of load at the bonding area

Fatigne life analysis with pre-stress

In Fig. 8, average fatigue life values for all sandwich panels are compared using the lowest stress ratio of 1.25 between SP-
3 and SP-1 first, then the comparison between SP-3 and SP-2. The percentage difference of average fatigue life between SP-
3 and SP-1 was 0.998% when the first load of 32076 N was applied. The difference increased to 2.76% when the final load
of 48114 N was applied. The percentage difference of average fatigue life between SP-3 and SP-2 was 0.744% at the lowest
load of 32076 N. The average fatigue life increased to 1.73% at the greatest load of 48114 N. SP-1 produced the highest
average fatigue life of 18698.6 compared to SP-2 (1879.2). SP-3 had the lowest fatigue life value of 1847 with R = 1.25 and
the highest loading of 48114 N. Since both comparisons showed that SP-1 and SP-2 had better fatigue life than SP-3, it
proved that the presence of dimple enhanced sandwich panel performance [26]. The coefficient of determination (R?)
reflected the variance in response to the average fatigue life and load applied as presented in Fig. 8. The statistic in the
regression was used to measute the degree of fit of a model. The R? value indicated how accurate the model matched the
data produced [27] and it ranged between 0 and 1. To interpret the relationship between the two variables, the average
fatigue life, and load applied, the higher R? (close to 1) meant that the result was better and more reliable [28]. Based on Fig.
8, the simulation results are considered reliable because R? value for all sandwich panel is close to 1. Compared to R?value
of SP-2 and SP-3 which is 0.79 and 0.94, respectively, SP-1 simulation has the best results with R?equal to 1.

When R = 1.25 and a load of 37422 N were applied, the fatigue life distribution over the whole geometrical sandwich panel
and at the bonding area can be observed in Fig. 9. The difference was pretty large when focusing on the contour trend on
the fatigue life study with pre-stress. Based on Fig. 9, although the overall fatigue life of the sandwich panel is high, the
bonding area has a significant chunk of red contour trend at the point where stress is applied as shown in Fig. 9 (b), indicating
a low fatigue value. When R = 1.25, the red contour indicates a severe delamination phenomenon. Due to the presence of
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a pre-stress state before loading, the fatigue life becomes more severe, which agrees to a study made by Elmushyaki [29] on
a structure that exhibits greater damage when preloaded force is given.
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Figure 8: Average fatigue life against given load for all three metal sandwich panels at stress ratio, R = 1.25
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Figure 9: Fatigue life distribution modelled using finite element to determine the critical region based on; (a) front view of sandwich
panel geometrical body, (b) bonding area for SP-1 at stress ratio, R = 1.25 with a load of 37422N.

At the greatest stress ratio with R = 5, Fig. 10 shows a comparison of average fatigue life values for all sandwich panels with
three different core surface designs. Comparisons were made between SP-3 and SP-1 followed by SP-3 and SP-2. At a load
of 32076 N, 0.166% was the difference and increased to 4.97% for the final load of 48114 N. As for the comparison between
SP-3 and SP-2, it was 0.16% at the starting load of 32076 N and the differences grew to a value of 3.29% with the final load
of 48114 N. It was found that SP-1 had the highest fatigue life value with an average value of 1821.7 when comparison was
made between all three core design sandwich panels at the highest stress ratio of R = 5. SP-2 had the second highest value
of 1783.3 seconds, and SP-3 obtained the lowest fatigue life value of 1733.3 seconds. Based on Fig. 10, the simulation results
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for all the test were considered reliable since R? value are more than 0.80 and close to 1. However, SP-1 and SP-3 has the
best simulation results because R? equal to 0.99 compared to SP-2 with R? = 0.86.
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Figure 10: Average fatigue life against given load for all three metal sandwich panels at stress ratio, R = 5.

When R = 5, the fatigue life distribution across the geometrical sandwich panel and at the bonding area is shown in Fig. 11.
The degree of failure for the sandwich panel under continual cyclic loading was related to the increment of stress ratio by
comparing the contour trend at R = 1.25 (Fig. 8). The red colour contour in Fig. 11 (a) and (b), which is the critical region,
indicated O fatigue life, which means the material failed in that area followed by debonding between the layers of the
sandwich panel (delamination) [13]. The effect was visible at the bonding location, as illustrated in Fig. 11 (b) by the trend
of the fatigue contour. It affected that particular area because of the force given at that point due to the concept of four-
point bending test.
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Figure 11: Fatigue life distribution modelled using finite element to determine the critical region based on; (a) front view of sandwich
panel geometrical body, (b) bonding area for SP-1 at stress ratio, R = 5 with a load of 37422N
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Fatigue life analysis without pre-stress

Even though the value obtained from the sandwich panel with various Mg alloy core designs had identical patterns, the
highest and lowest averages of fatigue life for all three differed from one another and the four-point bending test was
without pre-stress. The comparison of the average fatigue life differences was made between SP-1, SP-2, and SP-3 as shown
in Fig. 12. The first part of the comparison was the percentage difference between SP-3 and SP-1. No differences were
found at 32076 N but increased to 4.97% for the final load of 48114 N. As for the comparison between SP-3 and SP-2,
there were no differences between them with a load of 32076 N and the disparity grew to 0.025% of the difference in
average fatigue life with the final load of 48114 N. Since both comparisons showed that SP-1 and SP-2 had better fatigue
life than SP-3, proving the presence of dimple enhanced sandwich panel performance [13]. Based on Fig. 11, the simulation
results for all the test were considered reliable since R? value are close to 1. However, SP-1 has the best simulation results
since R?equal to 0.80 which is closest to 1 as compared to SP-2 and SP-3 with R? = 0.73 and R? = 0.74.
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Figure 12: Average fatigue life against given load for SP-1, SP-2, and SP-3 at g, = —0.2.
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Figure 13: Fatigue life distribution modelled using finite element to determine the critical region based on; (a) front view of sandwich
panel geometrical body, (b) bonding area for SP-2 at omin = —0.2 with a load of 37422N
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The fatigue life distribution across the geometrical sandwich panel structure and at its bonding demonstrated no failure
indication when omin = —0.2, as shown in Fig. 13. The majority of the contour trend was blue, indicating that the sandwich
panel's fatigue life was 2000 cycles before failing with the lowest minimum value of life at 71 cycles at the skin's surface of
AR 500, which means the results agreed with the previous study [29] on how preloaded force exhibited greater damage on
structure and vice versa.

Based on Fig. 14, comparisons of the average fatigue life were carried out between SP-1, SP-2, and SP-3 with 6min = —0.8.
The first part of the comparison was the percentage differences of average fatigue life between SP-3 and SP-1, which was
0.194% at 32076 N followed by 0.332% of the difference with 37422 N of load. It exhibited a 0.810% difference in average
fatigue life value at 40095 N load. There was an increase of percentage difference to 2.71% at 42768 N but decreased to
2.56% for the final load of 48114 N. As for the comparison between SP-3 and SP-2, it was 0.347% at the starting load of
32076 N. Next, it had a difference of 0.259% with a load of 37422 N. It had a difference of 0.332% at 40095 N of load and
when the load increased to 42768 N, the disparity grew to 1.69%. However, the percentage difference decreased to 0.995%
of average fatigue life with the final load of 48114 N. Based on Fig. 14, it can be concluded that SP-1 and SP-2 had better
fatigue life than SP-3, proving the presence of dimple enhanced sandwich panel performance [20]. Since the R? value for
each sandwich panel in Fig. 14 is higher than 0.8, the simulation results for all the test were considered reliable. However,

the best simulation results are SP-1 with R? = 1 as compared to R? value for SP-2 and SP-3 which is 0.99 and 0.94,
respectively.
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Figure14: Average fatigue life with given load for all three metal sandwich panels at g,,, = —0.8
When g, = —0.8, the fatigue life distribution across the geometrical sandwich panel and at the bonding area is visible, as

shown in Fig. 15. The majority of the contour colours were blue and lighter hues of blue when stress was applied, indicating
the geometrical sandwich panel's maximum fatigue life. A very tiny section of the bonding region indicated a minimum
value of fatigue life [17]. The results were different from Figs. 12 and 13 due to different values of minimum stress amplitude,
omnused in the stress ratio calculation which can be referred to Eqn. (1)[3]. The g, used for simulation in Fig.14 is higher

than o, used for simulation in Fig. 12 which cause the reduction of sandwich panel fatigue life as showed in Figs. 14 and
15.

Further issues on the failure trend under both static and cyclic simulations

Based on the trend analysis of the sandwich panel thoroughly explained in Figs. 5 to 15, it was discovered that the mechanical
performance and fatigue failure of sandwich panels can be accelerated by surface modification and material type and this
has also been discussed by Faidzi et al. [26]. This study focused on evaluating three types of magnesium alloy with various
core designs joined by steel and produced a distinct sandwich panel performance that gave various von Mises stress
distribution, permanent deformation, and average fatigue life. It was feasible to make a sandwich panel out of non-
homogeneous materials [10] even though the majority of sandwich panels were made of homogeneous material [13,30]. The
principle was nearly equivalent to the use of a honeycomb composite structure, which reduces the laminated composite
structure mass while still providing high special stiffness, special strength, and durability [16].
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Furthermore, Palomba et al. [31] had also investigated the collapse response of an aluminium honeycomb sandwich panel
under fatigue bending and discovered that the span spacing affected the deformation mode owing to skin tension. The core
shearing was a prominent failure mechanism. It has been demonstrated that core structures with a large cavity area carried
out in the present study were prone to collapsing and deforming, which impacted the bonding integrity of sandwich panels.
It has been enhanced by Beden et al. [21], stating that surfaces had a great influence on the fatigue behaviour of a material,
as well as the situation of this study which compared three surfaces of magnesium alloy plate designs the stress value of von
Mises, deformation, and the average fatigue life of varying averages.

2000 Max
200

(b)

Figure 15: Fatigue life distribution modelled using finite element to determine the critical region based on; (a) front view of sandwich
panel geometrical body, (b) bonding area for SP-1 at g, = —0.8 with a load of 37422N

CONCLUSION

presence of a dimple. Both SP-1 and SP-2 demonstrate similar trends in this study at the bonding region of a non-

homogenous sandwich panel which possesses a greater distribution of von Mises stress. Even though the dimpled
core design has a minor increase for permanent deformation compared to the smooth core surface, deformation is less than
30% under static load which is within an acceptable limit. The average fatigue lifetime values for SP-2 and SP-3 are almost
identical at the highest stress ratio of 5 and highest loading of 48114 N (1821.7 and 1783.3 — both with pre-stress), which is
superior to SP-1 (1733.3 — with pre-stress). The data prove that sandwich panel’s mechanical performance improves by the
presence of dimple on the surface core while the delamination phenomenon that occurs on the bonding area can be
minimised by introducing a dimple design on the core because it offers a larger surface area for the adhesive material to
connect non-homogeneous sandwich panel materials which indirectly reduce the overall weight. Finally, without integrating
a sophisticated failure modelling, the study recommends detection analysis for early delamination with the computational
technique for three-dimensional sandwich panels.

T he results of this investigation show that the toughness and stress strength of a sandwich panel is boosted by the
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