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In the present work, the warm roll bonding (WRB) technique was adopted to fabricate 3 layers
of Aluminum-perforated Copper 260-Aluminum (AL/perforated CU/AL), and five layers of (AL/
Polyurethane (PU)/perforated CU/PU/AL) sandwich composites. Two different tests were adopted,
namely peel test and small punch test (SPT), to study the peel strength and flexural behavior of
these sandwich composites, respectively. The main manufacturing parameters, including interface
properties, rolling speed, and the number of passes, which control the strength and integrity of these
sandwich composites were studied experimentally. Furthermore, the three-dimensional finite element
method was carried out to study the effect of the presence of pre-crack on the peeling test and SPT
specimens numerically. The present results indicated that the peeling resistance is mainly dependent
on the roughness of the interface and elapsed time in manufacturing processes. The flexural behavior
of sandwich composites measured from SPT agrees with the first principles of mechanics of materials,
i.e. there is a marginal effect of the bond strength between the layers.

Keywords: Warm roll bonding, aluminum sandwich composites, Small Punch Test specimens, peel

test, cracked specimens.

1. Introduction

To achieve superior properties, for instance, lightweight
properties, good thermal conductivity, anti-corrosion properties,
wear resistance, and so forth, the multilayer composites were
innovated for these reasons. Multilayer composites can be
used in many applications such as automobile and marine
industries. Multilayer composites showed synergistic behavior,
i.e. preserve the original properties of the constituent materials
in addition to give extra characteristics'*. For example but
not limited to, metal/polymer/metal composites are used in
lightweight applications with a high specific strength. AL/
CU multilayer composites are incorporated in the thermal
conductivity products®.

Several processes can be used to produce such composites,
such as explosive bonding, adhesive bonding, or roll bonding
(cold, warm, and hot). The roll bonding process is the most
economical and productive manufacturing process that can
be used to fabricate the multilayer composites*. In general,
two or more strips (metal or polymer) are stacked together
and pass through a pair of rolls. After proper deformation, a
solid-state joining between the original individual material
strips will be produced. Before roll bonding, the surface must
be prepared and cleaned>*. Soltan Ali Nezhad et al.” studied
the joint quality of aluminum and low carbon steel strips
produced by warm rolling. Metal-polymer-metal multilayer
composites produced using warm roll bonding (WRB)
process and without any adhesive between the layers (direct
adhesion)*!°. A15754 alloys were produced in multilayers
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ways using cold roll bonding''. Rolling can be conducted
at room temperature or elevated temperatures. In WRB, the
addition of energy provided by the preheating of the sheets
aids the kinetics of welding*. Cleaning and roughening the
interface are important factors to enhance the integrity of
sandwich composites'?.

To get superior bonding properties in WRB, sanding
should be applied®'®. The present authors' predicted the
maximum size of the ineffective unbonded defect area,
after sanding on WRB, on peeling load using the maximum
undamaged defect size concept. The details of this concept
are described elsewhere'*!°. Harhash et al.'!® investigated
the parameters on the bond strength of the roll bonded
AL-ST-AL multilayers. The microstructure and mechanical
properties of the Mg-Al multilayer composites fabricated to
accumulative roll bonding are studies'.

In this work, the WRB process is employed to
produce two different multilayer composites. The first
multilayer composite is (AL/perforated CU260/AL), and
the second multilayer composite is contained of five layers
of (AL/PU/perforated CU260/PU/AL). The mechanical
properties of such composites are investigated using a peel
test and a small punch test experimentally. Moreover, the
effect of the presence of pre-crack on the fracture behavior
of AL/perforated CU/AL composite using a peeling test
is studied numerically. Furthermore, the mechanism of
the peeling test (DIN 53282) was discussed to explain the
performance of specimens with different pre-crack lengths
under loading conditions.
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As is already known, a small punch test (SPT) used for
more than four decades to obtain mechanical properties
of different materials such as tensile, fracture toughness,
fatigue, and creep. European standard, Japan standard, and
ASTM are doing considerable efforts to reach worldwide
standardization of SPT?. In the present work, it has been
focused only on the applicability of SPT to determine the
fracture behavior of sandwich composites. There are three
patterns of SPT specimens to obtain the fracture behavior of
materials, namely, smooth??, side edge crack®23, bottom
crack®-2, The last objective of the present work is to compare
these three patterns. The validity of each cracked specimen
to measure the true mode I fracture toughness is examined
in the present work.

2. Materials and Experimental Procedures

The first set of the metal laminated composite was made
from two A11100 skins and one interlayer perforated copper
(Cu260). Mousa and Kim®® used a fractional factorial design
of experimental analysis to optimize the rolling speed and
temperature for Al/PU/Al sandwich composites and they
found that the optimal temperature was about 200°C and
optimal rolling speed was about 30 rpm for AI/PU/Al. Based
on this finding, three different combinations between the
number of passes, rolling speed, and the roughness of the
inner surface of AL skin were suggested in the first phase
of the present work, as listed in Table 1, to show the effect
of these parameters in the case of Al/perforated CU/Al
sandwich composites. Preheat temperature and thickness
reduction were kept constant and equal to 200°C and 60%,
respectively.

Al1100 sheets

Roller

Perforated Cu260
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The second set of experiments was carried out at the same
processing parameters except adding two layers of the PU in
between Al skins and interlayer perforated Cu260 as shown
schematically in Figure 1. The dimensions of the Al11100,
CU260, and polyurethane (PU) are (60 mm x 20 mm * 1 mm),
(60 mm x 20 mm X 1.2 mm), and (60 mm x 20 mm X 0.8 mm),
respectively. Table 2 summarized the mechanical properties
and chemical compositions of the materials used in this study.
A comparison between the two roughened AL surfaces used
in the present work is shown in Figure 2.

To produce a satisfactory bond at the interface by WRB,
it is essential to remove any contaminations that may be
present on the surfaces of the materials to be joined. After
surface preparation, samples were rolled using a laboratory
rolling mill to get a reduction factor of 60%. Figure 3 shows
the cross-section images of AL/perforated CU/AL and
AL/PU/ perforated CU/PU/AL sandwich composites. There
is an interlock between two skin layers and perforated
interlayer in the case of AL/perforated CU/AL sandwich
composite, see Figure 3a. However, in the case of AL/PU/

Table 1. The combinations between the different manufacturing
parameters.

Combinations # R;){l;g(l;r;ﬁis, Speed (rpm) II:Iz:)s.sZz~
I 3.75 (Grit-80) 45 1
I 5.63 (Grit-50) 45 1
11 5.63 (Grit-50) 45 3
v 5.63 (Grit-50) 30 3
v 5.63 (Grit-50) 30 1
Al1100 sheets

Perforated Cu260

Figure 1. Schematic of manufacturing process of the Al11100/perforated CU/A11100 multilayers composites.
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Figure 2. Optical microscopic images of the Al11100 roughened with different sandpapers grit sizes: (a) Grit-80 (Ra=3.75 pm), (b) Grit-

50 (Ra=5.63 um).
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Table 2. Specification of A11100, CU 260, and PU.

Material Chemical composition (wt.%) E (GPa) v (&Lsi) (‘]CS:) EI]:)/[ r?;(o 9

Al1100 99.61 Al, 0.11 Si, 0.55 Fe, 0.11 Cu, and 0.07 others 75 0.33 90 34 35

CU 260 70 Cu, 0.07 Pb, 0.05 Fe, Zn balance 99 0.37 315 95 65
PU 3.6 0.45 21 300

(@)

Laminated Samples

Figure 4. Universal testing machine and the schematic of the
peeled sample.

perforated CU/PU/AL sandwich composite, the interlock
occurred between the PU and perforated CU.

The single lap shear test was used to determine the
maximum shear load that the multilayer sample can withstand
before failure occurs. The schematic and the dimensions of
the sample are shown in Figure 3.

2.1. Peel test

Bond strengths between the laminated layers were
measured for roll-bonded sheets using the peel test according
to the ASTM D903-93 standard. In this test, the breaking-off
forces were measured as shown in Figure 4, and the average
peel strengths are calculated. The universal testing machine
(Test Resources Inc.) was used for the testing.

In the case of metal/polymer/metal sandwich composite,
the failure mode of peel test specimens may be the adhesive
failure in the case of a thin layer of polymer with tensile
strength higher than its bond strength or cohesive failure in

Upper die

Figure 5. Small punch test (SPT) fixture.

the case of a thick layer of polymer with tensile strength
lower than its bond strength. In the case of the peel test, the
roughness of the metal surface may be increased the peel
strength by increasing the surface area or decreased the peel
strength due to the high asperities and deep valleys of the
surface. On the other hand, the metal/perforated core/metal
sandwich composite may show another mode of failure.
One of the main objectives of the present study is to explore
this phenomenon.

2.2. Small punch test

The small punch tests were carried out using an experimental
device like the one shown in Figure 5, custom/designed and
manufactured in our laboratory, which was mounted on a
universal testing machine (Test Resources Inc.) fitted with
a 5 kN load cell. All details about the specifications of the
SPT fixture can be found in our previous studies® .

The main controlling parameter in any flexural test such
as SPT is flexural rigidity (EI). The stresses and deformations
distribution in SPT specimens are not only dependent on
EI but also dependent on the case of loading and boundary
conditions. From the mechanics of materials point of view,
the flexural stress in a beam made of different materials is
mainly affected by the thickness and the mechanical properties
of each layer in addition to the applied moment (case of
loading and boundary conditions), regardless the properties
of interfaces between the layers. Therefore, one of the main
objectives of the present study is to verify these hypotheses.
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3. Experimental Results and Discussion

Figure 6 shows the load versus displacement of the AL/
perforated CU260/AL sandwich composites at different
processing conditions. Specimen with a rough surface
(sandpaper Grit 50), and low time processing, i.e. high
rolling speed (45 rpm) and one pass rolling show the highest
peak peeling load compared to those of others processing
conditions but without steady-state value. It is clear from
Figure 6 that increasing the surface roughness from 3.75 um
(G80) to 5.63 pm (G50) increased the peak peeling load by
more than 50%. In general, the sandpaper produced surfaces
with high asperities and deep valleys, which directly affected
the mechanical interlocking at the interface®. The peaks
and valleys of the surface enhance the bond strength due to
the increase in the effective area®. It can be concluded that
although the interlayer is perforated, i.e. there is an interlock
between two skin layers and perforated interlayer, as shown
above in Figure 3, the roughness of interface plays a crucial
role of peeling resistance. The same behavior with different
materials selection for the peeling test was investigated by
Kamali Andani et al.!.

On the other hand, increasing the processing time either
by increasing the number of paths or decreasing the rolling
speed showed the harmful effect of bonding strength, i.e.
decreasing the peak peeling load. However, the sandwich
composites with these manufacturing conditions have a steady-

Materials Research

state value of peeling load. The initial preheat temperature of
the sample was 200°C, and right after rolling it was around
60°C for the one pass rolling which directly affected the
results of the 3 passes rolling. In the three passes samples,
the samples are cold and the effect of cold hardworking is
noticeable in the results as shown in Figure 6.

Figure 7 shows the load-displacement diagrams of Al/
perforated CU/Al sandwich composites at different processing
conditions. Specimens with high surface roughness (G50),
one rolling pass, and regardless of the rolling speed, i.e.
30 and 45 rpm, gave higher ultimate load compared to other
specimens. Except for the results of the specimen with 3 passes
and 45 rpm, this had odd and minimum results. However, the
specimen with 3 passes and 30 rpm had results comparable
with the results of the other conditions. This means that the
number of passes has no harmful effect on the mechanical
behavior measured from SPT. In General, it can be concluded
that there is no clear effect of the processing parameters on the
mechanical behavior of sandwich composites measured from
SPT. This means that there is a marginal effect of interface
bond strength on flexural behavior. This is in agreement with
the first principles of mechanics of materials.

On the other hand, a comparison between the mechanical
behavior of AL/perforated CU/AL sandwich composites and
that of aluminum of the same dimensions and reduction factor,
i.e. 60%, is made in Figure 7. The presence of perforated CU
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Figure 6. Load versus displacement of Al/Cu/Al sandwich composites at 200°C preheat temperature and 60% thickness reduction.
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Figure 7. Experimental results of SPT specimens for different samples conditions.
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around the neutral axis of the specimen has a little effect on
improving the sandwich strength. However, the presence of
perforated CU between the two strips of aluminum markedly
improved the stiffness of the sandwich composites.

Furthermore, the relation between SPT ultimate load
and the peeling load is shown in Figure 8. It is clear that
there is no relation between them. This means that the SPT
fails to detect the effect of processing parameters on the
bond quality of WRB AL/ perforated CU/AL sandwich
composites. For example, specimen with high time processing,
i.e. rolling speed (30 rpm) and 3 passes rolling showed the
lowest peeling resistance, see Figure 6, but it has the ultimate
tensile load higher than those of lower time processing, i.e.
G50-3 passes-45 rpm and G80-1 pass —45 rpm, see Figure 7.
Several researchers®* also found that the SPT is sensitive
to the specimen thickness, the geometry of the test rig, and
the material stress-strain response.

Figure 9 shows the peeling resistance of the 5-layers sample
(AL/PU/perforated CU260/PU/AL) compared to 3-layers
sample at the same conditions (rolling speed= 30 rpm, one
pass, Grit-50, preheat temperature of 2000C and thickness
reduction of 60%). It is clear that the presence of PU between
AL skin and perforated CU decreased the bond strength of
sandwich composites. This may be attributed to the interlocking
strength between AL and CU is higher than that between PU
and CU, see Figure 3. Figure 10 shows the peeled surface
and the interlock between PU and CU. It was noticed that
the separation happened at the soft layer (PU), and that can
also explain the drop in the bond strength. On the other hand,
the 5-layers sample reached the ultimate load of 30 N, and
it can be noticed more resistance at the peak before fracture.

1200
1000 |- e ]
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600
400
200 -

Ultimate load (SPT), N

0 20 40 60 80 100 120
Ultimate load (peel test) , N
Figure 8. The relation between SPT ultimate load and the peeling load.
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Figure 9. Load versus displacement curve for the 5 layers and 3
layers of the sandwich composites obtained from peel test (at the
same rolling conditions).

The SPT specimen results of 3-layers and 5-layers
samples at the same rolling conditions of the peeled
samples are shown in Figure 11. The 5-layers sample
reached the maximum load around 1600 N, which is
improved compared to the 3-layers sample by 55%. This
enhancement may be attributed to increasing the moment
of inertia of the specimen.

4. Numerical Work

ABAQUS/Standard code has been utilized to simulate the
peel test and SPT, as shown in Figure 12. Peel test and SPT
were conducted under displacement control. In the peeling
test, the crack was initiated and propagated using Virtual-
Crack-Closing-Technique (VCCT) due to the crack path is
known. The VCCT is used in the present work to release the
bonding between the Al-Br-Al sandwich composites under
peeling test based on the fracture mechanics criterion®”.
However, an extended finite element technique was adopted
in SPT to predict the crack path. The XFEM can be used to
predict the crack path without remeshing and it does not need
to know the crack-initiation site and the crack path like the
virtual crack closure technique (VCCT)**. Meshes of linear
8-node hexahedral brick elements (C3D8R) were generated
to simulate the specimen geometries. The element type,
material modeling, loading sequence, boundary conditions,
and mesh sensitivity, are described elsewhere by the authors
Mousa et al.'.

Figure 10. Peeled surface in AL/PU/perforated CU/PU/AL sandwich
composite.
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Figure 11. Load versus displacement curve for the 5 and 3 layers
samples obtained from SPT (at the same rolling conditions).
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Figure 12. a) Peel test, and b) SPT setup, specimens, and idolizations.

5. Numerical Results and Discussion

5.1. Results of peeling test

To understand the mechanism of the peeling test,
specimens with different crack lengths have been examined
numerically. As unexpected, the descending parts of the
curves did not follow/coincide with each other. This means
that the stiffness of specimens having crack to width ratio
equals 0.1, a/W = 0.1, depends on the initial crack length,
i.e. compare the three curves (a/W = 0, 0.05, and 0.1) in
Figure 13. To understand this observation the horizontal
movement of the specimen with respect to the axe of the
loading was traced in the ascending and the descending parts
of the curve as shown in Figure 14. It is clear that the actual
crack length (distance between the crack front and the axis of
the applied load) is lower than the peeling length (distance
between the edge of the specimen and the crack front) due
to the horizontal movement of the core of the specimen, as
shown in Figure 15a. Figure 15b shows this effect of the
development of the normalized mode I stress intensity factor
(SIF), i.e. the geometry correction factor f{a/W). It is clear
that at a certain value of (a/W), (a/W) = 0.1, the slope of the
curve decreased. It can be concluded that the mechanism
of the peeling test for sandwich composites contained more
than two layers is different from the two-layer composites
due to the horizontal movement of the interlayer.

5.2. Results of SPT

To verify the effect of interface conditions on the flexural
strength of sandwich composites measured from SPT
specimens, two extremes conditions, i.e. perfect bond and
unbounded conditions, have been examined numerically. It is
found that there is a marginal effect of interface conditions
on the flexural strength of sandwich composites, as shown in
Figure 16 especially if it is no clearance distance between the
upper specimen surface and the lower surface of the fixture*.

Figure 17 shows the comparison between the observed
fracture surface of pure AL specimen and that predicted

Peeling Force. N

Displacement, mm

Figure 13. Effect of pre-crack on Al/CU/Al sandwich composites
under peeling test.

from the FE simulation. There is a good agreement between
them. The fracture may occur directly without any arresting
or deviation since the specimen is made of one bulk layer.
Multilayer composites may help to deviate and subsequently
delay or arrest the crack.

To examine the applicability of the pre-cracked SPT
specimen for determining the fracture toughness of the
materials, the stress distribution around the notch root of
three different notch geometries is analyzed, as shown in
Figure 18. As expected the stress distribution through the
SPT specimen is dependent on the curvature of the loading
ball and follows Cylindrical coordinates rather than Cartesian
coordinates. It is clear that the distribution of the normal
stresses is not uniform near the notch root in the cases of
single edge notch (SEN) and straight bottom notch (SBN).
Kumar et al.*? used straight bottom notch (SBN) in plate
samples to determine the crack initiation fracture toughness.
They founded that the maximum stress located beside the
SPT specimen furthermore the stress and strain distribution
around the notch root is not uniform, that confirm with the
present results.

Furthermore, the upper have of SEN surface is
subjected to compressive stress. In the case of the circular
bottom notch (CBN), the three normal stresses, ,, 6,
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Vertical Displacement =0 & Peeling force=0

Vertical Displacement =0.9 mm & Peeling force=9.6 N

Vertical Displacement = 2.5 mm & Peeling force=6.3 N

Vertical Displacement = 5.6 mm& Peeling force=4.9 N
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Figure 14. Horizontal movement of the specimen with respect to the axe of the loading.
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Figure 15. (a) Relation between effective crack length and peeling length, and (b) normalized mode I SIF.
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Figure 16. Effect of interface conditions on the flexural strength of
sandwich composites measured from SPT specimens.

and o, are uniformly distributed around the notch root.
Therefore, CBN is a suitable geometry to steady and
uniform crack growth. To study the notch sensitivity of
the three different notch geometries, XFEM was adopted
to predict the site of crack initiation and the path of the
crack growth for smooth and pre-cracked specimens,
as shown in Figures 19-21. Figure 19 shows the site of
crack initiation and the path of a growing crack in SEN
specimen with notch depth to specimen diameter ranged
from 0 (smooth specimen) to a/D = 0.6. For a/D lower
than 0.4, the notch insensitivity was observed. However,
for a/D ranged from 0.4 to 0.6 the crack emanated from the
notch root, but there are other cracks emanated from the
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Figure 17. Al sheets after fracture in SPT, (a) experimental and (b) numerical.
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Figure 18. The stress distribution around the crack front of three different crack geometries.

smooth surface near the notch root as shown in Figure 19,
that is in agreement with the Shikalgar et al.*’. Wherein
Shikalgar et al.*! used the pre-cracked small punch
with single edge notch (SEN) to determine the fracture
properties of crack like crack path, j-integral and crack
tip opening displacement (CTOD). It is worth noting that
the final failure is not affected by the presence of SEN,
i.e. the shape of final failure is a circular shape, as shown
in Figure 17. This observation is in agreement with the
finding shown in Figure 11a of Shikalgar et al.” and in
Figure 15b of Martinez-Pafeda et al.’'.

In the case of SBN specimen with notch depth to specimen
thickness ratio (a/f) equals two, the sites of crack initiation

and the path of growing cracks are mainly depending on the
central deformation of the specimen ignoring the presence of
SBN, as shown in Figure 20. The photos in Figures 4 and 19 in
Kumar et al.*? and Martinez-Pafieda et al.*! support the
present conclusion.

The same observation was found for CBN specimen with
a/t =0.2, see Figure 21a. By increasing a/f to 0.5 the crack
emanated from the notch root. It can be concluded that the
sensitivity of CBN is dependent on a/f and the ratio of the
circumferential of the circular notch to that of the loading
ball. In general, the failure mode of the pre-cracked SPT
specimen is a typical failure of a smooth SPT specimen
regardless of the crack geometry.
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10 Mousa et al.

PHILSM
+8.155¢-01
! +6.744e

+1.102e-01

Notch

5 ODB: Job-1.0db
X Step: Load
Increment 202: Step

Primary Var: PHILSM

wt=0.2

Materials Research

XFE - Crack

\[thh
Load
crement  49: émp Time = 1.8749E-03
e

ed Var: U Deformation Scale Factor: +9.000e+03

at=10.5

Figure 21. Site of crack initiation and crack path of CBN specimen with a/t = 0.2 and 0.5.

6. Conclusions

Based on the experimental and numerical results, it can be
concluded that the warm roll bonding process is a promising
technique to produce multilayer composites (three layers
and five layers) with different materials of combinations.
The mechanism of the peeling test for sandwich composites
contained more than two layers is different from the two-
layer composites due to the horizontal movement of the
interlayer. Using the perforated core layer led to an increase
in the peel strength due to the interlocking at the interface.
Increasing the surface roughness increased the peeling
strength. However, increasing the number of passes during
the rolling led to decrease the peel strength.

The presence of the soft layers at the core may resist
the crack growth in SPT specimen. Circular bottom notch
specimen is a suitable candidate to determine the fracture
toughness of the materials due to its position coincides with
the failure location of the SPT specimen. The sensitivity
of circular bottom notch is dependent on a/t and the ratio
of the circumferential of the circular notch to that of the
loading ball.
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