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Abstract: Efficient roll bonding for the manufacturing of clad strips not only requires surface acti-
vation but also is improved by a surface patterning to reduce the initial contact area. This increases
contact stresses and facilitates a joining without an increasing rolling force. Experiments to pat-
tern surfaces with deformable inlays during cold rolling for a subsequent bonding in low-oxygen
atmosphere were carried out using two types of rolling mills, two types of inlays and two types
of assemblies. Digital twins of selected experiments were created by means of the FE simulation
software QForm UK 10.2.4. The main set of rolling parameters, which play a significant role during
formation of the pattern shape considering deformation of the patterning tool, were investigated.
The pilot roll bonding of patterned components under vacuum conditions, provided using vacuum
sealer bags, allowed for an experimental realization of this approach. The concept technological chain
of roll bonding in a low-oxygen or oxygen-free environment comprises the following stages: roll
patterning; surface activation and sealing of the strips in a vacuum bag; subsequent roll bonding
of the prepared strips inside the protective bag. The difference between the shape of the pattern
created and the initial shape of the mesh insert can be quantitatively described by the change of its
angle. This difference reaches maximum values when smaller rolls are used with increased rolling
reductions. This maximum value is limited by the springback of the deformed insert; the limit is
reached more easily if the inlay is not positioned on the rolling plane.

Keywords: oxygen-free production; roll bonding; mechanical joining; clad strip; surface patterning

1. Introduction

Roll bonding of similar or dissimilar metallic materials is an established manufactur-
ing process. In [1], key process parameters were reviewed and a comprehensive discussion
provided on the scientific and technical aspects that affect the microstructure and the me-
chanical behavior of the joint. Additionally, well-evaluated advantages and shortcomings
of roll bonding applied to pairs of materials depending on the type of their crystal lattice
were addressed. In this context, the following parameters which might accelerate the
bonding should be highlighted:

Temperature: Temperature increases the kinetic energy of atom oscillations and ex-
pands the activity of the electron cloud [2]. According to the Arrhenius formula, the
temperature increases the probability of forming metallic bonds between closely com-
pressed surfaces [3]. The source of elevated temperatures is not only a pre-heating but also
deformation heat as well as the heat induced by friction. The authors of [4] concluded that
the temperature in combination with applied compression leads to plastic deformation in
the soft component.

Rolling reduction: Due to rolling reduction, a transition of both surfaces into a ductile
state according to their strain–stress behavior occurs. The main phenomenon here is the
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appearance of juvenile inner atomic layers from both surfaces. These arise due to the
inhomogeneity of the metal flow [5] and move with the corresponding velocity along
the rolling direction, which depends on the strain. The vertical flow, which is directed
from both outer surfaces to the rolling plane, depends on the roll’s diameter [6]. This
vertical component of the metal flow contributes to formation of the juvenile layers and
to establishing the bonding. Due to the geometry of the deformation zone, especially its
length [7], the smaller the diameter of rolls, the higher the vertical velocity mentioned
above. The combined vertical and axial flow velocities are related to the strain rate.

Strain rate: According to the kinetic energy formula, elevation of the velocity with
which particles move multiplies the collision energy and, consequently, the temperature
effect [8]. Regarding [7], it is possible to observe the contradiction between the evaluation
of the effect of the strain rate on the bonding efficiency: lower roll diameters increase the
strain rate, which might increase the bonding strength. On the other hand, at elevated
temperatures, greater roll diameters provide an increased time for diffusion under pressure.

Surface: Jamaati and Toroghinejad [9] concluded that the surface roughness increases
the bond strength. They linked this to an increase in rolling force and pressure, as well as
work hardening. From other hand, according to experiments reported by Xiangyu [10],
polishing helps bring the surfaces to be bonded as close as possible before rolling. This,
combined with localized strain inhomogeneities, increases the surface interaction. This
is especially important for cold roll bonding. Alternatively, brushing can be applied
to increase the roughness and thus to increase mechanical interlocking and the surface
area as shown in [9]. Another effect activated by brushing is the formation of highly
deformed and thus work-hardened surface layers, which break down during the roll
bonding and thus promote the formation of new oxide-free, juvenile surfaces suitable
for diffusion bonding [11]. A relative novel method of laser surface modification with
extremely high energy densities was shown to activate the surface layers with identical
or similar microstructures and properties [12]. The discussion of the interface conditions
opens up a wide range of effects, which can be classified as harmful, conditionally helpful
and helpful. Surfaces to be bonded are usually covered with a layer of surface contaminants,
such as organic remains, inorganic compounds, oxides, and adsorbed moisture. These
inhibit bonding, especially at room temperature. Consequently, the surface preparation,
which includes proper cleaning and at least partially removing the surface layer, is a
very important factor affecting the bond strength [9]. One example of a conditionally
helpful effect is the so-called “zip bonding” effect [13], in which an aluminum matrix metal
encloses steel wires due to their consistent ovalization and twisting. This provides an
inherent “mechanical” bond strength even with a rolling reduction of approximately 25%.
Such an approach does not in itself provide any sufficient bond but allows the fixing of the
joint while diffusion takes place during the subsequent heat treatment. Another example is
the application of such a material inlay to localize strain and provide temporary bonding.
Helpful inlays are various reinforcements with expanded meshes [14]. Such types of inlays
provide both a mechanical bonding of the matrix at low rolling reduction, which allows
the application of a double-pass rolling and improves the mechanical properties of the
finished composite. Due to its manufacturing method, the expanded mesh is an example of
the application of the so-called “kirigami technique”, which allows for reaching elevated
elongations with a predicted change in the cell shape [15]. Usage of a kirigami-inspired
approach is a promising engineering method for creating out-of-plane structures [16], or
strain-insensitive components, for example, electrodes [17].

The objective of this work is to investigate the possibility of using a deformable steel
mesh inlay as a patterning tool for aluminum and copper surfaces that are subsequently roll
bonded. The patterning is assumed to facilitate the bonding by increasing the contact stress
and avoiding an elevation of the rolling force. Mechanical profiling of surfaces to be bonded
is usually carried out by brushing or grinding [18]. This is mainly designed to remove
oxides. Creating a pattern by deformation with profile dimensions of 0.1 to 1 mm on the
surfaces to be bonded is not a trivial task. Challenges include localized work hardening, an
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increase in the oxidized surface area, a need for special rolls and the generation of thickness
inhomogeneities. However, applying an oxygen-free environment [19] during the roll
bonding removes one of these obstacles, and the use of a steel mesh [20] as a patterning
tool between the surfaces to be subsequently bonded removes another. Here, quantitative
data about the distortion of the mesh geometry under tensile stress in the deformation zone
are of particular interest in understanding the behavior of the inlay in the rolling plane.

2. Materials and Methods

The experimental procedure to investigate the mesh distortion consisted of the follow-
ing steps:

Samples for patterning (matrices). Materials used for the experiments with chemical
compositions according to the corresponding standards were aluminum (EN AW 1050) and
copper (ASTM B370) in fully annealed condition with the dimensions (h × b × l) 1 mm ×
10 mm × 100 mm.

Patterning inlay. Two types of mesh made of Cr-Ni steel 1.4301 were used to apply the
pattern to the matrix surfaces (Figure 1):

• expanded mesh with cell dimensions 4 mm × 2.2 mm × 0.5 mm, the thickness of the
sheet from which the mesh is made (Figure 1a) is 0.5 mm;

• wire mesh with cell dimensions of 0.63 mm × 0.63 mm × 0.25 mm, where 0.25 mm is
the diameter of the wire (Figure 1b).
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Figure 1. Meshes used to apply the pattern to a matrix surface: (a) expanded mesh; (b) wire mesh;
(c) expanded mesh pictogram; (d) wire mesh pictogram; (e) Al-matrix pictogram; (f) Cu-matrix pictogram.

So-called sandwiches, consisting of alternating layers of matrix and netting insert,
were assembled and secured prior to rolling. The netting cells of both types of netting were
oriented diagonally to the rolling direction RD (see Figure 1). Patterning of the matrices
was carried out by rolling at room temperature using two types of rolling mills: with
65 mm diameter rolls (type A) and with 130 mm diameter rolls (type B). Axial speed along
the rolling plane was 0.02 m/min for both mills. A schematic of the experimental roll
patterning of the matrix interface with the mesh inlays is depicted in Figure 2.
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Figure 2. Schematic of the roll patterning of the matrix interface with a mesh inlay without creating a
lasting bond.

Two rolling reductions were applied during the experiments:

• First, the rolling gap, which determines the final thickness of the outgoing strip (h1),
was set at 85% of the initial thickness of the assembly (h0), which corresponds to a
rolling reduction of 15%. These experiments were indexed with single-digit numbers.

• The second approach implied that the rolling gap is equal to the sum of the initial
thicknesses of the assemblies. These are denoted by two-digit numbers.

For example, experiment A3 was carried out using a rolling mill with a roll diameter
of 65 mm and a rolling gap of 85% of the initial thickness of the assembly. Experiment
code B30 means rolls with a diameter of 130 mm and a final thickness equal to the sum of
the initial thicknesses of the assemblies. A visualization of the experimental assemblies is
depicted in Figure 3.
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The special feature of this series of experiments is the use of two types of rolling mills
to determine not only the effect of the rolling reduction but also the separate effect of the
length of the deformation zone.

Taking this into account, parameter values characterizing each experiment according
to the following equations were calculated.

Absolute reduction:
∆h = h1 − h0, (1)

where (h0) and (h1) are the initial and final thickness of the assembly, respectively
(see Figure 2).

Rolling reduction:

ε =
∆h
h0
× 100% (2)

and length of deformation zone:
LD =

√
R∆h, (3)

where R denotes the rolls’ radii.
The form factor of the deformation zone is as follows:

F = LD/
(

h0 + h1

2

)
. (4)

The distortion of the steel mesh inlay was evaluated as the difference between the
initial angle of the mesh cell and its residual angle imprinted on the matrix (Figure 4).
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Figure 4. Initial angles of the steel-mesh inserts and imprints on the matrices after rolling: (a) initial
angle of the expanded mesh; (b) imprints of the expanded mesh on the Al matrix; (c) imprints of the
expanded mesh on the Cu matrix; (d) initial angle of the wire mesh; (e) imprints of the wire mesh on
the Al matrix; (f) imprints of the wire mesh on the Cu matrix.

This approach allows one to compare the effect of roll reduction and the influence
of roll diameter on the distortion of the netting inlay. The distortion angle values were
calculated as

α1−0 = α1 − α0, (5)

where α0 is an initial angle of netting cell and α1 the measured angle of the imprint according
to Figure 4.

Another parameter that affects the behavior of the inlay and consequently the shape of
the pattern is the displacement of the steel-mesh inlay from the rolling plane. Experiments
with Al1 + Nexp or wire + Cu1 + Nexp or wire + Al1 assemblies allowed us to evaluate how
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the mesh geometry would change if located between the rolling plane and the surface of
the rolls.

Numerical simulations of the process of aluminum matrix patterning with an ex-
panded mesh during rolling were performed for conditions corresponding to the experi-
ments. The commercial FE software QForm UK [21] was used to create a digital twin of
the cold patterning process and to predict the surface profile of the matrix. This software
shows a good applicability for the digital twinning of complex metal forming processes.
In a recent study [7], the simulation procedure has been described in detail. The metal
properties of the aluminum (EN AW 1050), copper and the Cr-Ni steel 1.4301 were taken
from the software database according to the material designation.

QForm UK is the commercial software designed for FE mathematical modeling of
metal forming processes considering thermomechanical tasks, including the interaction of
deformable workpiece with technological tools and equipment. The mathematical basis
of the program is a system of equations, which includes the equation of equilibrium, the
equation of the relationship between the field of velocities of material points and strain
rates, the equation of the relationship between stress and strain, compression conditions,
plasticity and energy balance equation. The geometry of rolling rolls, half-matrices and
the mesh was drawn using CAD system before the simulation. The special subprogram of
QForm UK software was applied for discretization of geometrical models using tetrahedron
finite elements with minimal dimensions: half-matrix—0.1 mm; the mesh—0.05 mm;
rolls 0.3 mm.

The exemplary visualization of resulting matrices is shown in Figure 5. Here, the
simulations were carried out for conditions according to the experiments A1–A10 as well
as B1–B10, where the mesh insert was placed on the rolling plane, to gain comparative data
on the distortion angle. Such a digital twin of the process opens up future possibilities for a
detailed 3D analysis of the obtained patterns.
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Figure 5. Visualization of the patterned matrix leaving the deformation zone in the simulation
according to the conditions of the experiments: (a) A1, (b) A10, (c) B1 and (d) B10; examples of
measured indentation angle (see Figure 4) for numerical experiments (e) A10 and (f) B1; upper roller,
upper half of matrix and mesh insert are not visible. RD—rolling direction.

3. Results

Values of the distortion angle α1−0 are depicted in Figure 6 as a function of form factor F
for experiments to pattern aluminum matrices Al1 + Nexp + Al1 and Al1 + Nwire + Al1 (see
Figure 3) using mills with different diameters of rolls as well as two types of netting inlays.
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Figure 6. Plots of distortion-angle values for experiments and simulations to pattern aluminum
matrices with steel netting inlays: (A1) diameter of rolls—65 mm (expanded mesh; ε = 9.2%); (A1S)
FE simulation according to A1; (A10) diameter of rolls—65 mm (expanded mesh; ε = 15.2%) (A10S) FE
simulation according to A10; (A2) diameter of rolls—65 mm (wire mesh; ε = 11.4%); (A20) diameter of
rolls—65 mm (wire mesh; ε = 15.9%); (B1) diameter of rolls—130 mm (expanded mesh; ε = 8.2%);
(B1S) FE simulation according to B1; (B10) diameter of rolls—130 mm (expanded mesh; ε = 16.7%);
(B10S) FE simulation according to B10; (B2) diameter of rolls—130 mm (wire mesh; ε = 9.4%); (B20)
diameter of rolls—130 mm (wire mesh; ε = 16.3%).

The comparison of the experimental and numerical values of the distortion angle
shows that there is a certain deviation. It would be interesting to investigate the source of
this deviation in detail in further studies. According to the experience of the authors, the
deviation is probably related to the applied friction laws as well as to the behavior of the
metal at the elastic–plastic transition. In the case of smaller rolls (experiments A1–A10), the
predicted value of α(1−0) according to Equation (5) was one degree higher for both high and
low form factors F according to Equation (4). The deviation of the predicted values of the
distortion angles for experiments with larger rolls (B1–B10) disappears with the increase in
F, which in this case means an increase in the roll reduction.

The effect of form factor F during roll patterning of the assemblies Al1 + Nexp +
Cu1 + Nexp + Al1 and Al1 + Nwire + Cu1 + Nwire + Al1 (see Figure 3) in mills with various
diameters of rolls is depicted in Figure 7. Additional rolling with a lower reduction was
performed to verify that the growth of the distortion angle maintains its proportionality to
the form factor when its values are less than 1.1 (additional point A30’).
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Figure 7. Values of the experimentally obtained distortion angle to pattern aluminum–copper–
aluminum matrices with steel netting inlay: (A3) diameter of rolls—65 mm (expanded mesh;
ε = 10%); (A30) diameter of rolls—65 mm (expanded mesh; ε = 29%); (A4) diameter of rolls—
65 mm (wire mesh; ε = 11%); (A40) diameter of rolls—65 mm (wire mesh; ε = 21%); (B3) diameter
of rolls—130 mm (expanded mesh; ε = 12%); (B30) diameter of rolls—130 mm (expanded mesh;
ε = 28%); (B4) diameter of rolls—130 mm (wire mesh; ε = 14%); (B40) diameter of rolls—130 mm
(wire mesh; ε = 21.8%); (A30‘) diameter of rolls—65 mm (expanded mesh; ε = 14.6%).

During the experiments it was observed that the distortion angle of the expanded
mesh demonstrates the ability to distort up to 9 degrees. Beyond this threshold value, the
mesh is fractured due to clamping between the matrices.

4. Discussion

According to the results of the geometric change of the netting inlay during roll pat-
terning of both aluminum and Al-Cu-Al matrices, it should be noted that this effect can be
assumed to be linear, which allows it to be described with equations of the following types:

α1−0 = k1F− b1 (6)

or
α1−0 = k2ε− b2, (7)

where k1 is the proportionality factor in Equation (6), which indicates the intensity of
distortion-angle change or how many degrees of the distortion angle α1−0 is added per
unit of form factor F; k2 in Equation (7) describes the relationship between the distortion
angle and the percentage of rolling reduction ε; b is the so-called delay factor which
indicates the threshold of sensitivity of the netting to distortion as a function of form
factor F (regarding b1) or rolling reduction ε (regarding b2). The values of the coefficients
in Equations (6) and (7) are given in Table 1:
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Table 1. Values of the coefficients in Equations (6) and (7).

Experimental Code k1 b1 k2 b2

A1–10 11 ± 0.1 8.4 0.68 2.25
A2–20 11 ± 0.1 12.4 0.66 5.63
B1–10 6.7 ± 0.15 8.0 0.58 2.78
B2–20 6.7 ± 0.15 9.9 0.58 4.41
A3–30‘ 9.4 ± 0.2 1.9 0.64 −2.4
A4–40 9.4 ± 0.2 5.0 0.46 0.14
B3–30 6.2 ± 0.1 6.0 0.37 1.6
B4–40 6.2 ± 0.1 9.0 0.33 3.7

The values of coefficient k1 from Table 1 reveal that the intensity of the change in angle
is almost independent of the netting type for the same type of assembly Al1 + N + Al1
as well as of Al1 + N + Cu1 + N + Al1. The variation range is ± 0.1. . .0.2, which equals
1. . .2%.

Regarding the dependence related to the rolling reduction according to Equation
(7), it can be observed that each percent of rolling reduction provides a certain change in
distortion angle. The independence of the distortion angle on the type of netting, according
to the values of coefficient k2, is retained only for rolling of the assemblies Al1 + N + Al1
in larger rolls (experiments B1–10 and B2–20). The ranking of the experimental parameters
in degrees per percent of the rolling reduction is presented in Table 2.

Table 2. Ranking of the experimental parameters relating to values of coefficient from k2.

Position Value of k2
Experimental Parameters

Assembly Roll Diameter Experiment

1 0.68 Al1 + Nexp + Al1 65 mm A1–10
2 0.66 Al1 + Nwire + Al1 65 mm A2–20
3 0.64 Al1 + Nexp + Cu1 + Nexp + Al1 65 mm A3–30‘
4 0.58 Al1 + Nexp + Al1 130 mm B1–10
5 0.58 Al1 + Nwire + Al1 130 mm B2–20
6 0.46 Al1 + Nwire + Cu1 + Nwire + Al1 65 mm A4–40
7 0.37 Al1 + Nexp + Cu1 + Nexp + Al1 130 mm B3–30
8 0.33 Al1 + Nwire + Cu1 + Nwire + Al1 130 mm B4–40

Usage of the form factor to understand how rolling parameters affect the delay factor
is quite inconvenient. It is more helpful to analyze the values of the coefficient b2, which
indicate how much percent of rolling reduction has to be applied under certain conditions
to initiate a distortion of the netting. The ranking of the parameters that contribute to the
deformation of the mesh geometry is shown in Table 3.

Table 3. Ranking of experimental parameters related values of coefficient b2.

Position Value of b2
Experimental Parameters

Assembly Roll Diameter Experiment

1 −2.4 Al1 + Nexp + Cu1 + Nexp + Al1 65 mm A3–30‘
2 0.14 Al1 + Nwire + Cu1 + Nwire + Al1 65 mm A4–40
3 1.6 Al1 + Nwire + Cu1 + Nwire + Al1 130 mm B3–30
4 2.25 Al1 + Nexp + Al1 65 mm A1–10
5 2.78 Al1 + Nexp + Al1 130 mm B1–10
6 3.7 Al1 + Nwire + Cu1 + Nwire + Al1 130 mm B4–40
7 4.41 Al1 + Nwire + Al1 130 mm B2–20
8 5.63 Al1 + Nwire + Al1 65 mm A2–20
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Negative values of the coefficient b2 reveal how small rolls and how displacements of
the inlay from the rolling plane cause the mesh geometry to move even before the plastic
deformation of the entire assembly begins.

An analysis of both rankings (Tables 2 and 3) allows one to characterize the following
rolling parameters from the point of view of their influence on the distortion of the mesh
during the rolling pattern:

• Distortion of the mesh is proportional to the rolling reduction in the range of 9% to
28% until reaching 9 degrees;

• The smaller the diameter of rolls, the higher the ability to distort for both types of
netting; the expanded mesh shows slightly higher intensity and lower threshold of
distortion (positions 1 to 3 in Table 1 and 1 to 2 in Table 2);

• Displacement of the inlay from the rolling plane plays a significant role in lowering
the distortion threshold but also results in a lower distortion intensity (positions 1 to 3
in Table 2 and 6 to 8 in Table 1).

The qualitative visualization of the common influence of the investigated parameters
on the distortion of the mesh inlay is presented in Figure 8.
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5. Application of the Obtained Results in Oxygen-Free Production

According to the concept of “oxygen-free production”, the oxygen content is to be
reduced to extremely low levels [22]. In such an oxygen-free environment, completely
new energy-efficient and resource-conserving processes and overall production efficiencies
can be realized since new oxide layers do not form on newly created surfaces [23]. Hence,
one approach to facilitate an enhanced bonding of two metallic surfaces is isolating these
surfaces from oxidizing atmosphere. Here, polyethylene (PE) sealer bags were used to
create an evacuated atmosphere around the assemblies. This means that during the sub-
sequent roll bonding, the rolls do not come into contact with the outer metallic layer of
the matrix but with a thin PE film. Therefore, this process is called “bag rolling”. Such
an approach does not allow for the application of elevated temperatures and/or intense
rolling reductions to achieve bonding in a single rolling pass. The patterning of the contact
surfaces described above was aimed at increasing the contact stress at the bonding surfaces
without significant increase in rolling force. Thus, it can be used as one of the process steps
within the roll bonding technology chain depicted in Figure 9.



J. Manuf. Mater. Process. 2023, 7, 158 11 of 14

J. Manuf. Mater. Process. 2023, 7, x FOR PEER REVIEW 11 of 15 
 

 

 
Figure 8. Visualization of the influence of varying experimental parameters on the distortion of 
mesh inserts during roll patterning. 

5. Application of the Obtained Results in Oxygen-Free Production 
According to the concept of “oxygen-free production”, the oxygen content is to be 

reduced to extremely low levels [22]. In such an oxygen-free environment, completely 
new energy-efficient and resource-conserving processes and overall production efficien-
cies can be realized since new oxide layers do not form on newly created surfaces [23]. 
Hence, one approach to facilitate an enhanced bonding of two metallic surfaces is isolating 
these surfaces from oxidizing atmosphere. Here, polyethylene (PE) sealer bags were used 
to create an evacuated atmosphere around the assemblies. This means that during the 
subsequent roll bonding, the rolls do not come into contact with the outer metallic layer 
of the matrix but with a thin PE film. Therefore, this process is called “bag rolling”. Such 
an approach does not allow for the application of elevated temperatures and/or intense 
rolling reductions to achieve bonding in a single rolling pass. The patterning of the contact 
surfaces described above was aimed at increasing the contact stress at the bonding sur-
faces without significant increase in rolling force. Thus, it can be used as one of the process 
steps within the roll bonding technology chain depicted in Figure 9. 

 
Figure 9. Patterning of contact surfaces with subsequent roll bonding of three-layer composites in 
oxygen-free atmosphere: (1) assembly of type 𝐴𝑙ଵ + 𝑁ୣ୶୮ + 𝐶𝑢ଵ + 𝑁௘୶୮ + 𝐴𝑙ଵ; (2) roll patterning; (3) 
removal of the inlay; (4) surface activation and enclosing in a sealer bag in low-oxygen atmosphere 

Figure 9. Patterning of contact surfaces with subsequent roll bonding of three-layer composites in
oxygen-free atmosphere: (1) assembly of type Al1 + Nexp + Cu1 + Nexp + Al1; (2) roll patterning;
(3) removal of the inlay; (4) surface activation and enclosing in a sealer bag in low-oxygen atmosphere
or vacuum; (5) roll bonding of assembly of type Al + Cu + Al with patterned interfaces inside the PE
sealer bag; (6) Al + Cu + Al composite with oxide-free inner interfaces.

The functionality of such a process chain was tested using the following elements:

1. Assemblies were previously patterned using 130 mm diameter rollers with both
expanded mesh (B300) and wire mesh (B402);

2. Low-oxygen partial-pressure atmosphere was provided by vacuuming in a PE sealer bag;
3. Roll bonding at room temperature using three passes with approximately 10% rolling

reduction during each pass until 33% of accumulated reduction was reached
(Figure 10) without any additional surface treatment;

4. Control of the integrity of the insulating bag was performed after each pass using a
water bath;

5. Roll-bonded composites were tested regarding a primary bonding (mechanical joining)
after removal of the bag.
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Figure 10. Previously patterned Al + Cu + Al composites after rolling in isolating PE sealer bags
with an accumulated reduction of 33%: (B300) interface previously patterned with expanded mesh;
(B402) interface previously patterned with wire mesh.

Due to the reliability of the sealing bag, the reduction in single-pass rolling was limited
to 10%. The corresponding low strain is not sufficient to achieve a bonding. Here, obtaining
a bonding, which is not lost after post-rolling operations such as removing the sealer bag,
straightening and cutting, was evaluated as a positive result. Figure 11 shows patterned and
non-patterned samples roll bonded under identical conditions in the sealing bag after its
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removal. It can be observed that the patterned samples remain joined after such post-rolling
functional operations in contrast to the non-patterned specimen.

J. Manuf. Mater. Process. 2023, 7, x FOR PEER REVIEW 13 of 15 
 

 

 
Figure 11. Specimens after cold roll bonding in isolating PE sealer bags: (a) not patterned 𝐴𝑙 + 𝐴𝑙 
composite delaminated after post-rolling operations; (b) previously patterned interface with wire 
mesh. 

The surface of the specimen holding the bond from Figure 11 was patterned accord-
ing to experiment B10 (cf. Figures 5 and 6) with the value of the distortion angle of 7 de-
grees. 

The functional test showed that the use of patterned components enclosed in PE 
sealer bags after vacuuming seems to be a promising approach for oxygen-free cold roll 
bonding. For further development, the following features should be considered: 
• The strain hardening of components during patterning differs from non-patterned 

specimens; 
• Good results can be obtained if the inner component (here: copper) features a slightly 

higher yield stress and sufficient elongation capabilities; 
• Roll bonding in insulating sealer bags requires smooth surfaces of the assemblies; 
• The thickness of the insulating film does not decrease significantly in the deformation 

zone; failure is more likely to occur due to inhomogeneity of stress and/or surface 
inaccuracies; 

• Friction between rolls and film must be less than between rolls and composite, but 
this impairs the grip in the deformation zone; 

• Use of larger rollers in comparison with smaller ones provides longer life of the in-
sulation bag; 

• Alignment and guidance of the packed assembly when rolling is important to pre-
vent a bending of the rear end during rolling. 

6. Conclusions 
1. The use of form factor 𝐹 to describe the experimental results obtained during roll 

patterning with various roll diameters and roll reductions allows one to observe the 
common effect of these parameters on the distortion of the netting inlay made of two 
different types of meshes. The numerical simulation of the process using the FE soft-
ware QForm UK is in accordance with the obtained experimental values of the inlay 
distortion angle for 𝐹 ൐ 1.5. For lower values, it is observed that the predicted angle 
is one degree higher than the experimental value. 

2. Mesh angle distortion increases proportionally with the increase in rolling reduction 
for 0.33–0.68 degrees for each percent of strain until it reaches 9%. Further defor-
mation of the inlay results in its fracturing due to clamping of the mesh between the 
matrices. The highest intensity of distortion is observed during rolling with smaller 
rolls. 

3. The use of rolls with half the diameter is the second important factor, which increases 
the net distortion angle by about 30% in the whole field of experiments investigated. 

Figure 11. Specimens after cold roll bonding in isolating PE sealer bags: (a) not patterned Al + Al
composite delaminated after post-rolling operations; (b) previously patterned interface with wire mesh.

The surface of the specimen holding the bond from Figure 11 was patterned according
to experiment B10 (cf. Figures 5 and 6) with the value of the distortion angle of 7 degrees.

The functional test showed that the use of patterned components enclosed in PE sealer
bags after vacuuming seems to be a promising approach for oxygen-free cold roll bonding.
For further development, the following features should be considered:

• The strain hardening of components during patterning differs from non-patterned specimens;
• Good results can be obtained if the inner component (here: copper) features a slightly

higher yield stress and sufficient elongation capabilities;
• Roll bonding in insulating sealer bags requires smooth surfaces of the assemblies;
• The thickness of the insulating film does not decrease significantly in the deformation zone;

failure is more likely to occur due to inhomogeneity of stress and/or surface inaccuracies;
• Friction between rolls and film must be less than between rolls and composite, but this

impairs the grip in the deformation zone;
• Use of larger rollers in comparison with smaller ones provides longer life of the

insulation bag;
• Alignment and guidance of the packed assembly when rolling is important to prevent

a bending of the rear end during rolling.

6. Conclusions

1. The use of form factor F to describe the experimental results obtained during roll
patterning with various roll diameters and roll reductions allows one to observe the
common effect of these parameters on the distortion of the netting inlay made of
two different types of meshes. The numerical simulation of the process using the FE
software QForm UK is in accordance with the obtained experimental values of the
inlay distortion angle for F > 1.5. For lower values, it is observed that the predicted
angle is one degree higher than the experimental value.

2. Mesh angle distortion increases proportionally with the increase in rolling reduction
for 0.33–0.68 degrees for each percent of strain until it reaches 9%. Further deformation
of the inlay results in its fracturing due to clamping of the mesh between the matrices.
The highest intensity of distortion is observed during rolling with smaller rolls.

3. The use of rolls with half the diameter is the second important factor, which increases
the net distortion angle by about 30% in the whole field of experiments investigated.

4. There is a minimum value of rolling reduction for each assembly, after which the
angle of the mesh starts to warp. The value of this threshold depends on the diameter
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of the rollers and the type of mesh. The smaller the diameter of the rollers, the lower
the threshold.

5. Displacement of the inlay from the rolling plane is another important factor influ-
encing its deformation. The main mechanism of this effect is the lowering of the
distortion threshold, which in some cases induces plastic deformation of the inlay
even before the plastic deformation of the entire assembly has occurred.

6. Comparison of the wire mesh and the expanded mesh used as a patterning inlay
between aluminum matrices suggests that the type of mesh does not play a major role
in changing the intensity of the distortion angle for similar constructions of assemblies.

7. Interface patterning is an important technological element of oxygen-free roll bond-
ing due to its ability to increase the contact stress without significantly increasing
the rolling force, which is especially helpful when the surfaces of the rolls and the
composite interact through the protective film.
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