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Abstract: The most complex issue related to the design of high efficiency composite materials is the
behavior of the reinforcing component during the bonding process. This study presents numerical
and experimental investigations of the shape change in the reinforcing inlay in an aluminum-steel
mesh-aluminum composite during roll-bonding. A flat composite material consisting of two outer
strips of an EN AW 1050 alloy and an inlay of expanded C10 steel mesh was obtained via hot roll
bonding with nominal rolling reductions of 20%, 30%, 40% and 50% at a temperature of 500 ◦C. The
experimental procedure was carried out using two separate rolling mills with diameters equal to
135 and 200 mm, respectively. A computer simulation of the roll bonding was performed using the
finite element software QForm 9.0.10 by Micas Simulations Limited, Oxford, UK. The distortion
of the mesh evaluated via the change in angle between its strands was described using computer
tomography scanning. The dependence of the absorbed impact energy of the roll bonded composite
on the parameters of the deformation zone was found. The results of the numerical simulation of
the steel mesh shape change during roll bonding concur with the data from micro-CT scans of the
composites. The diameter of rolls applied during the roll bonding, along with rolling reduction and
temperature, have an influence on the resulting mechanical properties, i.e., the absorbed bending
energy. Generally, the composites with reinforcement exhibit up to 20% higher impact energy in
comparison with the non-reinforced composites.

Keywords: aluminum-steel reinforced composite; expanded steel mesh inlay; flat rolling; roll bonding;
deformation parameters

1. Introduction

Sheet composite materials based on an aluminum matrix and reinforced with internal
components, such as expanded steel mesh inlays, have great potential in the aerospace,
automotive, and maritime industries. Although the solid state reinforcement of aluminum
sheets results in a slightly increased specific weight, it extends the application of such
composites for construction purposes requiring high impact energy absorption as well as
fire resistance in comparison with conventional aluminum alloys.

Methods of reinforcing aluminum matrices with steel mesh during roll bonding were
studied in several recent papers. Stolbchenko, Makeieva, Grydin and others [1] used two
different types of steel mesh differently oriented in the composites with the EN AW 6063
and EN AW 5056 matrices. The authors observed that a wire mesh rotation by 45◦ with
respect to the rolling direction increases ductility during the roll bonding and the strength
of the roll-bonded composites.

As it was highlighted in [2], a wire mesh inside the aluminum matrix enhances the
tensile strength of the composite if the bonding between the matrix layers and the wires is
present. Such a conclusion was made also by Huang, Wang and Liu [3]. They processed a
solid aluminum substrate (the so-called solid-liquid cast-rolling bonding (SLRCB)) into a
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material by twin-roll casting. The strength of EN AW 1060 alloy increased almost by 30%
due to reinforcement with an austenitic steel mesh inlay.

A study of roll bonding [4] was focused on the identification of appropriate rolling
reduction for composites consisting of the matrix of an alloy EN AW 5083 reinforced with
wire mesh positioned diagonally to the rolling axis. The authors studied the deformation
of both the mesh shape and the wire cross-section, considering the following parameters:
the distortion of the mesh cell, the thinning of the wire thinning, and the ovalization
(flattering) of the wire. It was observed that these deformation parameters increased with
an increase of the rolling reduction. The authors concluded that a rolling reduction in the
range between 35% and 45% at temperature 500 ◦C provides the best combination of tensile
and impact properties in roll-bonded composites.

Gülenç et al. [5] applied the explosive welding process for the reinforcement of an
aluminum sheet with a steel mesh. The authors found that aluminum composite reinforced
with the wire mesh exhibits a greater adsorption of impact energy when the mesh inlay is
rotated by 45◦ with respect to the testing direction. Furthermore, Hufenbach et al. observed
a significant rise (up to 400%) of fracture toughness in AM50 alloy reinforced with austenitic
steel mesh inlays [6]. A gas pressure infiltration method was applied to manufacture the
composites in this study.

Although various processes can be applied to reinforce aluminum sheets with steel
mesh inlay, roll bonding appears to be the most promising manufacturing technique, due
to its consistency, predictability, and easy controllability during processing in comparison
with the other processes mentioned above.

The authors of [1,2,4] reported that the use of woven mesh inlays provokes local strain
in wire overlapping areas. Such an effect could be explained by significant wire ovalisation
during roll bonding. Furthermore, the authors observed voids in the aluminum matrix
in the vicinity of intersection zones, which reduce the bond strength and present stress
concentration sites. Similar voids were also observed in casted [3] as well as gas pressure
infiltrated composites [6].

Ferro, Fabrizi, Bonolo and Berto [7] studied the precipitation of intermetallic phases
at the interface between Al-matrices and reinforcing inlays in casted composites. They
stated that even very low numbers of lack-of-filling defects as well as lack-of-bonding
areas significantly weakens the matrix-reinforcement interface. Furthermore, solution heat
treatment of casted composites induced the precipitation of the coarse intermetallic layer
in the metallurgically bonded areas formed during the bonding. Thus, these two limits
diminish the potential of casting technique for manufacturing high-quality composites
with a woven mesh.

In contrast to the wire mesh, expanded metal does not have interlacing wires. There-
fore, it seems to be a better option for roll-bonded reinforced aluminum-based composites.
The authors [8,9] studied the roll bonding process of a composite made of an aluminum
alloy and AISI 304 steel expanded mesh. The mesh in the as-delivered state was rolled
between two aluminum strips with a rolling reduction of 30% at 500 ◦C. The peel strength
of the composites with a wire mesh inlay was superior to that of the expanded mesh, as the
latter had a higher destruction rate. However, the optimal hot roll bonding temperature
of 450–550 ◦C, which improves both ductility and bonding between composite layers,
results in an embrittlement of the austenitic steel mesh [10]. Thus, the authors applied
a preliminary solution heat treatment of the expanded mesh to increase its ductility for
further experiments.

After experiments with the twin-roll casting of soft aluminum and its simultaneous
reinforcement with high-strength but brittle carbon- or glass fiber-reinforced aluminum,
the authors of study [11] concluded that even low rolling reduction leads to the significant
growth of stress inhomogeneities and fractures in reinforcing fibers during the manufactur-
ing process.

The authors of [4] found a so-called “zip bonding” effect, in which soft matrix metal
encloses the hard wires due to their consistent ovalisation and turning. It provides an
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inherent, “mechanical” bond strength even at a rolling reduction about 25%. Such a
technique does not provide sufficient bond, but stops macro sliding between the matrix
and the reinforcement.

An increase of the rolling temperature significantly improves the bonding capacity for
various combinations of matrices and inlays. The authors of [12] studied the influence of
roll bonding temperatures and rolling reduction on the peel strength of Al-Al composites.
Complex technology, including twin-roll casting, annealing, and the cold rolling of Al-
Al composites was analyzed in [13]. The mechanics of hot and cold roll bonding were
investigated in [14]. Cold rolling was applied in [15] for Al layers completely separated
with a stainless steel sheet. The influence of annealing parameters on the mechanical
properties of Al-steel-Al composites was investigated by Manesh and Taheri [16]. The
temperature during the rolling as well as during roll bonding was a focus of study [17].
Subsequent annealing stimulates the diffusion between the layers, which, on the one hand,
improves bonding strength, but, on the other hand, results in the formation of intermetallic
phases on the interface. These phases, in turn, can have different effects on the mechanical
properties depending on the alloys used as a composite’s components [18,19]. The majority
of researchers in this field have also studied the effects of roll bonding parameters on
the bond strength of composite components. They have concluded that elevated rolling
reduction increases the peel strength [20,21]. Such a statement is reasonable up to a certain
threshold value, which is described in [22,23]. Thus, the results of the above-mentioned
studies highlight the complexity of the plastic flow behavior of the composite elements
during hot roll bonding; however, further investigation of this manufacturing process is
required.

Some of these recommendations were implemented in [23], where the authors identi-
fied the following aspects as significant components of the expanded mesh deformation:

• cell elongation with the turning of strands (wires) occurs in the range of 0–30% rolling
reduction (RR);

• contraction of the strand (wire) cross-section (20–50% RR);
• reduction of the intersection area with clear strand ovalisation (flattering) can be

observed in the 40–50% range of rolling reduction.

The deformation of the inlay during roll bonding is caused by hydrostatic pressure
within the aluminum matrix. Simultaneously, elongation of the inlay is a result of the rapid
flowing of aluminum due to higher strain in the matrix than in the reinforcement. An
increase of the angle between the mesh and the rolling direction allows for an estimation of
the conditions required to reach the optimal angle between the reinforcing strands. Such
an angle could result in a lower anisotropy of the mechanical properties of the composite.

The finite element simulation of composites nowadays develops in two main direc-
tions: the manufacturing process, including deformation and heat treatment [24,25], as
well as in the composite performance under load [26,27].

Based on the presented data, the behavior of the expanded steel mesh inside the
aluminum matrix during roll bonding has not been studied sufficiently to date. Therefore,
the development of an experimental as well as a simulation procedure to describe the
deformation of expanded metal during roll bonding is the aim of the current study.

2. Materials and Methods

Two research methods were applied to investigate the behavior of expanded mesh
during roll bonding: the experiment and numerical simulations.

2.1. Materials

Three-layered composites, i.e., aluminum-steel mesh-aluminum, were prepared with
the following configuration:

• outer layers: EN AW 1050 matrix made of hot extruded strip with dimensions
(h × b × l) 3 × 70 × 200 mm;
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• inlay: expanded steel mesh of steel C10 (1.0301 by EN 10277-2) with outer dimensions
(t × b × l) of 0.5 mm × 70 mm × 200 mm, cell size of 2 mm × 4 mm, and mesh angle
(in plane) of 57◦.

Assembled billets were jointed and fastened together with aluminum rivets near
the corners of each piece. According to the recommendations in [23], the stress relief
recrystallisation annealing was applied to steel inlays before assembling. Additionally, the
surface brushing of aluminum strips was performed before assembling.

2.2. Experimental Procedure

Experiments were carried out using two different rolling mills with similar rolling
reductions to investigate the influence of the deformation zone length on the mesh distor-
tion as well as the properties of rolled composites. The rolling mill with a roll diameter of
200 mm is called “duo”, and the one with a roll diameter of 135 mm “quarto”. Before the
roll bonding billets were heated up to 500 ◦C, the temperature of the metal was controlled
with thermocouples placed inside the specimens. All roll bonded composites were addi-
tionally exposed to stress relief annealing at 500 ◦C for 20 min. The same rolling procedure
was applied to non-reinforced composites.

Nominal rolling reductions were calculated according to the adapted method [2]:

εh composite =
h0 Al − hcomposite

h0 Al
× 100% (1)

where h0 Al is the sum of the thicknesses of both layers of the aluminum matrix, and
hcomposite is the thickness of the roll-bonded composite. In the presented study, h0 Al was
equal to 6 mm.

The length of the deformation zone was calculated using the following equation:

ld =

√
Rr

h0 Al − hcomposite
(2)

where Rr is the radius of the rolling roll.
For the average thickness of the composite in the deformation zone:

h =
h0 Al + hcomposite

2
(3)

The form factor of the deformation zone was defined as the ratio

Ff =
ld
h

(4)

The detailed rolling schedule and experiment code are presented in Table 1:

• “d”—duo (diameter of rolls: 200 mm); “k”—quarto (diameter of rolls: 135 mm);
• “20”, “30”, and “40”—nominal rolling reduction;
• “0”—non-reinforced composites.

Each value in Table 1 was calculated as an average value of at least three rolled
samples. The discrepancy between the nominal and experimental rolling reductions as
well as the final thickness values is caused by the elastic deformation of the mill cage and
is more obvious in the case of the duo mill. The transverse flow of the material during roll
bonding is considered as negligible because the widening of the composite did not exceed
2.2%, as the mesh inlay prevents the matrix from widening [2].
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Table 1. Nominal and experimental thicknesses of roll-bonded composites: h0 Al—the sum of the
thicknesses of both layers of the aluminum matrix; hcomposite—thickness of the roll-bonded composite
εhcomposite—rolling reduction of whole composite (1); ld—the length of the deformation zone (2);
h—the average thickness of the composite in the deformation zone (3); Ff—the form factor of the
deformation zone (4).

Experiment
Code

h0 Al
mm

Nominal
hcomposite

mm

In Fact
hcomposite

mm

In Fact
εhcomposite

%

Calculated
ld

mm

Calculated
¯
h

mm

Calculated
Ff

d20-0 6.00 4.80 4.85 19.20 10.72 5.43 1.98

d20 6.00 4.80 4.87 18.80 10.63 5.44 1.96

k20-0 6.00 4.80 4.85 19.20 8.81 5.43 1.62

k20 6.00 4.80 4.87 18.80 8.73 5.44 1.61

d30-0 6.00 4.20 4.33 27.89 12.92 5.17 2.50

d30 6.00 4.20 4.35 27.53 12.84 5.18 2.48

k30-0 6.00 4.20 4.28 28.59 10.77 5.14 2.10

k30 6.00 4.20 4.31 28.24 10.68 5.16 2.07

d40-0 6.00 3.60 3.78 36.95 14.90 4.89 3.05

d40 6.00 3.60 3.80 36.64 14.83 4.90 3.03

k40-0 6.00 3.60 3.71 38.18 12.43 4.86 2.56

k40 6.00 3.60 3.73 37.88 12.38 4.87 2.54

Analysis of mesh shape change in the composite during roll bonding was performed
using X-ray-based micro-CT desktop scanner SkyScan 1275 (µCT) made by Bruker ASX
GmbH (Karlsruhe, Germany) with a source power of 10 W and a 1.0 mm copper filter.
Specimens of roll-bonded reinforced composites were scanned with a rotation step of
0.4◦ and a pixel size of 10 µm. The reconstruction from the specimens’ projections to the
transverse cross-sections was performed using software NRecon 2.0 by Micro Photonics
Inc. Allentown, PA, USA. Subsequently, the cross-sections were processed in the CTAn
1.15 software by Micro Photonics Inc. Allentown, PA, USA to separate the steel mesh and
aluminum matrix. Finally, the processed cross-sections were assembled to the volume
and captured with the software CTVox 2.2 software by Micro Photonics Inc., Allentown,
PA, USA.

The mechanical properties of the composites were analyzed with the help of impact
bending tests. They were carried out using a 150 J pendulum impact tester at a room tem-
perature. Specimens were cut to the following dimensions: hcomposite × 20 mm × 55 mm.
Such a width of the specimen was chosen to provide the presence of at least 4 complete
mesh cells inside. The amount of impact energy absorbed by a composite’s body lied in a
range between 11 J and 38 J. Specimens did not fracture during the test procedure. Consid-
ering the various thicknesses of the composites, obtained at different rolling reductions,
the absorbed energy value was divided by the moment of inertia (Iz) for the rectangle
hcomposite × 20 mm, as is recommended in [28]. The moment of inertia was calculated for
the initial specimen-to-pendulum contact line. The bending radius and residual bending
angle were also measured in the specimens after testing.

2.3. Simulation Procedure

Simulation of the roll bonding process is aimed to gain numerical data regarding
the deformation of relatively hard inlays in the relatively soft surrounding of aluminum
matrices during the roll bonding process. The unique features of the designed simulation
tool are both the consideration of axial flow, as it was presented in [23], and the flattering of
expanded mesh in the deformation zone. Figure 1 presents a view of the simulation process,
which represents the transformation of Al-steel mesh-Al sandwich to the composite during
roll bonding.
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The model was validated by comparing the geometrical characteristics of the mesh
after the numerical simulation and experimental rolling passes. The finite element (FE)
simulation of the roll bonding process was performed using the QForm 9.0.10 software
by Micas Simulations Limited, Oxford, UK. QForm is the commercial software designed
for the FE mathematical modeling of metal forming processes solving thermomechanical
tasks, including the interaction of deformable workpieces with technological tools and
equipment [29]. 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, the compression conditions, plasticity, and energy balance equations [25]. The
geometry of the rolling rolls, aluminum sheets as well as the mesh were designed using the
CAD system. The special subprogram of QForm software was applied for the discretiza-
tion of geometrical models using tetrahedron finite elements with the following minimal
dimensions: half-matrix—0.4 mm; the mesh—0.1 mm; rolls—0.3 mm. The conditions of the
simulation correspond to the experimental rolling in the whole range of reductions. The
parameters of both the matrix and inlay materials were taken from the program database
for aluminum EN AW 1050 and steel 1.0301 correspondingly. The widening of the strip
was restricted by frictional reaction stress [30], as the ratio between the initial strip width
and the length of the deformation zone (ld) (see Table 1) in most cases didn’t exceed 5. This
correlates with the results presented in [2] for reinforced composites. Plane-strain flow was
assumed [31], which was supported by the fact that the composite expanded during the
experiment insignificantly. To ensure the relative uniform deformation of all components
(the mesh inlay and outer layers), the feature “full surface bonding” was applied for the
respective interfaces. This allowed us to consider the composite already “joined” before
the roll bonding step and to prevent the components from sliding. The friction between
the outer matrix surfaces and the rolls was calculated using the Levanov model [32]. The
specific friction stress τ was proportional to the maximum shear stress and the friction
factor, which takes into account the contact pressure and material flow stress:

τ = m·τsk·
(

1− e−1.25· σn
σs

)
(5)

where m is the friction factor (m = 0.8 in this study), and τsk is the maximum shear stress
at shear:

τsk =
σs√

3
(6)

where σn is contact pressure, σs is the material flow stress.
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The flow stresses of the C10 steel and EN AW 1050 alloy were adjusted by means
of the Hensel-Spittel model [33,34], which considers initial strain resistance, temperature,
strain, and strain rate, and is defined as follows:

σs = A·em1·T ·εm2 ·em4/ε·(1 + ε)m5·T ·em7·ε· .εm8·T (7)

where A is constant; m1 to m8 are coefficients considering the influence of the current
deformation conditions on the flow stress (Table 2), T is the deformation temperature, ε is
strain, and

.
ε is the strain rate.

Table 2. Coefficients of the Hensel-Spittel model for the components of the roll bonded composite:
A: material constant; m1 to m8: coefficients considering the influence of the current deformation
conditions on the flow stress.

Material A m1 m2 m4 m5 m7 m8

EN AW 1050 367.651 −0.00463 0.32911 0.00167 −0.00207 0.16592 0.000241

1.0301 2171.12 −0.00222 0.42056 0.00117 −0.00220 0.51586 0.000145

To calculate the deformation of the composite components, the effective plastic strain
was applied in the simulation. It is defined as:

ε
p
e f =

∫
l

dε (8)

where ε is the strain intensity, which is defined as:

ε =

√
2

3

√(
εx − εy

)2
+
(
εy − εz

)2
+ (εz − εx)

2 +
3
2
(
γxy2 + γyz2 + γzx2

)
(9)

where εx,εy, εz, γxy γyz γzx are corresponding components of the plastic strain tensor; the
Hencky finite strain tensor was used in the QForm software.

The thermal conductivity model is defined as:

k
(

∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
+ qG = pc

∂T
∂t

(10)

where k is the thermal conductivity coefficient (k = 217 W/mK here), T is temperature,
p is density (kg/m3), c is specific heat (J/kgK), t is time (s), and qG is the power of the
distributed volumetric heat source. The last one is defined as the sum of the power of the
external heat source unit qν (given by the initial data) and the heat generation caused by
the plastic deformation qp, which can be defined as follows:

qp = βpσ
.
ε (11)

where βp is the deformation-into-heat transformation coefficient (0.9 in this study), σ is the
effective strain, and

.
ε is the effective strain rate.

Fourier’s law was used to determine the boundary conditions:

qn = −k
∂T
∂n

(12)

where n is the surface which is normal to the heat transfer direction, and qn is the thermal
flux through the heat transfer surface, which is the sum of the convection heat transfer and
radiation heat transfer at the surface of the composite and roll. The Newton-Richman law
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was used for the calculation of the convective heat transfer between the rolls and the outer
layers of the composite:

qn = bα∆T, (13)

where α is the heat transfer coefficient (α = 100,000 W/m2K here), b is the coefficient
which shows how the heat transfer rate should be reduced in the absence of tight contact
between the workpiece and the tool, ∆T is the temperature difference between the tools
and the workpiece.

The radiation heat transfer is defined as:

qr
n = εσ0

(
T4

1 − T4
C

)
(14)

where ε is the real body emissivity factor (the ratio of the given body emissivity to the
absolute black body emissivity at the same temperature), σ0 = 5.67·10−8 W·m−2·K−4

is the Stefan–Boltzmann constant, T1 is absolute body temperature, and Tc is absolute
environment temperature.

3. Results and Discussion
3.1. µCT-Imaging of Roll Bonded Composites

Three-dimensional reconstruction of the scanned composites simplifies the analysis
of the deformation of the inlay through the mesh angle observation. A general view
of the reinforcing mesh inside the roll bonded composite is presented in Figure 2. The
reconstruction also shows the range of thicknesses of the mesh elements.
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Figure 2. General view of reinforcing mesh inside the roll-bonded composite; RD: rolling direction.

As concluded in [28], the change in the mesh angle is the major parameter of the inlay
deformation during roll bonding. However, it loses the dominating role with an increase
in rolling reduction. Figure 3 shows the procedure for measuring the mesh angle with the
help of plane projection from µCT scans in order to calculate the mesh deformation.
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Figure 3. Example of the change of the mesh angle during roll bonding on the plane projection of the
µCT-image; RD: rolling direction.

Values of the measured mesh angle as well as its increment divided by the rolling
reduction are presented in Table 3. These values allow for the estimation of the change
of the mesh angle depending on the reduction and the diameter of the rolls. An increase
in rolling reduction in the range between 20% and 40% continuously increases the mech
angle. The increment of the mesh angle stops at 50% reduction in the case of the rolling
mill “quarto”, which was observed after one additional experiment series. Roll bonding
using the “duo” mill leads to lower values of the mesh angle increment within the whole
range of reductions.

Table 3. Measured parameters of the mesh changes during the roll bonding: the mesh angle and the part of the mesh in the
composite’s thickness occupied with reinforcing mesh after experimental rolling.

Experiment
Code

Initial Mesh
Angle,

Degrees

Final Mesh
Angle

(Experiment),
Degrees

Increment of the
Mesh Angle Per

Percent of Rolling
Reduction

(Experiment)

Final Mesh
Angle

(Simulation),
Degrees

Increment of the Mesh
Angle Per Percent of
Rolling Reduction

(Simulation)

Part of the Mesh
in Composite’s

Thickness

d20 57 62 0.27 63 0.30 0.08

k20 57 65 0.42 64 0.35 0.10

d30 57 69 0.44 72 0.50 0.09

k30 57 71 0.5 72 0.50 0.10

d40 57 76 0.52 82 0.63 0.09

k40 57 79 0.58 83 0.65 0.11

k50 * 57 79 0.46 97 0.80 0.12

* Additional experimental rolling with a nominal reduction of 50% using the “quarto” mill.

Despite the volume fraction of the reinforcing inlay according to the volume constancy
remaining unchangeable and equaling 4.4 ± 0.5% in this study, the portion of the mesh
in the composite’s thickness grew with increasing rolling reduction. Such an effect is
explained by the turning of the mesh as well as by the above mentioned increment of
the mesh angle. Besides the angle evaluation, reconstruction of the mesh inside the roll-
bonded composite with the help of µCT-scans allowed for the detection of possible defects
and failures. In general, all scanned specimens retained integrity of the mesh body after
roll bonding (Figure 4). Visible hotspots of localized deformation were observed both
after roll bonding with a nominal reduction of 40% using the “duo” mill, and with a
nominal reduction of 50% using the “quarto” mill. It is relevant to highlight here that such
hotspots were not observed after roll bonding with a nominal reduction of 40% using the
“quarto” mill.
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3.2. FE Simulation Using QForm Software

The novelty of the simulation section of this study consists in designing the FE model
to predict the 3D deformation steel mesh surrounded by aluminum sheets during roll
bonding. The following aspects are considered in this model:

• The nonaxial stretching of the mesh in the initial stage;
• The alignment of the mesh parallel to the rolling direction;
• The change in the mesh angle inside the deformation zone;
• The thinning and flattering of the mesh components.

Figure 5 demonstrates the plane projection of the mesh inside the deformation zone
during roll bonding using the “quarto” mill with a nominal reduction of 40% (a). Compari-
son of the simulation and experimental results allows us to conclude that the change in the
mesh angle inside the deformation zone in the designed FE model precisely reproduces
our experimental result (Figure 5b). The evaluation of the thinning and flattering of the
mesh components in the FE model and their comparison with experimental data will be
performed within the scope of future work.

The experimentally revealed and simulated mesh angles are in good agreement with
each other in the range of rolling reductions between 20% and 30% (“duo”), and between
20% and 40% (“quarto”). Higher deviations in the mesh angle calculations might be a result
of localized deformation in the inlay’s body and the beginning of fractures which took
place in the experiments d40 and k50. Simulation of the near-fracture area is a bottleneck
of software developed for the calculation of plastic deformation.

3.3. Impact Bending Tests

Impact bending tests were carried out for both the reinforced and non-reinforced
composites manufactured with 20%, 30%, and 40% reductions (see Table 1). The results of
this testing are summarized in Figure 6.

An increase of rolling reductions improves the specific impact energy in all tested
samples. Furthermore, a smaller roll diameter results in better values of the specific impact
energy, independent of the composite type and rolling reduction. Simultaneously, the
following differences between the “duo” and “quarto” mills can be highlighted:
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• The “duo” mill provides a higher increase of specific impact energy in non-reinforced
composites;

• Roll bonding in the “quarto” mill increases the specific impact energy in reinforced
composites.
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Figure 5. The transformation of expanded mesh geometry as a reinforcing component during the roll
bonding of the aluminum matrix: (a) development of the mesh geometry along the deformation zone
(rolling reduction 40%, “quarto” mill) obtained after the FE simulation using QForm 9.0.10 software;
(b) the fragment of simulated geometry overlapping with the CT reconstruction image of the mesh
inlay after the experimental rolling of the aluminum composites.

3.4. Discussion

The novelty of the data presented in this manuscript consists of the development of a
FE simulation of the complex process of roll bonding, with a focus on the 3D transformation
of a deformable hard inlay in a soft surrounding aluminum matrix. Our other two findings
answer more practical questions:

• How does the diameter of rolls influence the mechanical performance of composites?
• Is it possible to use relatively cheaper construction steel instead of stainless steel as an

inlay for reinforcing?

Considering the results presented in [35], and taking into account the relative portion
of the mesh in the composite’s body (see Table 3), which does not exceed 5%, the composites
in the current study can be classified as lightly reinforced composites. For such composites,
defects occurring on their inner interfaces can outweigh the strength of the reinforcing
component. Simultaneously, the relatively low content of the reinforcing inlay does not
increase the specific weight of the composite. According to the data presented in Table 3,
the theoretical specific weight of the reinforced composites increases for app. 8% up to
2.9 gr/mm3. This highlights the importance of appropriate deformation parameters during
the roll bonding, which allows for the design and manufacturing of lightly reinforced
composites. The presented results (see Figure 6) allow us to conclude that roll bonding
using the “duo” mill does not meet such requirements. Obviously, this is because the
length of the deformation zone are app. 20% greater than in the “quarto” mill (see Table 1).
This difference was observed in the entire range of reductions. The elevated length of the
deformation zone hinders the movement of the inner layers of the composite alongside
the rolling direction due to the higher friction force, which is in agreement with the results
presented in [36]. The so-called sticking zone shifts the deformation to the exit of the



Metals 2021, 11, 1044 12 of 15

rolling gap, where the axial tensile stress increases rapidly. Such conditions facilitate the
delamination between adjacent layers, as shown in [4]. In accordance with [23], Figure 7
demonstrates a case where the residual ductility of the mesh inlay is too low, due to strain
hardening during previous stages of manufacturing (a). Another example (b) represents a
situation where the intensity of tension caused by the increased sticking zone is too high
(b) (see Table 1, d40).
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Figure 6. The specific impact energy absorbed by both non-reinforced and reinforced composites roll
bonded with nominal reductions of 20%, 30%, and 40% using two types of rolling mills. Letters “d”
and “k” mean the type of the rolling mill: “d” is duo (diameter of rolls: 200 mm) and “k” is quarto
(diameter of rolls: 135 mm); numbers 20, 30 and 40 point to the nominal rolling reduction; “0” is the
marker for non-reinforced composites.

In contrast to the “duo” mill, the “quarto” mill, with a shorter length of the defor-
mation zone, allows us to avoid the abrupt transition from the sticking zone with high
hydrostatic pressure to the axial tension at the exit from the rolling gap. This keeps the
inlay intact, and, especially at a sufficient reduction, leads to the rise of impact properties
of app. 20%.

Thus, the value of the mesh angle can be considered as a criterion for sufficient rolling
reduction. Here, the angle should be as close as possible to 90◦. However, the localization
of deformation in certain zones of the mesh is a restricting parameter (see Figures 4 and 5).
Comparison of the results of the current study (inlay made of C10 ferritic-pearlitic steel
expanded mesh) with results published in [23] (inlay-AISI 304 austenitic steel expanded
mesh) allows us to conclude that the mesh angle of the inlay made of construction steel is
two times less sensible to the rolling reduction. Generally, the quantitative evaluation of
that difference can be described as follows: each percent of rolling reduction applied to
composites reinforced with austenitic steel mesh increases the mesh angle by one degree. In
the case of ferritic-pearlitic steel, two percent of reduction is necessary to achieve the same
result. Qualitative as well as quantitative data obtained in this study allowed us to identify
tools which improve the impact properties of aluminum-steel mesh-aluminum composites:

- The enhancement of the volumetric part of reinforcement (pilot experiments show that
content of the expanded mesh up to 20% does not significantly spoil the outer surface);

- The application high-strength Al-alloys;
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- The application of innovative alloys and technologies, e.g., the additive manufacturing
of the inlay. Finally, reinforced composites have the potential to serve as fire-resistant
materials, for which performance in flames depends on the geometry and properties
of the inlay.
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the use of non-annealed expanded mesh; (b) localized deformation in the annealed mesh inlay as a
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code d40).

4. Conclusions

1. The behavior of the expanded mesh of the construction steel during roll bonding
between two aluminum sheets was successfully analyzed by the designed simulation
model and validated by the experimental date.

2. The designed FE model for the prediction of the 3D deformation of the steel mesh in
roll-bonded composites considers the following aspects: the nonaxial stretching of
the mesh in the initial stage; the alignment of the mesh along the rolling direction; the
change in the mesh angle inside the deformation zone; the thinning and flattering of
the mesh components.

3. Roll bonding experiments with a temperature of 500 ◦C using two separate rolling
mills with rolls with a diameter of 135 mm and 200 mm, respectively, were performed
to investigate the influence of the length of the deformation zone on the mesh distor-
tion as well as on the properties of the roll-bonded composites. It has been revealed
that the mesh angle of the inlay of ferrite-pearlite steel is two times less sensible to the
rolling reduction in comparison with a similar mesh of austenitic steel.

4. The distortion of the mesh was analyzed using computer tomography scanning and
subsequently evaluated via the increment of the angle between mesh strands.

5. Lightly reinforced composites with a relative part of the reinforcing component below
5% are sensitive to deformation parameters during roll bonding. Not only rolling
reduction and temperature, but also the length of the deformation zone related to the
diameter of rolls influences a composite’s impact properties.

6. The elevated length of the deformation zone hinders the movement of the inner layers
of the composite alongside the rolling direction due to friction force. The so-called
sticking zone shifts the deformation to the exit of the rolling gap, where the axial
tensile stress increases rapidly. Such conditions facilitate the delamination between
adjacent layers.

7. Lightly reinforced composites in this study exhibit better impact properties in com-
parison with non-reinforced ones. The maximal rise of specific impact energy for
20% exhibits the reinforced composite rolled with a rolling reduction of 40% using a
mill with smaller rolls. A similar reduction applied to the composite in the mill with
greater rolls significantly deteriorates the impact properties.
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