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INFLUENCE OF DEFORMATION PARAMETERS
ON MECHANICAL BEHAVIOUR OF ALUMINIUM-MAGNESIUM
ROLL-BONDED COMPOSITES WITH KIRIGAMI-STRUCTURED INLAYS

Purpose. To assess how the mechanical properties of a composite material comprising EN AW 1050 aluminium,
and kirigami-inspired structure made from E235 steel and AZ31 magnesium alloy, depend on the initial configuration
of its components and the degree of reduction during roll bonding.

Methodology. The study involved roll-bonding five-layer composite sheets with the following configuration: two
of the internal layers consisted of a kirigami structure implemented using an expanded metal mesh made from low-
carbon steel. The outer matrix layers were aluminium alloy sheets, and the core matrix layer was formed from magne-
sium alloy sheets. The transformation of the kirigami structure within the composite was assessed using X-ray analy-
sis. The mechanical properties of the composites were evaluated using three methods: impact bending tests, three-
point bending tests and ball indentation tests.

Findings. Experimental investigations yielded data on how the kirigami structure transforms within the five-layer
composite, depending on the rolling reduction. It was found that a rolling reduction of 55 % provided an isotropic
mechanical response. Mechanical testing showed that the energy absorption capacity was enhanced by 60—70 % with
kirigami inlay, even under complex stress—strain conditions. The stiffness of the reinforced composite was found to
be several times higher than that of unreinforced aluminium.

Originality. This study is the pioneer in analysing the combined effect of component configuration and rolling
reduction on the mechanical behaviour of a five-layer aluminium-magnesium composite reinforced with a steel kiri-
gami structure. The study demonstrated that deformation parameters ensured reliable bonding between the alumini-
um and magnesium layers and significantly enhanced mechanical performance by controlling the transformation of
the kirigami structure.

Practical value. The findings of this study enhance our understanding of how rolling reduction and initial layer
configuration affect the deformation behaviour of multilayer Al-Mg composites. They also lay the groundwork for

designing novel composites reinforced with kirigami structures for advanced structural applications.
Keywords: roll bonding, kirigami structure, composite material, specific strength

Introduction. An important area of development for
thermomechanical treatment technologies is to increase
the mechanical properties of structural materials, par-
ticularly stiffness and impact energy absorption. One
approach in this area is the development of hybrid com-
posite materials made of magnesium and aluminium.
Combining these metals in multilayer Al/Mg/Al com-
posites creates a synergistic effect, providing balanced
performance characteristics. Among the current tech-
niques of manufacturing metal composites, roll bonding
technology is distinguished for its adaptability and pro-
ductivity, merging the benefits of pressure welding and
severe plastic deformation.

A pioneering way to the problem of enhancing the
performance of composites is the utilisation of steel cut-
and-pull mesh inlay, inspired by the principles of kiriga-
mi. Such an innovative technique involves the formation
of a geometrically modified shape during the roll bonding
process between aluminium and magnesium layers. This
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allows for the introduction of mechanisms to enhance the
material’s strength, as well as improving the bond be-
tween the layers. The plastic flow of the aluminium and
magnesium matrix activates the inhomogeneous defor-
mation of the kirigami structure. This, in turn, restricts
the flow, resulting in a complex stress-strain state in the
deformation zone, particularly within the magnesium
layer, thereby increasing its deformability.

This study aims to assess the impact of component
configuration and deformation parameters on the me-
chanical properties of a five-layer, three-component com-
posite consisting of an aluminium alloy (EN AW 1050), a
magnesium alloy (AZ31) and a steel kirigami inlay.

Literature review. An effective way of improving me-
chanical properties such as strength, ductility, stiffness,
impact resistance and wear resistance is to use hybrid
composite materials made from different metals [1].
Due to their advantages, magnesium and aluminium al-
loys are widely used in transport and other engineering
fields as lightweight structural materials [2]. Magnesium
alloys have the lowest specific gravity of all structural
metals. They are characterised by their high specific
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strength and stiffness, as well as their excellent damping
properties [3]. At the same time, aluminium and its al-
loys offer excellent corrosion resistance in acidic envi-
ronments and can be easily deformed [4]. Thus, Al-Mg-
Al composites offer a combination of the advantages of
each component, expanding the range of applications.
Roll bonding is the most appropriate method for in-
dustrial use among the various methods for producing
composites due to its stability, simplicity, efficiency and
easy mass production. The process of hot roll bonding,
which is conducted at temperatures that exceed the re-
crystallisation temperature, facilitates plastic deforma-
tion and dynamic diffusion exchange of atoms between
dissimilar materials. Nevertheless, there are certain
challenges associated with the integrity of the bond [3,
6]. Increasing the rolling temperature to 400 °C enhanc-
es the joint’s strength by improving diffusion between
the aluminium and magnesium layers [7]. Rolling with a
20 % reduction at temperatures above 400 °C allows for
a strong bond between workpieces made of 1,060 alu-
minium alloy and AZ31 magnesium alloy. Study [8]
have also shown that increasing the rolling temperature
from 400 to 420 °C promotes grain growth and excessive
growth of the diffusion layer, reducing the strength of
the joint. The optimum rolling temperature varies de-
pending on the alloy, since aluminium and magnesium
alloys exhibit different deformation behaviour and mi-
crostructure changes under rolling conditions.
Preventing surface oxidation is critical to achieving a
high-quality joint. Excessively high rolling temperatures
promote oxidation, resulting in poor diffusion and metal
sticking to the rolls [9]. Methods such as hot roll bond-
ing and two-pass rolling are used to reduce oxidation. In
the latter case, the initial joint is formed at 350 °C in the
first rolling step, and the second rolling step is performed
at 400 °C to increase compression and enhance diffu-
sion. Pre-joining methods such as hot pressing, extru-
sion or welding can also be implemented to minimise
oxidation during high-temperature roll bonding [10].
Rolling reduction is important for achieving a metal-
lurgical bond between the layers. Insufficient reduction
fails to break down the oxide layers, thereby limiting metal-
to-metal contact. Ideally, reduction should break the oxide
layers, improve metal-to-metal contact and promote grain
refinement. However, excessive deformation can cause de-
fects and reduce the quality of the bond. However, exces-
sive compression can lead to significant edge cracking,
which has a negative impact on the composite’s perfor-
mance [11, 12]. For multilayer magnesium/aluminium
metal composites, the reduction value is typically between
20 and 80 %. The maximum reduction value during roll
bonding depends on the deformability of the alloys. For
example, for the AZ31 — EN-AW 1060 pair, it is 20 %.
Moderate reduction (20—50 %) creates a fine-grained, ho-
mogeneous structure that increases strength and ductility
[13]. However, excessive reduction (60—80 %) at high tem-
peratures (400 °C) can reduce joint strength due to grain
enlargement and diffusion layer thickening [14, 15]. Con-
sequently, the rolling reduction value should be optimised
by considering the material’s ductility, microstructure evo-
lution and bond strength between phases [16].
A new trend in the production of flat, roll bonded
composites involves using a steel, expanded mesh in-
lay — a technique inspired by kirigami. Kirigami, an an-

cient art of cutting sheets of material, has recently gained
popularity due to advances in computer modelling and
its application in various fields, including energy conser-
vation, flexible electronics, and structural mechanics
[17]. The potential for deformation of kirigami struc-
tures extends beyond the limits of their base materials.
This is achieved by introducing controlled cutouts that
create zones of high and low stress. In these zones, lo-
calised bending deformations are promoted instead of
homogenous tension [18].

Recent studies have confirmed the effectiveness of
kirigami inserts in roll bonding mesh-structured com-
posites. For instance, roll bonding of mesh structures
has successfully been applied to AISI 304 stainless steel
and AISI 1010 mild steel, thereby improving their me-
chanical performance. By optimising the shape and size
of the cuts, researchers have increased tensile strength,
with curved cuts yielding slightly better results than
straight ones [19]. The effect of uneven stress during
rolling has been well studied in relation to thin-walled
tubes and biomedical stents.

In the context of roll bonding aluminium alloy EN
AW 1050 as the matrix and magnesium alloy AZ31 as the
inlay [20], introducing steel expanded mesh for rein-
forcement could further enhance the composite’s me-
chanical properties. The behaviour of the kirigami struc-
ture in rolled composites is determined by the dynamic
equilibrium of the mechanical and ductile properties of
the inlay and matrix during common deformation. A soft
matrix, such as the aluminium alloy EN AW 1050, pro-
motes greater axial flow in the deformation zone. This
increases the opening angle of the kirigami structure and
narrows its lines [21, 22]. Conversely, the hard matrix re-
stricts the bending of the lines, resulting in the kirigami
structure flattening rather than stretching. These defor-
mation characteristics are key to the mechanical proper-
ties of the roll-bonded composite, making mesh rein-
forcement a valuable strategy for improving the struc-
tural performance of Mg-Al composites [23].

Using the kirigami structure during the roll bonding
process for Mg-Al hybrid composites unlocks the po-
tential of each material component by enabling directed,
localised deformation in the cut zones. The uneven
stress distribution caused by the kirigami inlay’s com-
plex geometry contributes to the multiplication of the
mechanical effect, activating additional strengthening
mechanisms and increasing deformation intensity. This
approach improves not only the bonding between the
layers, but also enhances the composite’s properties
synergistically, opening new opportunities for its use in
innovative engineering.

Purpose. This study aims to assess how the mechan-
ical properties of a composite material comprising EN
AW 1050 aluminium, and kirigami-inspired structure
made from E235 steel and AZ31 magnesium alloy, de-
pend on the initial configuration of its components and
the degree of reduction during roll bonding.

Methodology of experimental research. Roll bonding.
Fig. 1 shows the general scheme for roll bonding a five-
layer, three-material composite with a double kirigami
inlay.

The scheme shown in Fig. 1 illustrates the process of
common rolling a symmetrical five-layer assembly con-
sisting of individual layers, as shown below (example)
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Fig. 1. Scheme of roll bonding of five-layer, three-mate-
rial composite sheets reinforced with two kirigami
structures:

hy — initial assembly thickness; h, — final sheet thickness;
[ — outer matrix sheet (EN AW 1050); 2 — flat kirigami
structure (E235 steel); 3 — inner matrix sheet (AZ31); 4 —
rolls with a diameter of 130 mm; 5 — composite sheet

Al; + Kiy s + AZ31; + Kiy s + Al,,

where Al; is an aluminium sheet EN AW 1050, whose
thickness varied during the experiments; Ki, s is a sheet
of kirigami structure made from 0.5 mm-thick E235
steel expanded mesh; AZ31; is a sheet of AZ31 magne-
sium alloy, whose thickness also varied during the ex-
periments.
The rolling reduction during roll bonding is calcu-
lated as follows
)

LT ()
hy

where 4, is the sum of the assembly components thick-

nesses; #; is the thickness of the rolled composite after

the i” pass.

The composites were roll bonded when the shape
factor, defined as the ratio of the length of the deforma-
tion zone to the average thickness of the sheet, was be-
tween 2.9 and 4.0.

The following heat treatment was applied to bring
the materials to a ductile state:

1. EN AW 1050 — exposure at 550 °C for 10 min-
utes, then free air cooling.

2. AZ31 — exposure at 400 °C for 10 minutes, then
free air cooling.

3. E235—720 °C for 5 minutes, then free air cooling.

Table 1 shows the mechanical properties of the com-
ponents’ materials based on the results of tensile tests, as
well as their density values.

The components of the assembly were cut into
70 x 100 mm pieces and fastened with rivets.

The kirigami structure in this study was made using
a rhombic expanded mesh. The material used was low-
carbon steel E235, with a sheet thickness of = 0.5 mm.
The dimensions of the mesh cell are shown in Fig. 2.

Inserting a steel kirigami structure between the alu-
minium and magnesium matrix increases the specific
weight or density of the composite. This value p., ob-

Table 1

Tensile properties and density of the materials used
in the components

. Yield stress, U!tlmate Density,
Material MPa tensile stress, Jem?
MPa £
AZ31 200 260 1.8
EN AW 1050 20 75 2.9
E235 240 350 7.8
-
L
— N —>! ) Gy
N
b,
Yo
==l

Fig. 2. Mesh cell dimensions:
L = 6 mm — cell length; b, = 3.7 mm — cell width;
b.= 0.5 mm — knuckle width; o, = 62° — longitudinal mesh
angle; RD — rolling direction

tained by dividing the measured weight of the composite
mg, by its measured volume V., should lie between the
densities of the aluminium matrix p,;, and the steel kiri-
gami structure pg,. Comparing p. with p,, reveals the
weight characteristics of the composite. It is convenient
to evaluate this in terms of the density increase factor

DI=p,+PPa ®)
P ar

This study focuses on three types of composites
shown in Table 2. These composites were produced us-
ing a duo mill with 130 mm diameter rolls at a tempera-
ture of 400 °C and a rolling speed of 0.29 m/s.

Before rolling, the surface of all composite compo-
nents was degreased and cleaned with an abrasive. The
composites underwent a final softening heat treatment
at a similar temperature for 10 minutes.

A series of tests were performed at room temperature
to evaluate how the initial thickness of the assembly lay-
ers and the roll bonding mode affect the mechanical
properties of the composites.

Impact bending test. Impact bending tests were car-
ried out using a pendulum impactor with an impact en-
ergy of 15 J and a gap of 30 mm. The dimensions of the
samples were: /; x b x 50 mm, where #; is the thickness
of the composite after rolling and b is the width of the
specimen. The width of the specimens was 17 mm. This
value was chosen so that the width of the specimen
would contain as many mesh cross-sections as possible
for representative results. However, this was limited by
the design of the testing machine. There were no cuts or
other artificial defects on the specimen’s surface.

Three-point bending. The three-point bending test
was performed in accordance with ISO 178 with the fol-
lowing parameters: specimen length /= 130 mm; width
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Table 2

List of experiments with assembly configuration and rolling parameters

Experiment code Assembly configuration Roll. pass | 4y, mm h;, mm €y B s, % DI (2)
Cl Al s+ Kigs+AZ31 3+ Kiys+ Al 5 1 5.80 3.20 45 70 1.03
2 3.20 1.73 46
C2 Al o+ Kiys+AZ31 5+ Kiy s + Al 1 4.30 3.15 34 64 1.04
2 3.15 1.73 45
C3 Al o+ Kips+AZ31, 5+ Kig 5+ Al 1 4.50 2.20 51 51 111

b = 20 mm; thickness A; varied for each composite;
bending edge radius R, = 10 mm; support radius
R, = 10 mm; span length L = 60 mm. Movement of the
bending supports was stopped when the deflection
D =30 mm. The test speed was 1,000 mm/min. The test
resulted in a load-deflection curve, which was used to
determine the following parameters:
1. Flexural stress, MPa

o - 3FL
YV
2. Flexural strain
6.Dh,
€= 2 -100 %.

3. Tangent modulus of elasticity
_ DPm
T apLR?

where m is the slope of the tangent to the initial straight
section of the load-bending curve (N/mm).

4. Flexural yield stress o .

5. Maximal flexural stress G,y .

Ball indentation test. To evaluate the energy absorp-
tion ability of composites under bulk stress, we em-
ployed an original testing method involving indentation
a hardened ball into the intersection point of the diago-
nals of a square specimen. The specimen is positioned
on a tubular base so that the tube’s axis passes through
the point where its diagonals intersect. Tensile/com-
pression tests are performed using a test machine, with
load and displacement recorded. Specific force is the
value obtained by dividing the load by the specimen’s
thickness. This value is used to compare the properties
of specimens of different thicknesses.

Results of the study. The limiting factors in the ex-
periments were:

1. Rolling force. The maximum rolling force that
should be used for the rolling mill in the experiments is
200 kN. In experiment C3, the force reached 170 kN.

2. Mechanical bonding should occur during the
first pass [24, 25]. The assembly’s integrity is at risk of
being compromised by delamination or even destruc-
tion if the layers do not bond adequately during the ini-
tial pass, due to the components’ differing values of
Young’s modulus and coefficient of thermal expansion.
For composite manufacturing to be successful, it is vital
to ensure a reliable mechanical bond after the first pass.

3. Due to significant friction between the outer alu-
minium matrix and the rolls, and cooling of the outer
assembly layers, the inner magnesium matrix experi-
ences increased deformation. The kirigami structure

tends to embed itself in the inner matrix, which is warm-
er and softer. This is why, the inner AZ31 alloy matrix
was taken 20—80 % thicker than the single outer EN AW
1050 alloy matrix in our experiments.

4. A lack of control over the deformation of the kiri-
gami structure can lead to excessive growth. In this case,
the elements either collapse by themselves or destroy the
internal matrix.

Roll bonding. Fig. 3 shows X-ray images of the kiri-
gami structures that were deformed during the roll
bonding inside the composite.

These images show that, in Experiment C1, the an-
gle a,, increased to 118°, causing the kirigami structure to
collapse at two points: the middle of the line and the
intersection of the lines (knuckles). In experiment C2,
in which the reduction was smaller than in C1 (Table 2),
the angle a, grew up to only 114°, and the structure
broke at the knuckles. Experiment C3 achieved an angle
a,, of 86°, which did not lead to the destruction of the
kirigami structure. At the same time, the connection of
the layers remained reliable.

This observation suggests that there is an equilibrium
condition that ensures the continuity of the kirigami
structure in the deformation zone, which is important for
understanding the mechanics of this process. It can be
formulated as follows: to preserve the kirigami structure
during roll bonding, it is necessary that at any given time
the total area of projections of all mesh lines onto the ver-
tical transverse plane coincides with the total area of pro-
jections of the areas where these lines intersect each other.

The conditions for uniform deformation during the
tensile stretching of a kirigami structure are also dis-
cussed in [21].

Assuming that the kirigami structure is uniformly
thinned during the rolling process, this condition can be
expressed as the ratio of linear dimensions

a, . a,
b, COST ~2b, smT, (3)

where b, is cell width; b, is knuckle width; a,, is longitu-
dinal mesh angle.

This approach does not consider the stress-strain
state that occurs in composite components during roll
bonding. Consequently, the area where the lines inter-
sect undergoes complex deformation, including bend-
ing, stretching and flattening [13]. Nevertheless, condi-
tion (3) can be used effectively to select a rational kiri-
gami cut shape.

Maintaining geometric consistency between the
mesh elements is necessary to prevent the kirigami
structure from being destroyed and the inner matrix
from being damaged during rolling.
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Fig. 3. X-ray images of kirigami structures inside rolled
composite sheets after rolling and joining (Table 2):
C,—Als+ Kigs + AZ31, 3+ Kips + Al 5;

G, — Kiys+AZ31, 5+ Kig s+ Al g
C3— Al + Kigs + AZ31, 5+ Kigs + Al

Condition (3) is not satisfied for the mesh used as a
kirigami structure in the experiments presented.

a
The value of the expression 25, SiHTy, which de-

scribes the geometry of lines, was between 1.7 and
1.95 times greater than the value describing the geome-

o
try of the knuckle b, COSTy. This ratio restricted the

degree of rolling reduction to 51 % in experiment C3.

Impact bending test. The energy absorbed by the
specimens during the tests ranged from 1.6 J to 6 J.

The specimens (three for each point) did not frac-
ture during the test. The test results can therefore be in-
terpreted as showing the specific energy required to push
a 50 mm-long specimen through a 30 mm-wide gap.

Since the thicknesses of the specimens tested are
different, the specific impact energy value A,'mp
should be used to compare the energy absorbed by
each one

A
Ay =" (4)
T h
where A,,, is energy absorbed by the specimen after im-
pact, J; A; is specimen thickness, mm.

Fig. 4 shows the results of impact tests on composites
Cl1, C2 and C3 (Table 2), as well as on aluminium EN
AW 1050 samples with a thickness of 2.2 mm.

A comparison of the impact bending test results
showed that the C3 sample absorbed the highest impact
energy, with the kirigami structure remaining intact af-
ter rolling. This was 66 % higher than the EN AW 1050
alloy sample. The kirigami structure in Sample C2 col-
lapsed only where the lines intersected. This resulted in

a 27 % higher value of 4;,, being achieved. The pres-
ence of two fracture centres in the kirigami structure in
experiment C1 (Fig. 3) reduced its ability to absorb im-
pact energy compared to the aluminium sample.

Three-point bending. The results of the three-point
bending tests of C1, C2 and C3 composites (Table 2)
and 2.2 mm thick aluminium EN AW 1050 (Alu) are
shown in Table 3.

The stress-strain curves for these samples are shown
in Fig. 5.

As can be seen in Table 3, all composites demon-
strated advantages in stiffness and higher flexural prop-
erties in the three-point bending tests compared to alu-
minium. The specimens after experiment C3 also exhib-
ited enhanced deformability. They demonstrated in-
creases by 7.8 times in elastic modulus, 2.8 times in yield
strength, 2.7-fold in maximum flexural stress and 1.6
times in maximum flexural strain. Meanwhile, as shown
in Table 2, the density of the composite increased by
only 11 % compared to aluminium.

As shown in Fig. 5, the stress-strain curve and pho-
tographs of the specimens after three-point bending re-
veal differences in the behaviour of composites C1, C2
and C3. Specimen C1 exhibited the lowest strength in
the test series, showing signs of brittleness and failing at
a strain of 2.8 %.

3,00

2,73
2,50
2,08
2,00 1.64 162
1,50
1,00
0,50
0,00
Alu C1 C2 C3

Fig. 4. Impact test results for aluminium alloy EN AW
1050 and rolled composites:
Alu — specimen of EN AW 1050; C1, C2 and C3 — roll
bonded composites Al; + Kiy s + AZ31;+ Kiy 5 + Al,, accord-
ing to Table 2

Impact energy in J/mm

Table 3
Flexural properties of tested specimens
E;,MPa | oy, MPa | 6, MPa | €., %
Alu 5,452 52 90 4
Cl 32,611 119 166 2.8
C2 32,940 129 187 34
C3 42,477 147 246 6.3
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Fig. 5. The three-point bending test results in flexural
stress-strain curves (a) and changes to the visual ap-
pearance of composites C1, C2and C3 (b)

C2 exhibited an average strength value within the se-
ries, as well as moderate ductility.

C3 demonstrated the best properties, showing high
strength and resistance to deformation without damage.
Its bent shape (Fig. 5, b) is the most uniform, confirm-
ing the combination of stiffness and ductility in this
composite. The residual bending angle is less than 90°.

Ball indentation tests. Fig. 6 shows graphs of the load
versus ball displacement and a photo of the specimen
after the test, respectively.

The test results indicate that EN AW 1050 alumini-
um exhibits greater drawing capacity when the ball is
pressed in, compared to the composites. However, the
composites demonstrate greater stiffness. As in previous
tests, this stiffness correlates with the state of the kiriga-
mi structure (Fig. 3).

The intact structure enables more energy to be ab-
sorbed during the initial moments of loading. This effect
can be quantified by considering the amount of energy
absorbed by the specimen. This energy can be calculated
by determining the work of the load, which is represent-
ed by the area under the load-indentation curve. The
mechanical work performed during deformation can be
determined as follows

1
A= j F()-di[J], (3)
0

where F(/) is the indentation force as a function of the
indentation depth; d/ is the load measurement step and
dl is the indentation depth.

The unreinforced material will show better results if
the performance is measured up to the point of sample
fracture. This is due to the free movement of disloca-
tions and other sources of ductility throughout the spec-
imen’s thickness. To evaluate the composite material’s
ability to absorb energy during the initial loading period,
it is necessary to set a limit on the indenter ball’s move-
ment distance.

The choice of this distance for calculating the absorbed
energy may be related to operating conditions or other fac-
tors. In the current study, 4 mm distance was chosen based
on the absence of fractures in the specimens.

For a correct comparison of the energy absorbed by
samples of different thicknesses, the specific value will
be used

A
A£4 = T:a (6)
where A, is the energy value at a distance of 4 mm of the
ball indentation and #4; is the specimen thickness.

The values of the specific absorbed energy at the
point of the first 4 mm of the ball’s indentation 4,,
for the tested specimens were as follows: EN AW
1050 — A, =129 J/mm; CI — A4, =1.69 J/mm;
C2— A4, =192 J/mm; C3 — A4;,=2.25 J/mm.

Therefore, despite the ductility advantages of the un-
reinforced material, the composite material produced
by roll bonding exhibits a 74 % increase in energy ab-
sorption capacity in a complex stress-strain state.

The C3 composite demonstrated the most outstand-
ing characteristics, as indicated by the test outcomes.
This was attributed to the preservation of the kirigami

2500

£ 2000
=~ | Au
§ e
<
< 1500
3 AT
oy
S 1000 ,/ &
& 7 N .C3
— \
500 - ~~ 2
N
c1
0
o 1 2 3 4 5 6 7 8 9 10 1
Ball movement in mm
a

Fig. 6. Specific load diagram (a) and post-test view (b)
obtained during the ball indentation test
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structure integrity, which is formed through roll bond-
ing with a 51 % reduction and an augmented mesh angle
of 86° (whereas the initial angle o, (refer to Fig. 2) was
62°). Its maximum impact resistance was 2.73 J/mm,
which is 66 % higher than EN AW 1050 aluminium and
27 % higher than C2. In the three-point bending test,
the C3 specimen reached a maximum stress of 246 MPa
and a strain of 6.3 %, while the aluminium specimen
reached only 90 MPa and 4 %, respectively. The tangent
modulus of elasticity £, of C3 was 42,477 MPa, which is
7.8 times higher than that of aluminium.

In the ball indentation test, the C3 composite dem-
onstrated the highest energy absorption capacity, which
was 74 % higher than that of EN AW 1050. Therefore,
C3 composite combines high stiffness, strength and en-
ergy absorption capacity while maintaining the integrity
of the kirigami structure.

The integrity of the kirigami structure is one of the
key factors in determining the mechanical properties of
roll-bonded composites. This integrity is determined by
the longitudinal angle of the mesh after deformation. As
can be seen in Fig. 3, increasing the longitudinal angle
of specimens C1 and C2 from 62° to 118 and 114°, re-
spectively, leads to cell fracture. The kirigami structure
remains intact when the longitudinal mesh angle is set at
86° in sample C3.

Ensuring the isotropy of the composite properties
requires the longitudinal mesh angle to be close to 90°,
as demonstrated in previous studies [14].

All the composites considered in this study were
rolled at a shape factor of between 2.9 and 4.0, i.e., the
ratio of the length of the deformation zone to the aver-
age sheet thickness. Such values of the shape factor
refer to the case of rolling thin bars, which minimises
the deformation unevenness along the height of the
composite and contributes to reliable connection of
the layers inside. As demonstrated in [24], values of
the shape factor in this range coincide with the zone of
intensive growth of the mesh angle, a phenomenon
that is amplified by the displacement of the kirigami
structure from the rolling plane. Therefore, control-
ling the mesh deformation in such conditions is of
great importance.

Mechanical tests, including impact bending, three-
point bending and ball indentation, confirmed the high
mechanical properties of the C3 composite, with no
kirigami structure destruction observed. Such compos-
ites demonstrated a greater ability to absorb energy. Ta-
ble 4 presents the generalised results of the effect of roll-
ing reduction on the mechanical properties of compos-
ites obtained in the process of roll bonding five-layer
composites consisting of aluminium and magnesium
sheets with steel kirigami inlays.

According to Table 4, the change in the longitudinal
mesh angle a,, in composites C1, C2 and C3 was 0.83,
0.84 and 0.5°, respectively, for each percentage of defor-
mation, considering an initial angle of 62°. These results
are in good agreement with those obtained for three-
layer composites in [14, 15, 19].

Interpolation of the data in Table 4 indicates that, for
the roll bonding conditions of the five-layer aluminium
and magnesium alloy composites presented in this
study, an outer mesh angle of 90° can be achieved with a
rolling reduction of 55 %.

Table 4
A comparison of the deformation parameters
and mechanical properties of composites
with those of pure aluminium

A’ bl AI k]

Experiment | a,, | e, Imp €maxfs | Omaxps '}4
code ° % | J_ % MPa | —_
mm mm
Alu - | - 1.64 4.0 90 1.29
Cl 18 | 70 | 1.62 2.8 166 1.69
C2 114 | 64 | 2.08 34 187 1.92
C3 86 | 51 | 2.73 6.3 246 2.25

A comparison of the energy absorbed by the sample
during impact tests and during ball indentation has
shown that the composites are more resistant to the
complex stress-strain state that occurs during ball in-
dentation tests. The decrease in absorbed energy is
17.6 % for composite C3, 7.7 % for composite C2 and
21.4 % for aluminium. A 55 % rolling reduction results
in a 14.6 % decrease in that index, highlighting the im-
portance of isotropic properties in composites. These
properties enable the composite to withstand complex
stress conditions. Additionally, delamination during ball
indentation provides a longer time window before
through holes appear (Fig. 6).

Conclusions.

1. The mechanical properties of five-layer compos-
ites, consisting of two aluminium outer matrices, an in-
ner magnesium matrix, and two steel kirigami inlays,
depend on the initial configuration of these components
and the rolling reduction during roll bonding.

2. These composites demonstrate a ball indentation
energy of 2.25 J/mm with a 10 % increase in specific
weight, which is 74 % higher than the 1.29 J/mm of un-
reinforced aluminium EN AW 1050. This is due to the
controlled deformation of the kirigami structure during
rolling with a 51 % reduction. Restricting the increase in
the longitudinal mesh angle to 86° prevented cell de-
struction and maximised impact resistance to 2.73 J,
66 % higher than the base material. In three-point bend-
ing tests, a maximum stress of 246 MPa was achieved —
2.7 times higher than aluminium — demonstrating the
high efficiency of the geometrically stable kirigami
structure.

3. In order to preserve the integrity of the kirigami
structure during rolling, it is necessary to ensure geo-
metric balance between its elements. This prevents the
local destruction of both the structure and the internal
matrix. The proposed correlation between mesh param-
eters enables the rational design of cutout shapes, ensur-
ing integral interaction between the structure and matrix
under conditions of complex deformation.

4. The mechanical properties of composites depend
on the state of the kirigami structure within the compos-
ite following roll bonding. This, in turn, depends on the
value of the longitudinal angle of the mesh after rolling.
In this study, a longitudinal angle of 114° was critical.

5. For the rolling-bonding of five-layer aluminium-
magnesium composites, a rolling reduction value of
55 % is recommended to ensure reliable bonding of the
layers and the achievement of isotropic properties. This
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level of deformation also increases the composites’ re-
sistance to complex stress-strain conditions.
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KOMIIO3UTIB i3 Kipirami-BCcTaBKaMu
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Merta. O11iHKa 3aJ1eXXKHOCTI MEXaHIYHUX BJIaCTUBOC-
Tell KOMMO3ULIHHOro Matepianay, IO CKJIaJa€ETbCs
3 amoMiHito EN AW 1050, ctpykTypu KipiraMi 3i ctaii
E235 i marnieBoro criiaBy AZ31, Big mo4aTkoBOi KOH-
¢irypaliii 1oro ckjaagoBUX i OOTUCKY MpU MPOKATIIi-
3’€IHAHHI.

Metomuka. JlocimKeHHsI BKIIIOYAIO0 OTpPUMaHHS
METOJIOM TIPOKATKU-3’€IHAHHS I’ SITUIIAPOBUX KOM-
MO3UTHMX JIUCTIB TaKol KOHIrypaiii: 1Ba BHyTPilIHi
IIapU CKJIAAAJIMCS 3 Kipirami-CTpYKTYpH, Y SIKOCTi SIKOT
BUKOPHMCTOBYBAJIU IIPOCITHO-BUTSIKHY CIiTKY 3 HU3BKO-
BYIJIELIEBOI CTaJli; Y SIKOCTi 30BHIllIHIX MAaTPUYHMX 1A~
piB BUKOPUCTOBYBAJIU JIUCTU 3 ATIOMiHIEBOTO CIUIABY,
a BHYTPIllIHBOTO MaTPUYHOTO 1Iapy — JIUCT 3i CIUIaBy
MarHito. CTaH Kipirami-cTpyKTypu OLIIHIOBJIM 3a J0O-
TOMOTOI0 PEHTIeHiBChbKOIo aHajlizy. MexaHiuHi Biac-
TUBOCTi OTPUMaHUX KOMIIO3UTIB OLIIHIOBaIMd TpbOMa
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MeToIaMM: BUIIPOOYBaHHS Ha YIapHW BUTWH; TPU-
TOYKOBU BWUTHWH, BUIIPOOYBaHHS Ha BIABIIOBaHHS
KYJIbKU.

Pe3ynabTaTu. 3a pesynbTaTaMu eKCIeprMeHTaIbHO-
ro JOCHiIKEeHHs OylIu OoTpUMaHi JaHi Tpo TpaHcpop-
Mallilo KipiraMi-CTpyKTypH B CepeIrHi I’ ITUIIapOBOTO
KOMITO3UTY B 3aJI€KHOCTI Bill BEJIMYMHU BiIHOCHOTO
00TucKy. BcraHoBieHO, 110 3a0e3IeuyeHHs i30TpoItii
BJIACTMBOCTEIT KOMITO3UTY MOXJIMBO 32 YMOBU IOTPH-
MaHHs nedopMariii mpu nmpokxarii Ha piBHi 55 %. Pe-
3yIbTaTH MEXaHiYHUX BUTIPOOYBaHb ITOKA3aJIH, 1110 ap-
MyBaHHSI Kipirami-ctpykTypoio Ha 60—70 % minBuiye
3[IaTHICTb A0 MOTJIMHAHHS €HEPril, y TOMY YUCJIi B yMO-
Bax CKJIAQIHOTO HAaNpy:XKeHO-Ie(OPMOBAHOTO CTaHYy.
ZKopcTKicTh TaKMX KOMITO3UTIB Y IeKiJIbKa pa3iB BUIIA
3a XXOPCTKICTh HEAPMOBAHOTO AJTIOMiHiO.

HaykoBa HoBU3HA. Y 1aHOMY IOCIiIKEHHI BIEpIIe
KiJIBKICHO OIIiIHEHO BIUIMB KOH(Irypailii KOMIIOHEHTIB
i BIIHOCHOTO OOTHMCKY MpM TPOKATLi Ha MeEXaHiuHi

BJIACTUBOCTI I’ SITULLIAPOBOTO aJlOMiHi€EBO-MarHi€BOro
KOMITIO3UTY, apMOBAHOTO CTaJeBOIO KipiraMi-CTpyKTy-
poto. BcTtaHOBIIEHO, 1110 MapaMeTpu AecdopMallii 3a6e3-
MeYyloTh He TiJIbKW HadiliHe 3’€MHaHHS 1IapiB MarHilo
1 aTfoMiHi10, a 111e, 32 paXyHOK KOHTPOJIbOBAHOI TpaHC-
dopMalii KipiraMi-cTpyKTypu, 3HauHe 30iJbIIeHHS
MOKAa3HUKIB MEXaHIYHUX BJAACTUBOCTEM.

IIpakTuyna 3HauMMicTb. Pe3yiapTaTu MOCTIIKEHHS
PO3IIMPIOIOTH YSIBJICHHS PO BIUIUB OOTUCKY I ITOYAT-
KOBO1 KOHirypallii mapiB 6araTorapoBoro ajJoMiHi-
€BO-MAarHi€BOTO KOMIIO3UTY Ha oro aedopMallito min
yac MpoKaTKU-3’€IHAHHI Ta MOXYTh OYTU OCHOBOIO
JIJIST pO3pOOKM HOBMX KOMITO3UTiB, apMOBaHUX Kipira-
Mi-CTPYKTYpaMHu.

KmouoBi cnoBa: npoxamka-3’conamns, Kipieami-
cmpyKmypa, KOMNO3UMHUI mamepian, numoma Miy-
Hicmb
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