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TRANSFORMATION OF THE KIRIGAMI-TYPE DEFORMABLE INLAY
DURING ROLL BONDING

Purpose. To quantitatively analyze the deformation of kirigami-type deformable inlays during the roll bonding process using
soft outer matrices, with the goal of predicting their behavior within the composite structure.

Methodology. The research involved the fabrication of three-layer composite sheets through roll bonding. Expanded meshes
made of mild steel and stainless steel served as the inlay phase, while copper and aluminum alloy sheets were employed as matrix
materials. The transformation of the inlay phase within the composite sheets was evaluated.

Findings. The experimental investigation yielded data on the deformation behavior of kirigami-type inlays embedded within
three-layer sheets during roll bonding. It was observed that using an aluminum matrix induces greater axial metal flow in the de-
formation zone, leading to a significant increase in the mesh distortion angle. A copper matrix primarily causes flattening of the
mesh cells with minimal changes to their angular deformation. In contrast, rolling the steel mesh without a matrix results in negli-
gible angular distortion until the rolling reduction exceeds 50 %.

Originality. This study represents the first quantitative analysis of the geometric transformation of kirigami-type deformable
inlays as a function of deformation magnitude and matrix material properties during roll bonding. Understanding the shape trans-
formation of the reinforcing phase within the composite sheet enables more accurate prediction of the contact area between the
matrix materials during the bonding process.

Practical value. The findings of this research provide a basis for predicting the final geometry of kirigami structures within

composite materials.
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Introduction. Metal sheets and strips produced through
rolling processes are extensively utilized in machine building.
The ongoing trend toward reducing the weight of machinery
and mechanisms, while maintaining necessary strength pa-
rameters, underscores the demand for sheet materials with en-
hanced mechanical properties. One promising approach to
achieving such properties is the production of multilayer com-
posites through roll bonding. Research efforts are actively fo-
cused on optimizing combinations of layers from diverse ma-
terials, including the application of reinforcing inlays of vari-
ous shapes.

The deformation behavior of these reinforcing inlays during
the rolling process presents a critical area of investigation. Un-
derstanding the extent of deformation of such inlays within a
multilayer assembly is essential for predicting the strength and
integrity of interlayer joining within the composite material.

Kirigami, a traditional Japanese art form that combines
cutting and folding techniques to create intricate designs, has
found innovative applications in engineering. This approach
has been used to develop advanced structures and materials
with unique mechanical, morphological, and functional prop-
erties. By incorporating controlled cuts and deformations,
kirigami enables precise manipulation of material behavior,
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resulting in tunable mechanical properties and optimized in-
teractions with various waves and fields.

Literature review. Expanded mesh is a particular case of the
kirigami structure, which has a great potential in technic. Ap-
plying such structures to design of layered composite materials,
which can be manufactured with roll bonding might eliminate
the risk of excessive deformation and fracture of one of the lay-
ers. In this case, kirigami shape, for example, expanded steel
mesh, used as a component of layered composite provides con-
trolled discontinuities of deformation [1] during subsequent
roll bonding. The thin sheet can be divided into two zones by
the cutting scheme: a high strain zone and a low strain zone.
The kinematic properties of the resultant structure can be pro-
grammed by the selection of a cutting pattern [2]. In this way,
the kirigami technique opens the way to a programmable
change in shape under the influence of a given load [3, 4], the
acquisition of new mechanical properties, up to auxetic behav-
ior [5]. Nowadays, the most popular effect, achieved via using
of kirigami technic, is super-elasticity. It refers to the ability to
extended elastic deformation with returning to initial shape af-
ter removing the load. Usually, super-elasticity is provided by
elastomeric components. Most metallic materials cannot be
stretched significantly, despite the clear advantages of doing so.
For example, traditional batteries are stiff, however, adding of
elasticity to them could provide new capabilities in soft robotics
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[6] and wearable electronics devices [7]. Application of kiriga-
mi technique to multiplying the shape memory effect of Ni-Ti
alloy was reported in [8]. Yang with co-authors recently report-
ed [9] about a new class of electro-mechanical metamaterials
inspired by transformable kirigami patterns has been developed
for multiple electromagnetic applications. Kirigami inspired
structures offers a scalable and easy-to-fabricate approach to
impart elasticity beyond the constituent metallic materials.
There have been many successful implementations on very stiff
constitutive materials like graphene [10], SiN composite films
[11], metallic glass [12] and similar. As a result, kirigami in-
spired components have shown broad application appeals,
such as energy storage structures [ 13] shape-morphing systems,
[14] flexible electronics, [15] sunlight tracking [16], robotic ac-
tuators [17] optics [18], stretchable heaters [19], and others.

If the classical kirigami approach means that the sheet
from which the pattern is made is in most cases of negligible
thickness, the rolling process works with the actual thickness
of this sheet. Kirigami structures exhibit new properties after
deformation by using precise cutting techniques of initial sheet
materials. Namely, the deformation of the cut pattern defines
the properties of the future structure and the entire composite
when the kirigami structure is used as a structural element in
it. A widely known representative of this type of structure is the
expanded mesh with a rhombus cell shape.

Despite the effectiveness of using reinforcing phases to cre-
ate composite materials, there is currently no reliable method
for predicting the behavior of a rigid reinforcing phase in the
middle of a soft matrix. The deformation of netting inlays for
two different types of meshes during roll bonding in a low-oxy-
gen environment [20] and hot rolling [21] was studied. The ef-
fect of the predictable transformation of the kirigami structure
during the rolling process has been applied to the patterning of
soft aluminum and copper matrices [20]. Such an effect has also
been used in roll bonding of expanded-mesh composites, which
is a particular case for kirigamized sheets of AISI 304 stainless
steel [1] and AISI 1010 mild steel [22]. Various approaches have
been taken to the shapes [23], sizes [24] of kirigami patterns in
order to increase the tensile strength of the structure. In partic-
ular, it has been concluded that the tensile strength of kirigami
structures produced by straight cross-cutting and curved cutting
is similar, with a slight increase provided by curved cutting. Us-
age of effect of inhomogeneity of the stresses during the rolling
on the mechanical properties of the finished product is widely
known in umbilical stents and other bionic pipes, as well as at
high precise cold rolled tubes. As demonstrated in reference
[25], the mesh cell deforms in a relatively uniform manner until
reaching a rolling reduction of 45 %. Beyond this threshold, the
deformation of the mesh cells may become non-uniform. Fig. 1
shows the results of the authors’ simulation of the axial tension
(Fig. 1, a) and rolling (Fig. 2) of the kirigamized sheet with
same initial patterns. The simulation was performed using the
commercial FE software QForm UK [26] and clearly demon-
strates the difference in the transformation of the kirigami
structure depending on the type of deformation.

The findings of this study demonstrate that the rolling pa-
rameter can have a considerable impact on the 3D distribution
of stress within the mesh elements and the deformation of the
cells. It is therefore of the utmost importance to conduct a
comprehensive investigation into the transformation of the in-
lay elements that have been deformed within the matrix during
the rolling process.

Purpose. The aim of this study was to determine the trans-
formation patterns of a kirigami-type deformable inlay during
the roll bonding process using various matrix materials. Addi-
tionally, the research sought to provide a quantitative evalua-
tion of the deformation characteristics of the individual ele-
ments within the mesh cells.

Methodology of experimental research. The reinforcing
phase comprised an expanded mesh of two grades of steel, with
the matrix consisting of sheets of aluminum and copper alloys.

Fig. 1. Deformation of kirigamized sheet of steel DCO1 with ini-
tial thickness 0.5 mm calculated using simulation software
QForm UK:

a — tension; b — rolling

Fig. 2. The scheme of the roll bonding of the composite sheets

The first type of mesh is expanded steel mesh made from
low carbon steel. It has the following characteristics according
to the supplier’s specification: material — steel DC/S235; type
of mesh — TR-rhombic mesh; length of the cell — 6 mm; width
of the cell — 3.7 mm; line — 0.5 mm; thickness of the sheet —
0.5 mm; format — 1,000 x 2,000 mm.

The following procedures, as reflected in their names,
were used to prepare samples for further roll bonding:

N, — cut for dimensions mesh was annealed at 720 °C
within 10 minutes, freely cooled and carefully sand blasted.

N gr’f — the Ny, sample additionally plated with Copper us-
ing galvanic procedure.
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The second type of mesh is expanded steel mesh made
from stainless steel: material (EN) — stainless steel 1.4301
(AISI 304); mesh form — diamond mesh; specification:
4 x2.2x0.5x0.5; open area — 54 %; format of the sheet —
1,000 x 2,000 mm.

For preparation of samples of stainless expanded mesh,
used the following procedures, which reflected in their name:
N34 — cut for dimensions mesh was annealed at 1,050 °C with-
in 5 minutes, rapidly cooled and carefully sand blasted.

The matrix joins the components of the further composite
into a whole and provides the product with its shape. We used
the followed materials as the matrix:

Al, — cut for dimensions aluminum sheet was annealed at
550 °C within 10 minutes, freely cooled and carefully sand blast-
ed. Index in the name means the thickness of the sheet in mm.

Cu, — cut for dimensions copper sheet was annealed at
600 °C within 10 minutes, freely cooled and carefully sand blast-
ed. Index in the name means the thickness of the sheet in mm.

The matrix material was cut to a size of 50 x 200 mm. The
materials used were aluminium alloy AA1050 and copper alloy
C10100. Their mechanical properties were determined by ten-
sile testing, the results of which are presented in Table 1.

Prior to the roll bonding process, the mesh was positioned
between two layers of the matrix material to form packages
measuring 50 mm in width and 100 mm in length. Sheets of
aluminum and copper alloy were folded in half, creating a cav-
ity into which a steel mesh was inserted. No additional bond-
ing agents or elements were employed to join the layers, there-
by minimizing any potential influence on metal flow within
the deformation zone. The overall rolling scheme for this com-
posite configuration is illustrated in Fig. 2.

The packages were then rolled on two roll gap settings —
0.45 and 0.15 mm. The diameter of the working rolls was
180 mm. The rolling speed was equal to 15.6 m/min. The roll-
ing process was carried out in two passes. In order to prevent
the displacement of the matrix metal layers in relation to the
steel mesh prior to their entry into the deformation zone, side
guides were installed on the input side of the mill.

The expanded metal mesh was also rolled separately from
the matrix material to get an idea of its deformability.

Results. In the course of development, some experiments
were carried out to obtain data illustrating the influence of the
matrix material on the deformation of the expanded mesh dur-
ing cold roll bonding. The experimental schedule is as follows:

1. Rolling of the Ny, and the N3y, mesh samples without
any matrix in three passes with roll gap 0.45 and 0.15 mm.
(The initial thickness of both meshes is 0.5 mm).

2. Rolling of the Ng, and the N3y, mesh samples inside the
aluminum as well as the copper matrix in two passes with roll-
ing gap 0.45 an 0.15 mm (Initial thickness of the matrix-mesh
assembly is 2.5 mm).

3. Measuring of the mesh geometry.

This allows one to get an idea of (Fig. 3) how the expanded
mesh made of different steels deforms without any matrix
(Columns A4 and D on the Fig. 3), as well as inside both: the
relatively soft aluminum (Columns B and F in Fig. 3) matrix

Table 1

The mechanical properties of aluminum and copper alloys

All Tensile Yield strength Shear

oy strength Rm R, modulus
) 00.2>
(UNS Number) MPa MPa HPa
A91050 110 39 25.5
C10100 242 69 43.4
S$30400 205 564 75.6
DCo1* 232 330 82
*according to EN 10130

Fig. 3. Geometry of mesh cell after rolling in different environ-
ments:

a — visualization with saving of dimensional proportionality of the
mesh cell; b — examples of deformed kirigami-type inlays.
A0, BO, CO — initial cell of the Ng, with thickness hy of 0.5 mm;
A2 — the cell of the N, after rolling without any matrix to thickness
hy = 0.33 mm; Bl — the cell of the Ny, after rolling inside alu-
minum matrix to thickness hy = 0.49 mm; B2 — the cell of the N,
after rolling inside aluminum matrix to thickness h, = 0.41 mm.
The breakage of the mesh observed; C1— the cell of the Ny, after
rolling inside copper matrix to thickness h, = 0.41 mm; C2 — the
cell of the Ny, after rolling inside copper matrix to thickness h, =
=0.33 mm; DO, EO, FO — initial cell of the N4 with thickness h,
0f 0.5 mm; D2 — the cell of the N4 after rolling without any matrix
to thickness h, = 0.38 mm E1 — the cell of the Ny, after rolling
inside aluminum matrix to thickness hy = 0.49 mm; E2 — the cell of
the N, after rolling inside aluminum matrix to thickness h, =
=0.45 mm; F1— the cell of the Ny, after rolling inside copper ma-
trix to thickness hy = 0.49 mm; F2— the cell of the Ny, after rolling

inside copper matrix to thickness h, = 0.33 mm

and the relatively hard copper (Columns C and F in Fig. 3)
environment.

The results of the experiments were used to investigate the
transformation of grids resulting from deformation. The trans-
formation of the mesh cells was observed and documented using
an optical microscope. Images of the expanded steel mesh, after
deformation within the matrix material, are presented in Fig. 3.

An evaluation of the shapes of the inlays revealed signifi-
cant differences in the change of cell shape during rolling in
both aluminum and copper matrices. It is important to high-
light the fact that this phenomenon is related to the difference
in the ductile properties of the matrix materials in relation to
the inlay. Although both inlays show similar responses when
rolled within either the aluminum or copper matrix (B1~FE1;
C1~F1; B2~E2; C2~F2), the effect of the surrounding matrix
material differs. Specifically, aluminum primarily causes thin-
ning of the lines (B1; B2; E1; E2), while copper induces a pre-
dominant flattening of the inlay.

The characteristic dimensions of the mesh cell are pre-
sented in Fig. 4.

Measured values of the characteristic dimensions of the
mesh cell presented from Fig. 4 are given in Table 2: L, — wid-
ening of the mesh line is general tendency for all experiments.
This seems like the major deformation for rolling of general
steel mesh in copper matrix. Nevertheless, the contraction of
the width observed for stainless steel mesh in both environ-
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v/

L,

Fig. 4. Scheme of the cell dimensions

ments after the second pass. L; — the diagonal of the cell
alongside the rolling direction demonstrates a different behav-
ior depending on presence of the matrix: it contracts signifi-
cantly without it, but growths with both types of matrixes. L, —
the cross diagonal of the cell contracts in all experiments, ex-
cepting mesh in both environments after the second rolling
pass. This exception could be explained by contracting of L, in
conditions of low intensity of the growth of the angle a,. L, —
increases in all performed experiments. L, — demonstrates sig-
nificant enlargement during the rolling without matrix as well
as in first pass of rolling of general steel mesh in copper matrix.
Its related to the flattering of the mesh line L.

The cell area A, (Table 2) is an important characteristic of
a composite material. It determines the geometric stiffness of
the composite. It also determines the transparency of the com-
posite to wave radiation. Under matrixless rolling conditions,
the cell area is reduced by 63 and 54 % for general and stainless
steel, respectively. This is due to the flattening of the mesh
lines. At the same time, the rolling of general steel mesh in an
aluminum matrix results in the most intensive growth of 4, in
both after the first (7 %) and second (99 %) passes. For stain-
less steel, the growth reaches 10 and 72 %, respectively. When
rolling is performed in a copper matrix, the first pass results in
a significant reduction of the 4, (10 and 12 %) for general and
stainless steel meshes, respectively. In the second pass, the
mesh area begins to increase slightly.

In addition to the cell area itself, it is also useful to eval-
uate the anisotropy of the linear dimensions through the

ratio of the Ly and L, values — D; 4 (Table 2). The anisotropy
remains largely unchanged when the mesh is rolled without
a matrix. However, the most significant impact on the an-
isotropy of the cell geometry occurs when the mesh, wheth-
er steel or stainless steel, is rolled within the aluminum ma-
trix. In contrast, when using a copper matrix, significant
elongation of the cell structure is notably more difficult to
achieve.

Angle a,. This angle is a clear marker of axial flow of the
inlay inside the matrix.

Analysis of changing of the values from Table 1 performed
using following tools.

Linear dimensions as well as the angle

In(h; L;o) = m((h; b OL%z;L; o)y j "

Cell area
A n—A..
dA, =)~ 4B 100 %. )
Ac(i—l)
Ratio of the cells diagonals
L -L
3iy
dL3/4 =4 —— 4 _1.100 %. 3)
1)

The change in the of the mesh geometry values, as calcu-
lated by formulas (1—3) with the data from Table 2 are illus-
trated in Table 3.

The main conclusion that clearly emerges from the data is
as follows:

The cell area decreases (—64 and —54 %) during rolling
without matrix, increases continuously during rolling in soft
aluminum matrix (8 and 100 % for general steel mesh; 10 and 72
for stainless steel mesh), and shows alternating behavior during
rolling in copper matrix. Thus, the cell area shrinks in the first
pass and then grows in the second pass (—10 and +7 % for com-
mon steel mesh; —20 and +23 % for stainless steel mesh).

The width of the mesh line always increases when rolling it
without a matrix. Nevertheless, it seems very unlikely that the
cell is completely closed.

The factor, which helps quantitatively describe the degree

Table 2
Measured and calculated values of mesh according to Figs. 3 and 4
Exp. code h;in mm L;in mm L;in mm Lyin mm L,in mm L,in mm o, in deg. A, in mm? D4
A0 0.50 0.50 3.12 5.00 0.58 1.00 64 0.62 0.58
A2 0.33 0.99 1.88 3.00 1.15 1.89 56 0.63 2.17
B0 0.50 0.50 3.12 5.00 0.58 1.00 64 0.62 0.58
Bl 0.49 1.00 4.20 4.00 1.41 1.40 94 1.05 1.97
B2 0.41 1.01 7.80 4.30 2.05 1.15 122 1.81 2.36
co 0.50 0.50 3.12 5.00 0.58 1.00 64 0.62 0.58
C1 0.41 1.40 3.50 4.00 1.84 2.14 82 0.88 3.94
2 0.33 1.55 4.30 3.50 2.42 2.00 102 1.23 4.84
DO 0.50 0.50 1.62 3.00 0.58 1.00 58 0.54 0.58
D2 0.38 0.76 1.01 2.20 0.80 1.81 50 0.46 1.45
E0 0.50 0.50 1.62 3.00 0.58 1.00 58 0.54 0.58
El 0.49 0.71 2.40 2.23 1.02 0.96 94 1.08 0.98
E2 0.45 0.68 4.00 2.30 1.31 0.77 122 1.74 1.01
F 0.50 0.50 1.62 3.00 0.58 1.00 58 0.54 0.58
Fl1 0.49 0.80 1.88 2.07 1.05 1.17 84 0.91 1.23
P 0.43 0.75 2.18 2.20 1.13 L.15 88 0.99 1.30
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Changing of values of mesh geometry according to Table 2 and formulas (1—3)

Table 3

Exp. code In, In, In, In,, In, In, In, dA.in % dLyin %
A2 -0.42 +0.68 -0.51 -0.51 +0.68 +0.64 -0.13 -64 +0
Bl -0.02 +0.69 +0.3 -0.22 +0.89 +0.34 +0.38 +8 +68
B2 -0.18 +0.01 +0.62 +0.07 +0.37 0.2 +0.26 +100 +73
Cl -0.20 +1.03 +0.11 -0.22 +1.15 +0.76 +0.25 -10 +40
2 -0.22 +0.10 +0.21 -0.13 +0.27 -0.07 +0.22 +7 +40
D2 -0.27 +0.42 -0.47 -0.31 +0.32 +0.59 -0.15 -54 -15
El -0.02 +0.35 +0.39 -0.3 +0.56 -0.04 +0.48 +10 +99
E2 -0.09 -0.04 +0.51 +0.03 +0.25 -0.22 +0.26 +72 +62
F1 -0.02 +0.47 +0.15 -0.37 +0.59 +0.16 +0.37 -20 +68
R -0.13 -0.06 +0.15 +0.06 +0.07 -0.02 +0.05 +23 +9

of the cell closure, is the ratio of cross diagonal of the cell L, to
cross diagonal of the mesh knuckle L, (Fig. 4).

It is important to emphasize that the reported thickness of
the mesh after deformation should be interpreted as an average
value, as the observed changes in mesh thickness were not uni-
form. These changes included not only the expected reduction
in thickness but also instances of thickness increase. Computer
simulations of mesh tension, performed using QForm software,
reveal areas of significant compressive stress that arise from the
“opening” of the mesh, particularly in the knuckles. This stress
induces plastic deformation in localized regions, with the metal
flow occurring perpendicular to the rolling direction. Conse-
quently, the observed increase in mesh thickness corresponds to
the well-known “barreling” effect seen on the side surfaces of
the compressed specimen. This phenomenon accounts for the
delayed reduction in mesh thickness relative to other deforma-
tion parameters, as it results from the measurement of the max-
imal value. Fig. 5 illustrates the visualization of the thickness
increase effect during the tension of the cut sheet (@) and (),
and after the mesh is rolled within the aluminum matrix (c).

The simulation data presented in Fig. 5 indicate that thick-
ness inhomogeneity is more pronounced during the tension
process. In zone 2, the thickness reaches 0.54 mm, whereas the
initial thickness of the sheet was only 0.5 mm (Fig. 5, b). It is
important to note that the inhomogeneity of the thickness,
which originates during the rolling process, is also clearly ob-
servable, although it exhibits a more gradual variation compared
to the tension phase. Thus, the variation of the thickness of the
inlays is not homogeneous, due to the increase in the mesh angle
a,, (angle of the mesh along the rolling direction). The angle 180°
- o, (angle of the mesh across the rolling direction) is closing,
which induces deformation of compression near its apex.

The discussion of the obtained results could be based on
the controlled inhomogeneity of the deformation inside the
matrix. This inhomogeneity inspires the appearance of the
complex 3D interface between the inlay and the matrix. The
shape of this interface depends on the interaction of two mate-
rials during their plastic flow through the deformation zone
during rolling. The measurable parameters of such interaction
remain uncovered, that is, what the physical of artificial indi-
cator that can predict the flow of the inlay: either as in the alu-
minum (columns B and E in Fig. 3) or as in the copper (col-
umns C and Fin Fig. 3) is not yet designed. The proper tool for
solving of the such task — FE simulation and its features in-
volved in the solution, which is called to open an avenue for
increasing of mechanical properties of the composites. The
complex 3D arcuate shape of the interface when modified with
intermetallic phases could add geometric stiffness to the com-
posite. Due to the programmable direction of mutual diffusion
of composite components, this effect plays a crucial role in
solid state alloying.

Conclusions. It has been established that:

1. The shape of the kirigami structure inside roll bonded
composites is derived from dynamic equilibrium of mechani-
cal as well as ductile properties of both inlay and matrix mate-
rials along deformation zone in complex heat conditions.

2. The “softer” is the matrix, the higher is the axial flow in
the zone of deformation. This leads to a significant increase in
the angle of the kirigami structure as well as thinning of its
lines.

3. The “hard” matrix forces the kirigami structure to flat-
ten instead of changing its angle, as in the copper experiments
described above.

Fig. 5. Visualization of thickness inhomogeneity, induced dur-
ing the tension of cut sheet (a) — dimetric view and (b) —
side view, and after rolling of the mesh inside aluminum
matrix (c):

1 — thin zone; 2 — thick zone
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Tpanchopmania nedopmoBanoi Kipurami
CTPYKTYPH Wi 9ac MPOKATKH-3’€THAHHS
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Mera. KinpkicHa oninka aedopmallii KOMipoK aedop-
MiBHO1 BKJIAJIKM THUITy KipvraMi NMpu MpOKaTUi-3’€IHaHHI 3
BUKOPUCTAHHSIM Di3HUX MATPUILIb 3 METOIO0 TTPOTHO3YBaHHS
MOBEIiHKU apMylo4oi a3y B ceperHi KOMITO3UTY.

Metoauka. /17151 BUTOTOBJIEHHSI TPUILIAPOBUX KOMITO3UT-
HMX JIMCTiB BMKOPDUCTOBYBaBCSl  IpOLEC  MPOKATKU-
3’enHaHHA. B sKocTi apMyroudoi (a3y BUKOPUCTOBYBajacs
MPOCIYHO-BUTSXKHA CiTKa 3 M’SIKOi Ta HepxKaBilouoi CTali.
Y aucTax BUKOPUCTOBYBAJIMCS IBi MAaTpUYHi (ha3u 3i CIJIaBiB
Mini Ta amowmiHito. [ochiimkeHi TpaHcgopmMallii apMyouoi
(ha3u BcepennHi KOMIIO3UTHOTO JUCTA.

PesynbTaTi. Y xoni nociakeHHs OTpUMaHi eKCriepyuMeH-
TaJbHI JaHi 11010 TpaHcdopMallii BKJIAIKWA TUITY Kipyrami,
pO3TalllOBaHOI B ILEHTPi TPUILAPOBUX JIMCTIB, Mil 4Yac
MPOKATKKM-3’€MHAaHHS. Byslo mpomeMoHCTpoBaHO, IO 30i1b-
LIEHHS M’SIKOCTi MaTpULli TPU3BOAUTD /10 OLIBILIONO OCHOBOTO
IUIMHY MeTasly B 30Hi nedopmariii. Lle mpu3BoauTh 10 MOMiIT-
HOTO 30iIbIIEHHSI KyTa Haxuiy ciTku. HasiBHiCTb XOpcTKOi
MaTpHULIi MPU3BOAUTH A0 CIUIIOLIYBAHHS KOMIpOK CITKH, a He
110 3MiHM X KyTa. | HaBMmaku, 3a BiICyTHOCTi MaTpHUIli MPpOKaTKa
CTaJIeBOI CITKM MPU3BOAUTD 10 MiHIMaJIbHOI 3MiHU KyTa CiTKH,
TTOKM OOTUCK TP MPoKartiii He nocsirie 50 % abo Gibie.

HaykoBa HoBu3Ha. Y poOOTi BIiepliie MpeacTaBIeHO KUTbKic-
HUIA aHaJTi3 3MiHU reoMeTpil n1eOpMOBaHOI BKIAAKU TUITY Ki-
purami B 3aJIeXKHOCTI Bifl BEIMIMHU AeopMallii Ta MeXaHIiUHUX
BJIACTMBOCTEI MaTepiay MaTpMLL ITi/I Yac MPOKATKM -3’ €THAHHSI.
PozyminHst 3MiHu hopmu hasu, 110 apMye, Y CepenrHi KOMITO-
3UTHOT'O JIUCTA MOJIETIIUTh MPOTHO3YBAHHSI BEIMYMHU TUIONI
KOHTaKTy MaTepialy MaTpHIli ITpy IIPOKATIi-3’€AHAHH.

IIpakTiyna 3HaYMMmicTb. Pe3ysnbraTu, oTprMaHi B poOoTi,
MOXYTb OyTH BUKOPHMCTaHI ISl TPOTHO3YBaHHS (POPMM KiH-
11eBOI KiprraMi CTpYKTYPH B C€pelrHi KOMIO3UTIB.

Kumouosi cnoBa: npoxamka-3’ednanus, npociuno-po3msidic-
Ha cimka, artominieea mampuys, MiOoHa mampuys
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