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Before supplying gas to the pipeline, it must be cleaned from various impurities at special
plants for complex gas treatment. Separating equipment, absorption or adsorption columns and
other equipment used for these purposes, should be wear-resistant and lightweight and withstand
high loads. Aluminum sheets with mesh reinforcement possess such properties. Actual task is
improving of technology for obtaining such sheets in order to receive higher quality and reduce cost
of the products. The article presents results of experimental studies of the strain parameters of
rolling an aluminium matrix when wire mesh is inserted between aluminium layers. During the
experiment, two types of stainless steel fabric meshes oriented parallel and diagonal to the rolling
axis were placed between two aluminium strips and rolled. Rolling processes were performed, at
which temperature and pressure on the material were varied to produce bonding of matrix layers.
This study focused on measuring strain in areas of longitudinal and cross sections; stretching and
ovalization of the wire mesh; measuring changes in the mesh angles of the cell; and testing
mechanical properties of composites along the rolling direction. Main contradiction resulting from
this experiment was as follows: contact pressure required for the bonding of aluminium layers
produces extreme tensile strain on the inserted wire mesh, degrades mechanical properties of the
reinforcing mesh and, thus, degrades properties of the entire composite. Optimal results in the
longitudinal tension tests were achieved by wusing strips with diagonally oriented mesh-
reinforcement. This study was supported by German Academic Exchange Service (DAAD) in the
framework of German-Ukrainian project «Praxispartnershaft Metalurgie».

Key words: aluminium matrix, steel mesh, reinforcing, rolling, delamination, mechanical
properties

Introduction

The steady tendency to reduce the number of working mines forces us to pay
more attention to the gas and gas condensate fields. After extraction from the deposit
before supplying gas to the pipeline, it must be cleaned of various impurities. The
presence of water, liquid hydrocarbons, aggressive and mechanical inclusions in the
gas reduces the capacity of gas pipelines, increase the consumption of inhibitors,
increases the corrosion of equipment, leads to the need to increase the capacity of gas
compressor stations, removes the reliability of technological systems, increases the
probability of emergency situations at gas compressor stations and the linear part of
gas pipelines.Gas preparation for long-distance transportation is carried out in gas
complex treatment plants (GCTP) intended for drying natural gas from water,
separating impurities, liquid hydrocarbons and cleaning from sulfur compound.

The choice of industrial equipment for GCTP depends on the composition of the
gas, the content of moisture and impurities, the direction of the further use of gas and
the climatic conditions of the mining and transportation areas. Taking into account
the above factors, the GCTP can include separation units, absorption or adsorption
columns and other equipment.

To increase the resource and reduce the cost of this type of equipment, it is
advisable to use wear-resistant, light materials that are not subject to corrosion,
capable of withstanding high loads. Wire-reinforced aluminum sheets have similar
properties. Actual is the task of improving the technology for obtaining such sheets in
order to improve the quality and reduce the cost of products.

1. Formulation of the problem

The combination of different materials in a single product, known as a composite,
usually incorporates the best properties of each material into a single finished
product. An example of such a composite is aluminium alloy sheet reinforced with
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steel netting. The aluminium is lightweight and highly resistant to corrosion whereas
the steel netting is strong and ductile. The properties and characteristics of such
compositions, including those obtained in the metal forming processes, are described
in [1]. In the United States, Patent [2] claims the methods of producing a metallic
material composite which involves assembling at least two stacked matrix layers of
relatively low-strength metal and one or more reinforcements in the form of wire or
net. This method involves a) placing a wire-wrapped aluminum sheet between two
additional aluminum sheets and rolling it at 400-450 °C; b) hot rolling a wire mesh
sheet placed diagonally between the two sheets of aluminium alloy; c) hot rolling a
multilayer composite of interwoven alternate matrix layers, meshes of woven
stainless steel and aluminium wires; and d) filling mesh cells with aluminium
spraying and rolling between the soft matrix sheets. Aside from production methods,
the results of mechanical and fatigue tests of obtained composites are also presented
in this patent. They show that all composites had an increased fatigue life, especially
with a diagonal net-reinforcement. However, in some experiments, the rolled
sandwiches showed a decreased level of strength and ductility in comparison to pure
matrix material. Unfortunately from study [2], the strain parameters of rolling and the
contraction of cross-sectional wiring remain unclear. Patent [3] describes the
elements of longitudinal steel wire reinforcing technology of an aluminium matrix
during rolling. The methodology begins with the formation of half-rounded
longitudinal grooves on the aluminium matrix surface. Steel wire is then placed in the
grooves of both matrices and rolled flat. The implementation of these methods avoids
significant strain in both the matrix and wiring. In our opinion however, this
technology lacks an additional pre-bonding operation in grooving matrices. In patent
[4] is described another way of reinforcing, which consist compounding and
subsequent rolling of transversally grooved aluminium matrix, with longitudinal steel
wires. This technology with a small rolling reduction provides higher contact
pressure between the matrix and the reinforcement, as well as between the matrix
layers. Its drawback however, is the high probability of a porous appearance inside
the finished sandwich. Authors claim that such porosity can be eliminated following
further deformation processes. Both technologies described in [3] and [4] require
compliance between the wire diameter and diameter of the groove for each material
pairing as well as the determination of strain-temperature conditions of process.
Numerous tests were devoted to investigating strain-temperature conditions at roll
bonding of flat products.

Experiment [5] analyzes the deformation of the longitudinal and transversal net
wires within a flat composite after rolling. Results of the experiment show that the
wire cross section changes in two ways during rolling: ovalisation (flattening) and
stretching. The set of these deformations depends on the position of wire in the
composition as well as on the strain parameters during rolling. The appearance of
carbon fibre breakages inside the twin-roll cast composite, presented in [6], also
reflect the importance of monitoring strain parameters during the composite’s
deformation.
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The implementation of the energy-saving twin-roll casting technology for
aluminium-steel clad strips allows a thin and uniform layer of intermetallic phases on
the materials interface of approximately 3 um thickness with an adhesive strength of
over 70 MPa [7] to be obtained. Moreover, a good cold formability of the twin-roll
cast and consequently hot rolled clad strip of pure aluminium and austenitic steel is
shown in [8]. The results of the research on the roll bonding of two-layer (Al - Al)
and a three-layer (Al - steel - Al) compositions are described in [9]. It is shown that
the strain rate during rolling has no significant impact on the composite’s mechanical
properties. The main parameters are: contact pressure, temperature and strain. A
minor number of known studies is devoted to casting technologies, in particular twin-
roll casting, for manufacturing aluminium matrix composites reinforced with wires
and netting and to the evaluation of their properties. Section [10] describes process
parameters and upper limitations of wire diameter by twin-roll casting of net-
reinforced aluminium strips. At the same time, the contraction of cross-sectional
wiring due to the consequent rolling was not observed considerably. The devices for
feeding and positioning of the wires inside the composite during the twin-roll casting
are described in [11]. Thus, the current level of research shows that strain-
temperature parameters of roll bonding in a certain range can increase composite
properties without a preliminary grooving. Establishing this range is necessary in
understanding how the rolling parameters impact the contraction of reinforcing phase
and how they influence the composite’s properties.

The purpose of this work is to obtain quantitative data on the contraction of cross-
sectional wiring during the roll bonding of net-reinforced aluminium matrix
composites. Moreover, the study serves to evaluate the influence of changes in cross-
sectional wiring on the composite’s tensile strength.

2 Experimental

The flat composite consisting of two outer layers of aluminium alloy and a
stainless steel net in the core was manufactured by means of roll bonding. The
following aluminium alloys in the form of thin strips were used as a matrix material
of the composite:

e EN AW-5056 (Al-Mg system) in the annealed condition; the samples’

dimensions for the experimental roll bonding (h x b x 1): 4 x 36 x 120 mm.
o EN AW-6063 (Al-Mg-Si system) in the annealed condition; the samples’
dimensions: (h x b x 1) 3 x 36 x 120 mm.

The two types of the 90° fabric wire nets of stainless steel EN 1.4301 were used
as a reinforcement material:

e “A” — diameter of the net wire: 0.5 mm,; size of square cell 3 x 3 mm;

e “B” — diameter of the net wire: 0.25 mm; size of square cell 1 x 1 mm.

For each of 4 materials pairs, three types of billets, preliminarily fastened in the
corners with aluminium rivets and forming so-called sandwiches, were prepared for
the subsequent roll bonding (See Fig. 1):

e Type 90 — the net wires oriented along and across the rolling direction.

e Type 45 — the net wires oriented at an angle of 45° (diagonally) to the rolling

direction.
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e Type 0 — without reinforcing net.
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Figure 1 — Sandwich preparation scheme for the experiments on roll-bonding: RD — rolling
direction, hy- initial thickness of the aluminium strips

The rolling was carried out in one or two passes with a nominal reduction of 30%
in every pass with a preheating to the rolling temperature (see. Table 1) in a two-high
rolling stand with 250 mm diameter rolls. Rolling speed was 23.5 m/min.

The general experimental plan and parameters for the hot roll bonding of
aluminium strips reinforced with a steel net is presented in the Table 1.

Table 1 — The experiments on the hot roll bonding of net-reinforced aluminium composites

Matrix allo
Features AW-5056 AW¥6063
Net type A ° °
Net type B ° °
Samples | Sandwich type 90 ° °
Sandwich type 45 ° °
Sandwich type 0 ° °
Nominal reduction 30% Rolling temperature 200 °C - °
in a single pass ° -
Processing Nominal reducti.on 60%, Rolling temperature 500 °C
in two passes with - °
intermediate preheating
) Measurement of wires strain ° °
Testing Quasi-static longitudinal tensile test ° °

Legend to the Table 1:
e — experiments were performed
- — experiments were not performed

The only exception in the experimental series was roll-bonding of non-reinforced
sandwiches with AW-6063 matrix in one pass. In this case, the delamination of
sandwiches occurred immediately after rolling, possibly due to an insufficiently high
rolling temperature of 200 °C. Further analysis of this composite was impossible.
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After the roll bonding, the cross-sections of the manufactured composites in the
longitudinal and transversal (to the rolling direction) planes were made to analyze the
position and form of the wires in the matrix material. The cross-sections were
prepared using abrasive cutoff machine and a subsequent grinding with sandpaper up
to 4000 grit. The form and position of the wires in the cross-sections were analysed
and measured using a digital microscope Keyence VHX5000.

To analyze the net distortion of the sample’s length and width, one of the matrix
layers was removed to reveal the net fabric. For this purpose, one of the aluminium
layers was ground and subsequently chemically removed using 5%-solution of NaOH
until the net became visible. Photographs of the net inside the composite were taken
using digital microscope Keyence VHXS5000.

To calculate strain values, the initial sandwich thickness h, was interpreted as the
sum of thicknesses (2 x h,) of the aluminium matrix without factoring in the
thickness of the net fabric. The elongation factor ps for sandwich and finished
composites were defined as the ratio of their cross-sectional areas before (hy x by) and
after the rolling (h; X b;). The longitudinal ;,tngo and transversal uwT% wire elongation
factors of the Type 90 composites were calculated as a ratio between the initial and
final areas of the wire projection on the transversal (across the rolling axis) and
longitudinal cross-sectional planes correspondingly. The ovalization of the wires in
this type of composite (O, ") was determined as a ratio of width b,, to height h,, (Fig.
2). The elongation factor "~ and wire ovalization O,* for the Type 45 sandwich
were defined as analogous to the ones for Type 90. In this case however, the average
area of wire projections and the average width and height of the ovalized wire on the
longitudinal and transversal cross-section planes were used for the calculations. The
number of measured wires was 5-12 for the longitudinal and 3-7 for the composite’s
transversal plane.

I /.‘%’t\{\ 2 3 4//O 73
RD

Figure 2 — Scheme for the evaluation of elongation factor and ovalization of the wire inside the
Type 90 composite: RD - rolling direction; 1 — the longitudinal cross-sectional plane of the
composite; 2 - projection of the transversal wire (T) on the longitudinal plane; 3 — the transversal
cross-sectional plane of the composite; 4 - projection of the longitudinal wire (L) on the transversal
plane.
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In the Type 45 composite, the net elongation factor is not proportional to the wire
elongation factor. They are related via changing of cell angle. The net cell elongation
factor p.can be defined with a help of the scheme, presented in Fig. 3.

S
®

RD

a b

Figure 3 — Scheme for calculation of the net cell elongation factor for the net oriented diagonally to
the rolling axis: a — net cell before rolling; b — net cell after rolling; ¢y, dp and o — respectively,
initial edge length, diagonal length and cell angle; ¢y, d; and a; — respectively, edge length, diagonal
length and cell angle after rolling.

According to Fig. 3: ¢, = ¢o x p; where: p,* — the elongation factor of the
wires in Type 45 sandwiches. i, "was calculated from the measured wire contraction
in cross sectional planes. The length of diagonal d; can be calculated using the edge
length ¢, and an angle a; measured after the etching. The net cell elongation factor .
is equal to the ratio d,/d,. Because the above mentioned local deformation in the wire
intersections 1s omitted during calculations, the net cell elongation factor is
overestimated by to 5-%-8%.

For the analysis of the mechanical properties, the standard (EN 6892-1:2009)
samples for uniaxial tensile tests were cut from the composite in as-rolled condition,
1.e. without heat treatment, along the rolling direction using spark erosion cutting.
Three samples with the width of the machined part of 12.5 mm and the width of the
gripped ends for the machine clamps equal to 18 mm were sampled from the
composite strips for each condition. The tensile tests were carried out on the universal
hydraulic testing machine MTS Landmark 250 using a tension speed of 4 mm/min.
As a result, the yield strength R,,, the tensile strength R,, as well as two types of
elongation at fracture, Asrm) and As were measured for each specimen. Asgm) — 1S a
calculated value reflecting the sample non-proportional elongation at maximal stress;
As — 1s a measured total sample elongation after the test. For every condition, the
mean values of the properties measured from three specimens were taken for further
analysis. Images of the samples’ length during tension were also taken in equal time
intervals using a digital high-speed camera.

3. Results

3.1. General results. The explicit delamination of the sandwiches during the roll
bonding process, as well as at the outlet of the rolling stand were not observed for the
whole range of experiments. During the rolling, the wires rather uniformly filled the
length and width of the composite strips. No visible breaks or gaps were detected.
The chemical removal of one of the matrix layers revealed that the net cells inside the
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composite were unevenly deformed (See Fig. 4). Thus for the Type 90 reinforcement,
the visible substantial bending of transversal wires in the central part of the
composite, as well as uneven increase in the distance between them was noticed.
(Fig. 4a). The analysis of the transversal wire distortion showed that the thicker “A”-
netting is more inclined to bending than the thinner-wire “B”-netting.

At the same time, rolling sandwiches with AW-5056 matrix at a temperature of
500°C results in less wire bending than the rolling of sandwich with AW-6063 matrix
at 200°C. The increase of the strain in the investigated range predictably leads to the
increased bend in transversal wires. The angle between the wires (See Fig. 4b) in the
Type 45 composite changed during rolling, but the wire contraction was still less than
the Type 90 composite.

111 i TN ) ) 3 ™ N
I 0 mm RDT“ 2
N

hI.A-.’-—r N

Figure 4 — Examples of the net distortion in Type 90 (a) and Type 45 (b) composites after rolling:
RD - rolling direction.

Analysis of the net wires intersection area in Type 45 composite (See Fig. 5b)
shows that zones of a localized intensive deformation can be detected near these
intersections. Their appearance is caused by wire-to-wire compression and by the
simultaneous movement of these intersections towards the rolling direction due to the
axial tension and elongation of the whole composite.

Figure 5 — 3D reconstruction of the net (a) and the intersections of the net wire (b) inside the rolled
Type 45 composite. Marked areas — zones of the localized intensive deformation.

The digital microscope image presented in Fig. 5a is a 3D reconstruction of the
net inside the rolled Type 45 composite. Thus, rolling with a 30% nominal reduction,
the maximal deviation of the intersection angle a; from o in ”A”-net was 12° and
13° for composites with AW-5056 and AW-6063 matrices respectively. For the “B”-
net, these values were equal to 16° for the both matrix materials. For the composite
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with AW-6063 matrix, rolled in two passes, the intersection angle a changed on 32°
for the both net types.

3.2. Roll bonding of sandwiches with AW-5056 matrix. The main measured and
calculated strain parameters of this roll bonding series are presented in Table 2.

Table 2 — The strain parameters of rolling sandwiches with AW-5056 matrix.

Experiment

P e e e . e | ope | ™ | e | e | 00 | 0w | 0wr™ | Fu, %
5056-A-90-30 | -0.32 {0.03| 0.28 |1.28| - - 1.44 | 1.08 - 1.13 | 1.07 | 2.90
5056-A-45-30 | -0.38 {0.07| 0.34 |1.37|1.49| 1.36 - - 1.15 - - 3.29
5056-B-90-30 | -0.37 {0.07| 0.31 |1.35] - - 1.13 | 1.02 | - 1.1 1.04 | 1.14
5056-B-45-30 | -0.38 {0.09] 0.33 |1.37]1.38| 1.21 - - 1.08 - - 2.73
5056-0-0-30 -0.37 10.06| 035 |1.35| - - - - - - - -

Legend to Table 2:

* - The experiment code is: the type of the matrix alloy - net type - sandwich type - nominal
reduction at rolling;

en, €b, € — true logarithmic strain over the height, width and length of the sample, respectively;
ps — elongation factor of the whole composite;

L. - elongation factor of the net cell;

1, — wires elongation factor in Type 45 composite;

iy — longitudinal wires elongation factor in Type 90 composite;

iyt " — transversal wires elongation factor in Type 90 composite;

0, — wires ovalization after rolling in Type 45 composite;

Ow.”” — longitudinal wires ovalization after rolling in Type 90 composite;

Oy1 " — transversal wires ovalization after rolling in Type 90 composite;

F\,% — part of the composite cross-section filled by the wires. It is calculated as a ratio of wires
projections areas (Fig. 2, Pos. 4) to the area of the composite cross section (Fig. 2, Pos. 3).

The true values of the elongation factor for the transversal wires pyr - are 2...4% lower, while the
values of ovalization OwT90 are overestimated due to the fact that these wires bent during the
rolling and intersect the longitudinal plane at the angles that slightly differ from 90° (See. Fig.
4a).

The analysis of the rolling results shows that while straining of transversal wires
in the Type 90 composite almost did not occur, the longitudinal wires were intensely
strained. The elongation factor of the longitudinal wire qugo which exceeds the
elongation factor of the whole composite py indicates additional localized
deformation in net knots. In the case where the elongation factor of the longitudinal
wires iy is considerably smaller than the composite elongation piz, such as in
specimen 5056-B-90-30, wires breakage inside the sandwich could be indicated.
These assumptions were confirmed by the subsequent sample etching revealing the
net structure. This may be caused by the embrittlement of the stainless steel wire
during the heating at a temperature of 500 °C.

The smaller values of the wire elongation factor for the Type 45 sandwich p,,* are
compensated for by altering the wire’s intersection angle. The angle changed to 12°
in the experiment 5056-A-45-30 which, together with the wire elongation factor "
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= 1.36, enabled net cell elongation factor results of p. = 1.49. The latter is greater
than the elongation factor of the whole sandwich py = 1.37.

The net cell elongation factor for the experiment 5056-B-45-30 u. was equal to
1.38, which is larger than the elongation factor for the entire sandwich ps. This
finding indicates that there is a is relatively low probability of wire breakage in this
sandwich. Furthermore, this probability is lower in specimens with a “A”-net, than in
those with a “B”-net. Despite the elongation factor of the net cells p. = 1.38 being
greater than the total elongation factor of the sandwich uy = 1.37, the wires’ fracture
during rolling even occurred in the Type 45 sandwich. However, the development of
methods for a quantitative evaluation of wire fracture probability may be the purpose
of further research.

Using the same initial roll gap, the lowest reduction was achieved while rolling
Type 90 and Type 0 sandwiches. The highest reduction resulted from rolling Type 45
sandwiches. This indicates that the diagonally oriented net promotes the metal flow in
the core layer of the sandwich by reducing internal friction. This effect is greater for
the thinner wires (“B”-net). The sandwich with smaller cells, thinner wires and a
diagonal net orientation also show a greater widening when compared to specimens
with a longitudinally oriented “A”-net. However, it should be noted that the widening
in this experiment was insignificant.

3.3. Single-pass roll bonding of sandwiches with AW-6063 matrix. The main
strain parameters of this rolling series are presented in Table 3.

Table 3 — Strain parameters of rolling sandwiches with AW-6063 matrix with a nominal reduction
of 30%*.

EXPCe;;Izent e e e e | ope | e® | e | pwo™ | 0¥ | 0w | 0w 1::):,
6063-A-90-30 | -0.36 {0.04| 0.32 | 1.37 | - - 1.68 | 1.3 - 1.25 1.04 |2.51
6063-A-45-30 | -0.35{0.05| 0.33 | 1.35 |1.49| 1.35 - - 1.11 - - 4.35
6063-B-90-30 | -0.36 {0.03| 0.34 | 1.39 | - - 1.24 | 1.05 - 1.08 1.09 {091
6063-B-45-30 | -0.36 {0.04| 0.34 | 1.38 |1.45| 1.27 - - 1.1 - - 3.51

* - for legend see Table 2.

A more intensive deformation of wires can be seen in this experimental series
than with the composites based on AW-5056. Thus, the calculated stretching and
ovalization of wires have higher values. In all cases, the elongation factor of wire i,
including extension of cells in Type 45 sandwiches, was greater than the total
elongation factor of the entire sandwich py. This finding indicates that the wires in
the sandwich were not broken. The larger strain, compared to sandwiches with an
AW-5056 matrix, can be explained by the favourable temperature range for the wires
deformation. For the wire material, an austenitic stainless steel, the deformation
occurs in a range of temperatures around 200 °C, referred to as warm rolling [12]. In
Type 45 sandwiches, the cells’ diagonal length increased due to the cell
transformation from a square form to rhombus. The amounts increased by 1.49 and
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1.45 times for the “A”-net and “B”-net respectively. The probability of wire fracture
in this case was minimal. Nevertheless, it is important to pay attention to minor
differences between part of the “A”-net and “B”-net wires in the cross-sectional area
of Type 45 composites.

3.4. Two-pass roll bonding of sandwiches with AW-6063 matrix. The rolling was
carried out in two passes with 30% of nominal reduction in the first pass and the total
nominal reduction of 60% after two passes. Strain parameters for this experimental
series are presented in Table 4.

Table 4 — Strain parameters of rolling sandwiches with AW-6063 matrix in two passes with a total
nominal reduction of 60%*

EXPCe;;Izent e e e e | ope | e® | e | pwo™ | 0¥ | 0w | 0w 1::):,
6063-A-90-60 | -0.74 {0.10| 0.69 | 1.90 | - - 238 | 1.06 | - 1.58 1.28 |4.91
6063-A-45-60 | -0.73 {0.09| 0.68 | 1.89 |2.56| 2.07 - - 1.47 - - 4.00
6063-B-90-60 | -0.81 {0.09| 0.74 | 2.06 | - 1.65 | 1.03 - 1.29 1.04 |1.80
6063-B-45-60 | -0.81 |{0.10| 0.75 | 2.04 | 1.4 | 1.13 - - 1.26 - - 5.79
6063-0-60 -0.88 10.10| 0.81 | 2.19 | - - - - - - -

* - for legend see Table 2.

During the rolling process, the “B”-net was unable to withstand the high strain at
rolling and fractured as a result. This can be seen in the ratio between the elongation
factors of the net and composite, as well as from part of net in a cross-section of the
sandwich. Two-pass rolling showed a significant difference in the final size of the
samples rolled with the same roll gap. The sandwiches without a net were most
significantly deformed. Thus, the final thickness of Type 0 composite without the
net-reinforcement was 13% less than sandwiches reinforced with “A”-net.
Sandwiches with a “B”-net behaved like a non-reinforced composite in that the
broken net didn’t hinder the metal flow during rolling.

3.5. Results of tensile tests. Sandwiches with AW-5056 matrix.

Stress-strain curves obtained as a result of tensile tests of this composite type are
plotted in Fig. 6. The best mechanical properties among the net-reinforced
sandwiches were achieved by testing the 5056-A-45 composite. In this composite
however, elongation at fracture was lower than the non-reinforced strip 5056-0-30.
The reinforced composite 5056-B-45 showed slightly lower yield and tensile strength
than 5056-A-45, and at the same time possessed a better ductility, which is
comparable to one of the non-reinforced strips. It is worthy to note that the advanced
properties of the sandwiches with a “B”-net-reinforcement were obtained despite the
partial fracture of the reinforcing wires during rolling, as indicated by the elongation
factor iy which was smaller than py (See Table 2). Testing of Type 90 composites
revealed their relatively low properties: the ultimate tensile strength and elongation at
fracture cannot reach the same characteristics measured in the non-reinforced 0-Type
strip.
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Figure 7 shows images of the samples taken during tensile testing directly prior to
and after fracture. Based on an observation of composite samples during tensile
testing, the mechanism of their fracture was established. It develops in the following
sequence:

1. Fracture of a single layer of the composite

2. Delamination of the composite layers

3. Fracture of the second layer of the composite

In this case, the delamination may be limited inside the area of one or several net
cells and does not occur throughout the sample length (See Fig. 7d).

3.6. Single-pass rolled sandwiches with AW-6063 matrix. The testing of the
composite with AW-6063 matrix, rolled in one pass, showed that its strength and
ductility are not strongly dependent on the type and orientation of the reinforcing
wire (See Fig. 8). The composite reinforced with a thicker “A”-net is generally
stronger. Additional strength can be achieved by means of longitudinal (Type 90) net-
reinforcement.

350 =
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Figure 6 — Stress-strain curves of composites with AW-5056 matrix

Figure 7 — The images of the composite with AW-5056 matrix taken during tensile tests directly
before (upper picture) and after (lower picture) the fracture: a — Type 0; b — Type 90, “A”-net; ¢ -
Type 45, “A”-net; d - Type 45, “B”-net.
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Figure 8 — Stress-strain curves of composites with AW-6063 matrix
Contrary to the sandwiches with an AW-5056 matrix, an analysis of the fracture

mechanism in the AW-6063 matrix composite shows that under the initial tensile
loading, the delamination of matrix layers occurs prior to fracture (See Fig. 9).

a b
Figure 9 — The images of the single-pass rolled composite with AW-6063 matrix, made

during tensile tests prior to their fracture: a — Type 90, “A”-net (the arrows indicate the necking
places of the aluminium matrix); b — Type 45, “A”-net.

Thus, the thinning of the aluminium matrix in Type 90 composite occurs at the
location of the transversal wires which serve as stress concentrators, especially after
the complete delamination of the composite. In Type 45 composites the role of stress
concentrators playsnet knots.

Two-pass rolled sandwiches with AW-6063 matrix. An analysis of tensile tests
results show that all reinforced Type 45 composites, when compared to non-
reinforced composites, have slightly higher tensile strength values (See Fig. 10). In
terms of reinforcing nets, the comparison of Type 45 composites shows that the
sandwiches with “A”-net-reinforcement have higher yield strength, and the ones
reinforced with “B”-net have higher ductility values. The strength and ductility of
Type 90 composites are 10%-15% and 35%-50% below this level, respectively.
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Figure 10 — Stress-strain curves of composites with AW-6063 matrix rolled in two passes

The images captured prior to the fracture of tensile samples (See Fig. 11) show
that rolling in two passes provided the solid compound of aluminium matrix layers
with a proper bonding between them. There was no significant delamination observed
in any test performed.

Figure 11 — Images of two-pass rolled composites with an AW-6063 matrix taken during tensile
tests prior to the fracture (the arrows indicate the necking places of aluminium matrix): a - Type 0; b
—Type 45, “A”-net; ¢ — Type 90, “B”-net, d — Type 45, “B”-net.

The main feature of the Type 45 composite, observed at its fracture, is a multiple
necking of the sample in the zones between net knots. Due to a strong bonding
between the matrix and reinforcing wires, these wires impede strain development. It
1s also important to note that only a limited delamination in the Type 0 composite was
observed, while no delamination was observed in the reinforced Type 45 composite.

4. Discussion

The fact that visible delamination after deformation was not observed suggests the
possibility of producing the net-reinforced composites with a matrix of the studied
alloys by means of roll-bonding at temperatures of 200-500°C, with a total reduction
of about 30%.

It was established that the reduction in these roll bonding experiment is limited by
the strength of the reinforcing wire.
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The error in the determination of the logarithmic strain was 0.04%-4.63%, caused
by the unavoidable inaccuracy in the measuring of the composite length after rolling.

The error in the determination of the elongation factor, wire ovalization and
change of cross-sectional area is estimated as + 3%.

For the majority of experiments, stretching was the main type of wire deformation
observed. However, a local reduction of the wires’ cross sectional area is observed in
the knots of their intersection, particularly for the “A”-net. The relation of ovalization
(flattening) to the stretching of the wires depends on the parameters of the
deformation zone at rolling. In particular, it depends on the reduction and rolls
diameter. The application of netting without intersecting knots can be a purpose for
further research.

The “A”-net was most intensely deformed in the Type 45 composite. To avoid
wire fracture in this type of composite, the elongation factor of cell diagonal p should
be directly correlated with a total elongation factor of the composite py. If the total
elongation factor of the composite s is higher than the elongation factor of cell
diagonal p., then there is a high probability of wire fracture. Furthermore, even if the
elongation factor of cell diagonal . is the same or slightly higher than composite ps,
the probability of breakage remains. The balance of these factors requires further
clarification. The probability of wire fracture can be estimated as the correlation of
the elongation factors of composite and wires, considering a maximum possible
elongation for the material of current wire.

Longitudinal wires assume the main deformation in the Type 90 composite. The
elongation factor of wire qugo should be directly correlated with the elongation factor
of the composite s to predict the possible fracture of these wires.

In the “A”-net, the strain of longitudinal wires of the Type 90 composite is 29%-
33% higher than the strain of transversal wires, and does not depend on the matrix
material and reduction in the conducted experiments. This difference is about 10%-
60% for the “B”-net.

Wire ovalization largely depends on reduction at roll bonding. The ovalization of
transversal wires in the Type 90 composite is minimal; a moderate ovalization was
observed in the wires of Type 45 composite; and the maximum of this criterion was
reached by the longitudinal wires in Type 90 composite.

Deformation of transversal wires in the Type 90 composite occurs mainly due to
bending in the rolling direction. The ovalization of transversal wires was negligible
for the majority of experiments.

The Type 90 composite showed unsatisfactory results at the tensile tests. It could
be related to the exhaustion of plastic properties of the longitudinal wires at rolling,
and also to the fact that transversal wires serve as stress concentrators under the
tension.

Type 45 composite showed the best results in the tensile tests due to the low
stretching of wires at rolling.

Comparison of obtained results with calculated theoretical strength value for
reinforced composites shows that the latter was reached only once. The single
composite showing so high performance was 5056-A-45-30. The theoretical strength
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was calculated proportionally to the part of composite cross-section filled by the
wires (F,,) taking into account estimated tensile strength of wire equal to 900 N/mm”
using the formula described in [13]. In Fig. 12 the chart showing the ratio of obtained
strength (R,,) to theoretical (Ryy1)) strength of rolled composites is presented. The
reasons for not reaching of the theoretical values during the experimental
investigations seem like a chain of following fails: stress concentration in the net
knots as well as near transversal wires; delamination; premature breakage of wires
and split of matrix with reinforcement due it's geometrical distortion.
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Figure 12 — Ratio of obtained strength (Ry,) to theoretical (Ryr)) strength of rolled composites

Wire fracture at rolling reduces the mechanical properties of the whole composite.
However in some cases, it also improves mechanical properties when compared to
non-reinforced composites. This suggests that composite’s strengthening results from
the net-reinforcement as well as from the local hardening of the aluminium matrix
induced by wires.

Depending on the wire distribution in the composite cross-section and on the
bonding strength in matrix-matrix and matrix-reinforcement interfaces, the fracture of
composite occurs by the following mechanisms:

Delamination — Fracture of layers (D-F). This mechanism occurs when the
composite has a low bonding strength in a matrix-matrix system, and also a relatively
small part of wires in the cross section of the composite (Fig. 13).



224 ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) 'eorexHiunga mexadika. 2017. Ne 135

Figure 13 — Example of “D-F” mechanism at composite's tension

Fracture of the first layer — Limited delamination — Fracture of the second
layer (F1-D-F2). This mechanism is characteristic of the composite, in which the
part of transversal wires (relative to the tension axis) is small and the bonding
strength between matrix and reinforcement is higher than that between the matrix
layers. In this case, at the elastic return of the destroyed first layer, the reinforcement
“splits” the composite layers (Fig. 14).
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Figure 14 — Example of “F1-D-F2” mechanism at composite's tension

Fracture without delamination (F). This mechanism is characteristic to the
composite with a high bonding strength in a matrix-matrix and matrix-reinforcement
interfaces as well as with a large part of wires in the cross section (Fig. 15).
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Figure 15 — Example of “F” mechanism at composite’s tension

These three main mechanisms change each other within development of rolling

stresses.
6. Conclusions and outlook

Improving properties of net-reinforced composites is limited due to an
accumulation of tensile strain on wires while rolling. Consequently, when combined
with an additional localized intensive compression on the net knots, this effect leads
to wire fracture and to an induced longitudinal tensile stress on the entire composite.
Thus, there is a contradiction between the strain required for proper bonding of
matrix layers (at a given temperature) and stress, induced by that strain, which causes
excessive tension on reinforcement wires. The most favorable results in the
longitudinal tensile tests were obtained using specimens with a reinforcing net placed
diagonally to the rolling axis. On our opinion, a longitudinal orientation of wires is
useless and a transversal orientation is dangerous due to the concentration of stress.
Parameters of the deformation zone while rolling play a significant role in the
distortion of wires inside the composite. The three types of composite fracture were
detected. Each of them depends on own composition of followed factors: the part of
wires in a cross section of the composite, properties of the wires, orientation of the
wires to the rolling axis, 4) properties of the matrix, 5) bonding strength on the net-
matrix and matrix-matrix interfaces.
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AHortamisi. CTaTTIO TPHUCBSYEHO JOCIIIPKCHHIO TEXHOJIOTIYHOTO TMPOIECY apMyBaHHS
QMIOMIHIEBUX JIMCTIB JPOTOM [UIsl MiJBUIICHHS HaAidHOCTI oOJaJHaHHA AN KOMIUIEKCHOI
miAroToBKM Ta3zy. CKOpPOYEHHS MPAIIOI0YMX BYTUIBHUX MIAXT, 3MYIIy€ OUTbIIE yBard MPHIUISATH
ra3oBUM 1 ra30KOHAEHCATHUM pojosuiaM. [lepen mogaueto razy B TpyOOImpoBia HOTo 000B'I3KOBO
OUMINAIOTH BiJ PI3HUX JOMINIOK HA CIEHIAJbHUX YCTAHOBKAaX KOMIUJIEKCHOI MIATOTOBKM Tas3y.
3acTocoByBaHa ISl IUX ITUIEH anapatypa cenapaiiii, abcop06uii ado azlcop6u11/1H1 KOJIOHU Ta 1HIIIE
oOJlaJIHaHHS TIOBUHHI OYTHM 3HOCOCTIMKMMHM, JIETKUMH 1 BUTPUMYBAaTH BHCOKI HABaHTa)KCHHS.
TakuMu BIACTHBOCTSMHU BOJIOIIIOTH apMOBaHI CITKOIO JHCTHU alOMiHiIO. AKTyalbHOIO € 3ajada
BJIOCKOHAJICHHSI TEXHOJIOT1i OTPUMAaHHS TaKUX JIMCTIB 3 METOIO TOJIIIIEHHS SKOCTI Ta 3MEHIIICHHS
BapTOCTI BHMPOOIB. Y cCTaTTli MNpeACTaBICHI pe3yJbTaTh EKCIEPUMEHTAIbHUX JOCHIKEHb
napameTpiB aedopmariii MPOKATKU aIOMIHIEBOI MAaTpHIll, KOJU IPOTOBA CITKa BCTaBJIEHA MIX
mapamu anroMmidito. [1if yac ekcrnepruMeHTy JiBa THUIM CITKM 3 HEpKaBilOYOi CTalll, Opi€HTOBaHI
napaeTbHoO 1 10 JIiaroHai B3JIOBXK OC1 TIPOKATKU, MICTHIIMCS MiXK JJBOMA aTFOMiHIEBUMHU CMYKKaMH
1 mpokatyBanucs. [IpoBogunucs mporecH MPOKATKH, B SIKAX TeMIeEpaTypa 1 TUCK Ha Marepial
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3MIHIOBAJIMCS ISl 3B'SA3yBaHHS MaTpuUuHUX mmiapiB. Lle mocimipkeHHS TPUCBSYCHE BHUMIPY
nedopmarii Ha JUISTHKaX MO3/I0BXKHBOTO 1 MONEPEYHOro Mepepi3y; po3TATyBaHHS 1 OBajti3allil CITKH;
BHUMIPY 3MiH B CITYAaCTHX KyTaX OCEpeKy; 1 BAIPOOYBaHHIO MEXaHIUHUX BJIACTUBOCTEW KOMITO3UTIB
B3JIOBX HANpsSMKY MpoKaTkd. OCHOBHE MPOTHPIYYs, LI0 BUIUIMBAE 3 IOIO EKCIIEPUMEHTY,
TOJIsATaJIa B HACTYITHOMY: KOHTAKTHHM THCK, HEOOXITHUM IS 3'€ THAHHS IAPiB ATFOMIHIIO, CTBOPIOE
eKCTpEeMaJIbHY pO3TATyBalibHY JeopMallilo Ha BCTABJIEHHUX CITYACTUX MPOBOJAX, 3MEHIIYIOYU
MeXaHIYHI BJIACTHBOCTI apMyr0doi CITKH 1, TaKUM YHWHOM, 3MEHIIYIOYH BJIACTHBOCTI BCHOTO
KoMNo3uTy. OnNTUManbHI pe3yibTaTH B TECTax IO3J0BXKHBOIO HATATY OynIM JOCSATHYTI 3
BUKOPUCTAHHSIM CMYT 3 JllalOHAJbHO OPIEHTOBAHOI CITKOIO. JlOCHIJKEHHS, pe3yibTaTU SIKUX
HaBe/lEeHI B JaHId CTaTTi, BUKOHaHI B paMKaX CIUIBHOTO HIMEIbKO-YKPaiHCBKOTO IPOEKTY
«Praxispartnershaft Metalurgie», mo ¢iHaHCcy€eTbCs HIMEIIBKIM TOBAapHUCTBOM aKaJeMidHUX OOMiHIB
DAAD.

KirouoBi ciioBa: amromiHieBa MaTpHIls, cTajeBa CiTKa, apMyBaHHs, IPOKaTKa, BiAMIapyBaHHS,
MeXaHI14HI BJIaCTUBOCTI.

AnHoTanus. CTaThs MOCBSIIEHA MCCIEIOBAHUIO TEXHOJOTHYECKOr0 MpoIecca apMUPOBAHUS
QTFOMUHHUEBBIX  JIUCTOB IPOBOJIOKOM JIJIT  TOBBINMICHUS HAJACKHOCTH OOOpYJOBaHUS IS
KOMIUICKCHOM TOATOTOBKH Ta3a. CokpalieHre padoTaroMX YroJbHBIX IIaXT, BRIHYKIACT OOJIbIIIE
BHUMAaHUSl yJETSATh Ta30BbIM U Ta30KOHJCHCATHBIM MeCTOpokneHusM. [lepen momaueit raza B
TPYOOIPOBOJ] €ro 00s3aTEIbHO OYHINAIOT OT PA3IMYHBIX MPUMECEH Ha CICIUATBHBIX YCTaHOBKAX
KOMIUICKCHOW TOATOTOBKM Ta3za. llpuMeHsemas nis dSTHX [elied amnmaparypa cenaparum,
aOCOpOITMOHHBIC WM aJCOPOIMOHHBIE KOJOHHBI M Jpyroe O0OOpYyIOBaHHME JOJIKHBI OBITH
M3HOCOCTOMKMMHU, JISTKUMHU W BBIICPKUBATh BBHICOKHE HArpy3ku. TakuMu cBOMCTBaMH 00JalaroT
apMHPOBAHHBIC CETKOH JIMCTHI ATIOMUHHUS. AKTyaJIbHOM SBJISETCS 3ajaya COBEPIICHCTBOBAHUS
TEXHOJIOTHI TOJTYUYEHHUS TaKUX JIUCTOB C IENBI0 YIIYYIICHUs KaueCTBAa U YMEHBIIECHUS CTOUMOCTH
u3nenuii. B crathbe mpecTaBiICHBI Pe3yJIbTaThl SKCIECPUMEHTAIBHBIX HCCICIOBAHUN MapaMeTpOB
nedopMaIui MPOKATKH AFOMHHHUEBOW MATPUIIBI, KOTJAa IPOBOJIOYHAS CETKA BCTABIICHA MEXKIY
CIOSMU  QlTIIOMHUHHUSA. Bo Bpems JKCIIepUMEHTa JBa THIIA CETKH W3 HEPXKABEIONICH CTaH,
OpUEHTUPOBAHHBIC TAPAJUICTBFHO W TO AWArOHAIM BJOJb OCH IMPOKATKH, MOMEMIATUCH MEXKIY
JIBYMSI QTIOMUHUEBBIMH ITOJIOCKAMH M IPOKATHIBAIHMCH. [IpOBOJMINCH IMPOILECCHl IMPOKATKH, B
KOTOPBIX TeMIIepaTypa U JAaBJICHWE Ha MaTepHall H3MEHSUIHCH IS CBS3BIBAHUS MATPUYHBIX CIIOCB.
DTO WCCICOBAHHE IOCBANICHO M3MEPCHUI0 Jaedopmanmu Ha yd4acTKax MPOJOJIBHOTO U
MOTICPEYHOTO CEUCHHUSI; PACTSHKECHUIO W OBAIHM3AINH CETKH; U3MEPCHHI0 M3MEHEHUH B CETYaThIX
yriax SYCHKU; ¥ UCTIBITAHUIO MEXaHWICCKUX CBOMCTB KOMITO3UTOB BJIOJIb HAIPABJICHHS MPOKATKH.
OCHOBHOE TPOTHBOPEYHE, BBITEKAIOIIEE M3 3TOTO JKCICPUMEHTA, 3aKIII0YaIoCh B CIEAYIOMIEM:
KOHTaKTHOE JIaBJICHUE, TpeOyeMoe JIsi COCIMHEHHUS CJIOCB aIOMHUHHSA, CO3JaeT IKCTPEMAIbHYIO
paCTITUBAMOIIYIO AePOpMAII0 Ha BCTABJICHHBIX CETYATHIX MPOBOAAX, YMEHBIIAs MEXaHUYECCKHE
CBOMCTBa apMUPYIOMIEH CETKH M, TAaKMM O0pa30M, yMEHbIIAs CBOMCTBA BCEro KOMIIO3MTA.
OnTuManbHble pe3yibTaThl B TECTaX MPOJOJIBHOTO HATSHXKEHUS OBLIM  JOCTHUTHYTHI  C
HCIIOJIb30BAHUEM II0JIOC C JUArOHAJIBHO OPHEHTHPOBAHHOM CETKOW. VccliemoBaHHUs, pe3ysIbTaThl
KOTOPBIX MPUBEACHBI B IAHHOW CTAaThe, BBHITIOJHEHBI B pAMKaX COBMECTHOTO HEMEIIKO-YKPAHHCKOTO
npoekta  «Praxispartnershaft =~ Metalurgie»,  ¢duHaHCHpyeMOTrO  HEMEIIKUM  OOIIECTBOM
akageMuueckux oomenos DAAD.

KiaroueBble cjioBa: ajJiOMUHHCBAs MAaTpHIA, CTajdbHAs CETKa, apMHPOBAHUE, IPOKATKA,
OTCJIOCHHE, MEXaHHUECKHE CBOICTBA

Cmamus nocmynuna 8 pedaxyuio 3.09. 2017
Pexomenoosarno k neuamu 0-pom mexu. Hayk C.A. Kypnocogvim
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