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Po3pooaeno mexnonoeii ompumanns cepuu-
Hux Onuw, ma yuNHOpuUMHUX 00uUUAIoK 8 bazamo-
wapoeomy GUKOHAHMI 3 KBAUWAPOBO20 Mame-
piany ma ywinvuenns OGazamowapogoi cminku
eniemenmis 6iticvk060i mexnixu. Heooxionicmo yux
docnidcenv nos’azana 3 NiOGUUWEHHAM HCUBYHO-
cmi ma ycynennio ocKosounoi 0ii Ha Hcuey cuy
i mexHiKy, KOHCMPYKUIL 8 0a2amMomapoB8oMy 6UKO-
HAaHHi, 8 AKUX BUKOPUCMOBYIOMbCSL CYOUHU BUCO-
K020 mucky (nideooni woenu, cyounu 01 6ozneme-
mie, enemenmu 01 Gpornemexmixu).

IIpedcmasneni excnayamayiini ymosu, 6 aKux
HAUOINbW eexmusHo SUKOPUCMOBYBAMU KOHCM -
PYKULL, w0 6U20MOBIEHI i3 WAPYBAMUX KOHCMPYK -
uitinux mamepianie. Onucano ix nepesazu 8 ymo-
sax excnayamauii ma eupoonuymea. Hauoinvw
noeéna peanizauis epexmuenocmi 00csa2acmvcs
npu WiaTbHOMY NPUNLAAHHL WaPie KoHcmpyKuii abo
npu GUKOPUCMANHI K6a3iuwapyeamux mamepiaie.
Bupiwmenns yv0z20 3a60anHs MOYHCAUBE NPU 6UKO-
pucmanni enepeii Gpusanmnux 6uUGYxXo6uUx pexo-
eun. Excnepumenmanvno 6cmamnogieno, wo 6udy-
X06€ HABAHMANHCEHHS NPU3BOOUMb 00 30iTbUEHHS.
yoapnoi 6’asxocmi ma oGanicmuunoi cmilikocmi
obpoomosanux mamepianie. Ilposedeno ananiz
pisnux eapianmis cnoco6ié ywinvnenns oazamo-
waposoi cminku ma 3anpononoeano HaAubGiILw
epexmueni mexnonoaii.

B pesyavmami docnidsicens 6cmanoeieni mex-
HOJI02iuHI napamempu npouecis, 6uMozu 00 MexXHo-
102141020 001AOHAHHS MA OCHAWEHHS.

Basicaueicmo npedcmasnenux docaiodcenv no-
é’asana 3 niosuuennam 60e3oammocmi, jHcusyuocmi
81ILCbK060T MeXHiKU Mma 0C0006020 CKAA0Y

Kmouosi cnosa: 3saprosanns eudyxom, ywiine-
HeHns 6azamomapoeoi cminku, KOMRO3uyilini mame-
pianu, keasimapyeami mamepiaau, Gponemexnixa
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1. Introduction

In modern conditions of production and technology
development, products made of layered composite materials
occupy a significant place among many design solutions. The
effectiveness of layered structures is confirmed by the emer-
gence of layering principle in the design and manufacture of
tooling and processing method [1-3].

Consumers of layered metal compositions for the pro-
duction of a wide class of parts and equipment are almost all
industries, including defense [4].

Layered structures have increased strength, operational
reliability and safety, are easier to manufacture and open up
new aspects in increasing productivity [5]. Layered struc-
tures are most effective to use in shock, pulse and explosive
loading. Under operating conditions of multilayered struc-
tures, cracks and other defects are localized in one layer
and do not lead to the destruction of the entire structure.
Pre-stresses can be created in a multilayered wall, which in
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some cases contributes to a more uniform stress distribution.
The presence of an auxiliary contact surface of individual
layers and reduced bending stiffness of the multilayered wall
increase the time of collision of a flying object against the
wall. The concentrated impact force acting on the multi-
layered wall is significantly reduced, and ballistic resistance
is increased. In addition, the coefficient of restitution signifi-
cantly affecting the momentum for the multilayered wall is
lower than for the monolithic one. In the case of impact of
the flying object against the multilayered wall, most of the
kinetic energy will go to the rapprochement and compaction
of individual layers, a smaller part of it will go to change the
shape and origin of destruction centers.

Multilayered wall has a large margin of ductility com-
pared to monolithic. Multilayered structures are characte-
rized by plastic fracture as the process spreads gradually from
one layer to another. Thin sheet has improved mechanical
properties and good weldability. Important advantages of
multilayered vessels compared to monolithic ones include



simplicity of manufacturing structures of dissimilar materials.
To prevent hydrogen corrosion, monolithic wall vessels are
made entirely of high-alloy hydrogen-resistant steels or thick
bimetal, requiring high-temperature heat treatment after weld-
ing. In a multilayered vessel, high-alloy hydrogen-resistant
steel is used only for the central shell. Fundamentally new ope-
rational capabilities are opened by so-called quasi-layered ma-
terials. The main feature of such materials is that under static
loading these compositions behave in the same way as ordinary
single-layer (monolithic) metal, and under shock, vibration,
and dynamic loading — like layered metal. Also, a distinctive
feature of quasi-layered materials is the same adhesion strength
of layers over the entire contact surface. The latter should be
slightly lower than the strength of the basic material [6].

Multilayered structures also have significant technolo-
gical advantages. Small layer thickness determines the sim-
plicity of technological operations, low complexity of equip-
ment, reduction of the range of materials used. This reduces
the time of developing new products, especially in one-off
and small-scale production.

Therefore, studies related to improving the operational
characteristics of layered products, in particular, ballistic
resistance and survivability of the structure as a whole, are
extremely relevant. No less relevant are the problems of pre-
venting the transmission of cracks to adjacent layers, reduc-
ing beyond-armor and fragmentation effects on manpower
and equipment.

Effective implementation of the complex of tasks of
layered structures production promises significant economic
benefits and advantages in conditions of combat operations.

2. Literature review and problem statement

In [7], the design criteria of armor resistance of protec-
tive materials developed by different methods are described
and compared. For explosion-welded bimetal, the Stiglitz
design criterion is recognized as optimal. However, bimetal
steel 65G+ aluminum ADO has high density and therefore
cannot be used for the production of body armor, armored
vehicles and pressure vessels — components of flamethrowers.

The work [8] describes the processes of joint rolling of
multilayered composite materials of carbon and high-alloy
steels, which allows obtaining compositions with a thickness
of less than 13—15 mm, but this technology is not applicable
for the production of spherical parts.

In[9, 10], the issues of increasing the survivability of
multilayered structures, ballistic resistance, beyond-armor
and fragmentation effects, etc. are rather deeply and fully
covered. In [11], the results of studies on increasing the bal-
listic resistance of composite multilayered armor by means
of additional pulse action are presented. Small-amplitude
wave action leads to increased ductility of brittle materials
without changes in strength [12].

In the production of composite materials, much attention
is paid to the formation of structures and chemical hetero-
geneity, phase transformations taking place at the interface
of materials. Such an approach is proposed in the work [13],
devoted to the production of structured composite materials
of a new generation.

In [14], the problem of determining the optimal thick-
ness ratio of elements of layered materials under the shock-
wave action of bullets is solved. The results of ballistic tests
are also given. The manufacture of multilayered products

is also possible by press drawing and high-temperature
rolling [15, 16]. However, this does not provide firm adhesion
of layers. Conventional sizing methods of the multilayered
wall compaction process do not give positive results.

The studies [17, 18] did not solve the issues of giving
shear strength to the outer layers and reducing the amplitude
of the shock-wave effect on the protected object.

In [19], to prevent transmission of cracks to adjacent
layers, a gap (0.5 mm) is left, which is filled with an elastome-
ter, polymer or metal materials, which gives shear strength to
the outer layer.

It is advisable to produce a wide range of parts in the
conditions of one-off and small-scale production using a uni-
versal method of peen forming [20].

However, the issues of improving the operational cha-
racteristics of products of quasi-layered materials and layered
uniform materials by compaction of the multilayered wall
and creating a certain level of interlayer strength are practi-
cally not studied and difficult to implement by conventional
processing methods.

In general, a review of the existing methods for manufac-
turing multilayered products and structures shows that the
main difficulties are related to the elimination of gaps in the
multilayered wall and provision of firm adhesion of layers
until their setting. To date, the use of pulse processes in this
area is unreasonably low, despite their high accuracy and
energy capabilities.

However, operational and technological advantages of
multilayered products can be fully realized only when the
problem of multilayered wall compaction is solved. No less
important is the problem of eliminating lamination in the
heat-affected zone of the weld, making quasi-layered ma-
terials and eliminating butt joints of cylindrical shells with
monolithic material bottoms.

For the full implementation of operational characteristics
of products of layered composite materials, it is necessary to
solve the problems of sizing and compaction of the multi-
layered wall or making quasi-layered materials, providing
conditions for welding multilayered parts together.

However, it is fundamentally impossible to technologi-
cally solve the problem of filling the gap between the layers
of spherical and cylindrical vessels.

In [21, 22], technology options for the production of
pressure vessels of bimetallic materials are proposed. How-
ever, electroslag welding is not rational in this case due to
technological limitations.

An option to overcome technological difficulties may be
a technique that provides the production of quasi-layered
materials or effective compaction of the multilayered wall.
In the latter case, the layer interface should have higher duc-
tility. Studies in this direction have been carried out in [23],
but the issue of structural and chemical heterogeneity at the
layer interface has not been resolved.

To obtain full operational characteristics of products
of layered composite materials, it is necessary to solve the
problems of sizing and compaction of the multilayered wall
or making quasi-layered materials, providing conditions for
welding multilayered parts together.

3. The aim and objectives of the study

The aim of the study is to develop technologies that
enhance and implement the operational characteristics and



advantages of layered products while maintaining the me-
chanical properties of processed materials and forming layer
separation properties.

To achieve the aim, the following objectives were set:

— to develop highly effective technologies of compaction
and sizing of layered blanks for multilayered structures and
production of parts of quasi-layered materials with desired
properties at the layer interface for the compensation of
shock loads and crack shielding;

— to evaluate the effect of explosive loading on the ope-
rational and mechanical properties of materials used in multi-
layered structures.

4. Materials and methods for studying the processes
of multilayered wall compaction and production
of quasi-layered materials

The basis of the sizing process is that elastic unloading
depends on both physical and mechanical properties of the
blank material and stress state, and under certain conditions
the elastic aftereffect disappears. This is realized either at
pressures P=(1.8+2)a;, or with double bending of deformed
blanks, or with preliminary drawing or compression of the
deformed stack. It is most simple to perform multilayered wall
compaction operations and achieve high accuracy of edges of
manufactured parts using the energy of high explosives.

It turned out impossible to solve the problem of multi-
layered wall compaction using conventional stamping meth-
ods. This is because traditional equipment practically cannot
implement a stress state scheme during compaction, in which
unloading is practically zero.

To implement the technology of sizing and compaction
of the multilayered wall in the manufacture of products of
layered and quasi-layered materials using the energy of high
explosives, the following methods can be used:

1. Stamping with hold-down and supply of blanks flanges.
Flat blanks are stacked and stack deformation is performed.
To ensure compaction of the multilayered wall, it is necessary
to create conditions on flange parts of blanks for activating
the movement of the inner layers and braking of the outer
ones. During drawing, layers are compacted due to the diffe-
rence in meridional deformations. In this process, a high de-
gree of compaction is achieved, but in some cases, thickness
variation of the inner and outer layers reaches 50 %.

2. Before drawing, flanged parts of blanks are welded (ex-
plosion welding, diffusion welding). This prevents stability
loss of layers and increases the deformability of the entire stack.

3. Pre-forming of the stack with subsequent sizing by
hitting against the sizing die face.

The gap between the inner blank of the stack and the
forming surface of the sizing die shall be sufficient to gain
kinetic energy during plastic impact. In this process, it is
difficult to avoid welding of the inner layer to the die face.

4. The stamped blank stack is put in the die and subjected
to pulse loading. The choice of stamping method depends on
the material of blanks. If the material is prone to cracking
under dynamic loading, preference is given to stamping pro-
cesses with a low strain rate.

5. Sizing of the preformed blank stack. Unlike the pre-
vious version, the profile of each blank has a strictly de-
fined shape. The shape of the surface profile is determined
from the condition that one-dimensional throwing provides
a constant angle between the tangents to the blank and die

surfaces at any point of impact. The constant angle v; bet-
ween the tangents to the contact surfaces of the blanks and
the external blank with the die face (Fig. 1).

Fig. 1. Scheme of multilayered wall compaction:
1 — blank stack; 2 — die; 3 — explosive charge

Compaction can be carried out either of the entire stack
simultaneously, or in layers.

Sizing of cylindrical and conical blanks is carried out by
linear explosive charges, and the mode of double bending
glancing collision is easily implementable.

Parameters of external load during compaction and siz-
ing are selected from the condition of providing a traveling
pulse pressure wave by selecting the shape, weight, location
and initiation place of explosive charge. If it is impossible to
create a traveling loading wave, the profile shape of sized and
compacted blanks is selected.

It should also be noted that in the applied schemes of
multilayered wall compaction, it is not always possible to
ensure good adherence of ends or free faces of layered blanks.
To prevent deformation and lamination of blanks in these
areas, it is necessary to use spall elements. The scheme of
compaction with spall elements made of material of the inner
layer and located on the edge side and free surface of the die
are shown in Fig. 2.

":!'
0% %

Fig. 2. Scheme of compaction with spall elements:
1 — blank stack; 2 — explosive charge; 3 — die;
4 — spall elements

Instead of spall elements, false build-up can be used,
which is close in mass per unit area of the material (Fig. 3).

To eliminate the non-homogeneity of deformations and
compaction in finishing operations, it is advisable to use



shielding of end gaps. Explosive loading of the multilayered
shell with a traveling wave provides good compaction. At the
same time, the question arose of how this type of loading af-
fects the operational properties (toughness, crack resistance,
ete.) of the finished product, in particular, VNS-17 maraging
steels. In this case, during the explosive compaction of the
multilayered wall, it is necessary to maintain a set of strength
properties that ensure high performance in combat condi-
tions. Therefore, studies are needed on the effect of explosive
loading on metal properties. When forming a program of
experimental studies, it is necessary to take into account
factors affecting the physical and mechanical characteristics
of material during explosive loading. These factors include
pressure on the elements of the multilayered blank, duration
of pulse loading, strain rate of the blanks of the multilayered
composition, speed of the contact line of collided blanks or
linear momentum transfer, heating temperature and cooling
rate of material. Considering that parameters of explosive
loading can be varied within rather wide limits, a set of ex-
perimental studies was carried out under various conditions
of pulse exposure.
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Fig. 3. Compaction scheme using false build-up:
1 — false build-up; 2 — layered blank;
3 — explosive charge; 4 — die

For this purpose, VNS-17 steel samples were loaded
with a traveling explosive load. To vary the deformed state
of blanks, pulse duration and loading pressure, intermediate
layers of porous and elastic materials were used.

Under such loading, the test samples retained high
toughness and mechanical properties.

Explosion stamping of multilayered spherical shells was
experimentally evaluated using two schemes. The first is
drawing of the blank stack without hold-down of the flange
part, the second is with hold-down. Experimental studies
were carried out on the non-hold-down stamping of multi-
layered blanks with a relative thickness #3/D3=0.007—-0.02,
where h3 is thickness, D3 is the diameter of the blank
of 08KP, 3, 20, 09G2S, VNS-17 steel, D1I6AMO aluminum.

The method of producing multilayered spherical shells
was investigated, the essence of which lies in the fact
that areas of the blank stack most prone to stability loss
were concreted by explosion welding. To do this, explosion
welding of the flange part of the blank stack was performed
before deformation.

A welding scheme is preferable where the explosive
layer thickness gradually decreases from a maximum value to
zero, which prevents double bending of the blank stack, and,
therefore, eliminates the stress concentrator in the boundary
area of explosives.

Stamping of the stack was carried out according to
the scheme of non-hold-down drawing. Blank material —
St.3 and 09G2S steel, diameter — 0.174 m, thickness —
(1+1.4)-1073 m, die diameter — 0.125, inlet radius — 20-107% m,
basin diameter — 1 m.

With the adhesion strength of the layers in the stack
equal to (0.7+0.85)c,, no lamination was observed during
the stamping process, corrugations and other defects were
not formed.

During non-hold-down explosive drawing, the blank
stack was placed on a die lubricated with fatty oil 1-13.
The hold-down ring was mounted so that a gap was formed
between it and the blank. Three sheet blanks of D16AMO
1.2-1073 m thick each, 0.12 m in diameter, previously ground
to each other, were stamped simultaneously. ED-8 electric
detonators were used as a charge. The explosion distance,
counted from the upper blank surface to the lower cut of
the detonator, was 0.05 m. After explosive deformation, the
blanks remained connected. Fine corrugations formed on
the entire surface of the flanges. Alignment of the upper and
lower blanks relative to the middle one was not violated. The
adhesion strength of the layers is low and after stamping the
layers are easily separated from each other. The distribution of
thinning in each individual blank is approximately the same.

During hold-down drawing of flanges, corrugations are
not formed, and thinning in the blanks and adhesion strength
of the layers depend on friction forces between the blank and
the die, between the blanks and blanks with the hold-down
ring. So, when applying abrasive powder to the surface of
the die flange and lubricating the hold-down ring with fatty
oil 1-13, firm adhesion of the layers is obtained.

The results of the experiments showed the possibility of
obtaining multilayered spherical shells with firm adhesion
of layers. In this case, however, the distribution of thin-
ning, material utilization, number of transitions and cost of
auxiliary operations are 3-5 times higher compared to the
non-hold-down drawing. At the same time, the process of
hold-down drawing is more stable and does not require high
accuracy when setting the charge and orienting the blanks.

The experiments to identify the possibilities of obtaining
high-quality compaction of cylindrical multilayered part
were carried out using one or more concentrated charges. As
blanks for multilayered shells, twisted and composite shells
were used. Three blanks of different diameters were used.
Two shells were expanded with a spherical charge so that the
parts freely fit into each other.

As a result of the experiments, satisfactory compaction of
the layers was obtained, but there are places of local separation.

Also, experiments were carried out on lining of a @ 0.8 m
shell with a thickness of 4-1073m and a height of 1 m with
four shells of 2:1073 m thickness, where each had a diameter
by 6:103 m smaller than the previous one. Lining was made
in two transitions. At the first transition, two shells were
compacted with a linear charge located on the axis. 4 lines of
detonating cord were used as a charge.

Compaction at the lower end was carried out using
plasticine. The upper end of the shells was not compacted
(remained above the water level in the basin). At the second
transition, two more shells were inserted. The stack was com-
pacted at the ends, turned over and lowered into the basin.
Compaction was carried out with the same charge.

In addition, lining was performed using a system of
concentrated charges G=0.04 K2 4 pieces each also in two
transitions.



After explosive deformation, both with the Table 1
linear charge and with the system of concentra- Mechanical tear and shear tests of multilayered samples
ted charges, complete adherence was observed, _ _ '
the size of the outer shell did not change. ) Yield | Ultimate | Welding | . | p» | Tearof | Shear
It was not possible to meet high requirements Material | strength, | strength, | parame- 5 |5 layers, | of layers,
1 2
for compaction of scroll shells with the help of MPa MPa ter T MPa MPa
free expansion with pulse loading. Based on the | 09G2S 320 470 0.8 1 1] 310+28 | 170+16
experience of hydraulic explosion sizing, the 09G2S 320 470 0.8 05 | 0.5 | 312+28 | 162+16
requ.lr.ed accuracy can be.achleved using high- 09G2S 320 470 0.6 { 1 | 280428 | 163+16
precision tooling. For this purpose, the scroll
shell was compacted into the die. 09G2S 320 470 0.6 0.5 | 0.5 | 247428 | 162+16

A twisted shell of @0.4m and a height of
0.195 m, the number of turns 3, sheet thickness
of 5103 m was used as a blank. The material of the blank
was 09G2SF steel. Explosive compaction was carried out by
spherical and cylindrical charges.

Measurements of strains in the multilayered wall were
made at four equidistant points (8, 8y, 83, &4, respectively).

When using cylindrical charges, the total explosive mass
is reduced 1.4—1.5 times compared with spherical charges,
the aftereffect of elastic unloading is reduced, the variation
in the inner shell sizes and thicknesses in the sections perpen-
dicular to the axis is decreased.

When compacting and sizing multilayered structures, the
conditions of explosive loading are close to those of explosion
welding. In some cases, when manufacturing multilayered
parts, technical and technological requirements do not allow
welding (sticking or setting) of interlayer surfaces. This tech-
nological requirement is in some cases extremely difficult to
meet. In the vicinity of the contact point during glancing
collision, the interlayer surfaces are cleaned and a cloud
of dispersed particles, which fly out of the collision zone
is formed [24]. This provides the release of internal metal
particles to the surface and tight contact of the surfaces. The
combination of high contact pressures exceeding the yield
strength of the deformed metal and the presence of contact
surface slipping favor adhesion, welding.

Based on these assumptions, experiments were car-
ried out with two goals. The first is aimed at obtaining
high-quality compaction without adhesion of layers. The
second is to study the possibility of producing quasi-layered
materials.

The experiments were made on 09G2S maraging
steel samples with a thickness of 4102 m and a diameter
of 0.175 m.

Mutual arrangement of the samples and external load
parameters in this series of experiments ensured that the
plates were welded together. Moreover, adhesion of the sam-
ples occurred without preliminary surface cleaning. Welding
was performed with a gap of 1102 m with an explosive
weighing 0.5 kg.

In order to prevent welding of the blanks, it was proposed
to use an intermediate separation layer between the contact
surfaces in the deformation zone.

The test results are presented in Table 1, which show that
the adhesion strength of the layers is lower than the strength
of the base material and meets the requirements for quasi-
layered materials.

During the experiments to study the possibilities of pro-
ducing quasi-layered materials [25], the welding gap changed
from %,=(0.2-1.0)-10735 m. In these cases, a weld joint was
obtained over the entire surface of the samples. Welded sam-
ples were tested for tear and shear at the E. O. Paton Electric
Welding Institute (Kyiv, Ukraine).

5. Results of research on the development of production
technologies of pressure vessels

The studies allowed working out the technological pro-
cess of compaction of the multilayered wall of the spherical
pressure vessel. The material of the vessel is 03H11N10M2T
maraging steel. Inner diameter — 0.125 m, wall thickness —
(2.4+3.0)-107% m, (3-1; 3-0.8; 2-0.8; 2-0.8+1-1) m. The spher-
ical bottom shall meet the following requirements:

— the maximum residual deformation shall not exceed
1 %, while the interlayer deformation shall not differ by more
than 0.2 %;

— the density of the multilayered wall shall be uniform,
gaps shall not exceed 0.01-1072 m, monolithic sections are
not allowed;

—at test temperatures up to +65°C, metal toughness
shall remain at the aged values.

The required compaction of the multilayered wall is achie-
ved by pulse action on the pre-stamped blank stack (Fig. 4).
The semi-finished product was placed in a spherical cavity
die on which a cylindrical micro-basin was mounted to ac-
commodate the transfer medium.

The edges of the semi-finished product installed in the die
were lubricated with sealing putty and evacuated. Then the
cavity of the semi-finished product and the die was filled with
the transfer medium. At the first transition, the semi-finished
product was planted on the die. As a power source, the spheri-
cal explosive charge weighing 2-10~% kg placed in the center of
the hemisphere was used. As a result of this operation, the outer
layer of the stack is fully adjacent to the die surface and minor
defects (corrugations, nicks, dents, etc.) that occur during
drawing and transfer are eliminated. Thereafter, direct com-
paction of the multilayered wall of the spherical bottom was
made. Cylindrical explosive charge with a detonation velocity
D=2,500+3,000 m/s was applied. The charge was detonated
from a point belonging to the lower surface of the cylinder base.

The resulting bottoms made of quasi-layered material
(Fig. 4) were used to make spherical pressure vessels.

At the same time, the technological process of com-
paction of the three-layer wall of spherical bottoms of
@ 0.480+0.488 m, material — VNS-17, thickness of each
blank of 0.006 m according to the above technology was
implemented. The bottoms obtained were used to make pres-
sure vessels (Fig. 5).

As it turned out, during the vessel welding process, the
stack is laminated in the weld zone. To eliminate this defect,
it was proposed to perform explosion welding of the blank
stack in the lamination zone. It was not possible to obtain
adhesion of the layers immediately after compaction due to
the lack of conditions for the acceleration of welded surfaces.
To ensure adhesion of the layers, the gap shall be at least 0.54



(where h is layer thickness). The technological process was
carried out as follows.

Fig. 5. Spherical pressure vessel made
of quasi-layered material

The blank stack was placed in a basin of water. At a dis-
tance L=10+15-10"%m from the welded surfaces, explosive
charge (detonating cord) was equidistantly established and
initiation was made.

This resulted in the lamination of the edges. Then the
stack was placed in the die. The gap cavity was evacuated
and explosion welding was performed. Only then the multi-
layered wall was compacted [25].

In a number of schemes of hydraulic explosion sizing, it
is possible to carry out glancing collision of the multilayered
packet with the die or outer layer by special profiling of the
surface of the combined layer.

In this case, it is necessary to provide a constant predeter-
mined collision angle in the stationary throwing mode.

The solution to this problem is generally formulated as fol-
lows. The set surface of the die or clad surface is described by
the equation ®(x1, x5, x3). It is required to determine the shape
of the blank G(x1, x5, x3), the throwing of which towards the
given surface provides a constant angle between the tangents
to the specified and desired surfaces at any point of collision.
The equation of the clad surface is presented as follows:

x1=x1(1, 0), X=2(u, V), X3=23(U, V), 1)

where x4, x5, x3 are coordinates; u, v are surface parameters.

The square of the differential of arc on the surface (1) at
the point (u, v), expressed in the first basic quadratic form, is:

ds? =A(u,v)duz+2B(u,v)du-dv+C(u,v)d02, (2)

where

du do u do u do
de, ) (dx,) (dx, )
Cluo)=| £ ax, a1
(2) (d] +(dv) +(dv)
The angle between two regular curves on the surface:
u=1u, (t), V=17, (t),

u=u,(t), v=0,(t), (3)

passing through the point (u, v) is determined by the formula:

du, du
_ 4% duy
cosy ds ds
du, do, du, do do, do.
gl &4 8% (T CG ), 089 B% 4
(ds ds+ds ds)+ ds ds @

With the surface of the die described by the equations
uq(t), v1(t), the surface us(t), vo(t) moves so that its move-
ment along the radius vector drawn from the center of
curvature to the points u, v satisfied the equation (4) with
constant cosy.

For a spherical surface profile in polar coordinates p, o,
when the initiation point is in the center, the equation of the
clad surface has the following form:

p(0)=(R—"h)exp(—o-tgy), (5)

where R is the sphere radius; /4 is the distance between the
blank and die surfaces.

If the clad surface is not analytically described, then ap-
proximating dependencies with spline functions, interpola-
tion polynomials, etc. are used. The description of Ferguson’s
curves is most preferable. In this case, to find the desired
profile of the clad surface, it is necessary to ensure that the
derivatives coincide at the boundary points.

6. Discussion of research results and requirements
for the production technology of quasi-layered
composites

As a result of the studies, it was found that the quality
and reliability of multilayered parts are largely determined
by the state of the interlayer zone or welding zone. Strength
properties are determined by design requirements and largely
depend on the organization of the plastic forming process and
quality of joined surfaces. The latter is widely regulated by
the use of technological interlayers that have the activating
or inhibiting effect on weldability.



In addition to the known requirements for explosion
stamping tooling, more stringent conditions for the surface
quality of the sizing die and materials for it should be added.
Arithmetical mean deviation of the profile Rg is not more
than 1.0 um and the relative reference length of the profile
is not more than 0.4 um. The material should have a higher
elastic limit compared to the treated blanks. Structurally, the
die should have the same rigidity over the entire surface.

The most acceptable schemes and parameters of defor-
mation and processing are determined. The most appropriate
scheme for forming explosion-welded layered blanks is the
process of non-hold-down drawing with end spall elements.
The parameters for combining explosion stamping and weld-
ing processes correspond to minimum values of the welding
parameter and dynamic turning angle for the given composi-
tion with mandatory support of blanks with an elastic, loose
or viscous medium. Production of multilayered shells with
monolithic edges is more expedient to carry out by preliminary
concreting of edges and subsequent forming of the blank stack.

Toughness tests showed that the ability of materials to
withstand the influence of stress concentrators (cracks) after
pulse loading is quite high and even 1.5-1.9 times exceeds
the absorbed energy of the original aged samples. The tough-
ness of the aged samples is (63+68)-10* J-m~2

Quantitative assessment of experimental data was carried
out by the method of mathematical statistics in accordance
with the requirements of GOST 8.207—86 «Direct measure-
ments with multiple observations. Methods of processing
the results of observations» and allowed concluding that
experimental values of toughness and interlayer strength are
subject to normal distribution; reproducibility of the experi-
ment is confirmed by the Cochran test.

The most appropriate scheme for forming explosion-weld-
ed layered blanks is the process of non-hold-down drawing
with end spall elements, since in this case the effect of reflected
shock waves is eliminated. In addition, the interaction of shock
waves arising in the blank and hold-down ring is excluded.

Toughness tests showed that the ability of materials to
withstand the influence of stress concentrators (cracks) after
pulse loading is quite high and even 1.5-1.9 times exceeds
the absorbed energy of the original aged samples, which is
explained by non-entropic deformation processes under ex-
plosive loading.

7. Conclusions

1. For the needs of the defense industry, an effective tech-
nique of compaction and sizing of layered blanks by loading
with a traveling shock wave with a given interlayer strength
is developed. The adhesion strength of the layers is within
0.2...0.5 of the strength of the base material. In addition, the
combination of explosion welding and stamping processes
allowed obtaining products with monolithic edges, which
prevented lamination of the multilayered wall during weld-
ing spherical butt joints for flamethrower vessels.

2. Explosive loading led to hardening of the layer mate-
rial and strength increase while maintaining ductility, so
when bullets hit pressure vessels, there is no fragmentation
effect on manpower and equipment in combat conditions.
The resulting interlayer strength compensates for the effect
of liquid explosion inside the vessel. The technology, com-
bining the advantages of explosion welding and stamping,
allowed abandoning the manufacture of pressure vessels of
monolithic blanks of large thickness (hull parts of submarines
and deep-sea vehicles).
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