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Characteristics of quasi-liquid metal layer

in the cumulative jet and barrier contact zone

According to the known experimental data on explosive metal processing, as well as the theoretical and
experimental studies on the sintered metal powders, we estimated the minimum pressure and temperature
values at which this layer and its thickness are formed. The study used a hypothetical model of forming a quasi-
liquid metal layer between the leader of the cumulative jet, and a barrier at the time of its destruction.

Keywords: cumulative jet, destruction of barriers, boundary layer of metal.

The study [1] analyses the formation of the
shaped charge penetrator after explosion of a
shaped charge and compares analysis results
with acquired experimental data. But this study
does not propose any solution to the problem
related to determination of characteristics of the
quasi-liquid (viscous-flow) metal layer formed
between the cumulative jet (CJ) and the barrier
during their interaction. Moreover, there are no
pre-conditions for solving the problems related
to design of other assemblies intended for metal
cutting and barrier protection against the impact
of shaped charge devices.

Based on the fluid dynamic theory of de-
struction accepted by the authors in some studies
[2—6], the state of the intermediate (boundary)
layer between the CJ and the barrier in the bar-
rier destruction zone is a liquid substance under
high pressure, because the jet and the barrier are
supposed to be liquid substances in the contact
area. However, according to Y. K. Huang’s data
[7] indicating the state of metal exposed to su-
per-high pressure, the crystal structure of the sub-
stance under such a load is not destructed. As per
Y. K. Huang, metal destruction between crystals
leads to the formation of an interlayer of micro-
scopic thickness, and crystals slide along this layer
relative to one another. This assumption is also
supported by J. Hunt [8].

A. Tate [9] analyses three probable states of
a high-velocity rod: a rod in the liquid state, a rod
is a rigid body and the state in which penetration
is interrupted.

W. Thompson [10] determines the thick-
ness of the melted layer equal to around 1 mm in
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the zone where the body interacts with the barrier.
Despite the differences in experiments at dynamic
(high-velocity) and static loads applied to the ob-
ject under test, these contradictory data are taken
into account and partially used for creating a model,
which implies that between the front (leading) part
of the CJ and the barrier there is the substance in-
terlayer that is part of a destructible barrier.

According to N. A. Gladkov’s data [11], the
plug removed from the barrier by the high-velocity
penetrator shows no traces of melted contact sur-
face between the penetrator and the barrier. The
plug integrity indicates a smooth progress of the
process from the zone where the CJ meets the
barrier, and then into its solid mass. During stress
release, the material of the destructible barrier is
displaced from the cavity during the process of
barrier destruction, while the substance may be
in the liquid or even gaseous state [12]. However,
according to studies [15, 16], explosion of a
shaped charge with a spherical cavity does not
cause CJ formation. The above phenomenon can
be experimentally proven by the harness photo
(see Fig. 3 in [17]) found after testing intended to
cut a cylindrical shell (a linear shaped charge with
a spherical cavity was used during tests). During
stress release, the destructible barrier material is
displaced from the cavity during the process of
barrier destruction, while the substance may be
in the liquid state, according to [12—14], or even
in the gaseous state [12].

The intermediate (boundary) layer between
the CJ and the barrier is conditionally referred to
as the flow or quasi-liquid layer.

We assume that the process of barrier
destruction includes the dynamic impact or the im-
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pact of the cumulative jet on the object and tran-
sition of the barrier material to the viscous-flow
state. The dynamic process of CJ propagation
through the barrier was analysed in [17].

The study objective is to determine charac-
teristics of the viscous-flow metal layer between
the cumulative jet and the barrier, which is formed
during their interaction.

Using the data related to processes of metal
nanopowder sintering (dependencies of the
melting point on powder sizes and pressure
values during their explosive sintering), as well
as best practices regarding the control of the
process of barrier destruction by the CJ allowed
the authors to determine some characteristics of
the metal in its viscous-flow state in the first
approximation.

The study goal is to theoretically develop
and determine the following characteristics, based
on the known experimental data and best prac-
tices:

» model of the barrier destruction process in
the contact zone between the barrier and the CJ;

* temperature of the intermediate (boundary,
quasi-liquid) metal layer formed upon interaction
between the CJ and the barrier in their contact
zone,

* pressure acting on the metal layer;

* thickness of the boundary layer of quasi-
liquid metal being formed.

Interaction between the CJ formed by ex-
plosion of a shaped explosive charge and the bar-
rier is described by the fluid dynamic model pro-
posed by Pokrovsky (1944) and Birkhoft (1948).
According to the model, the barrier metal in the
contact zone is in the flow state, while its flow
process is regulated by the Bernoulli law. The
study [18] proposes some corrected statements to
the Pokrovsky — Birkhoff theory and highlights
the need to run experiments in order to determine
the barrier destruction rate and methods of CJ de-
celeration in the barrier solid, which allow to ap-
proach the solution to the problem of determining
characteristics of this flowing metal interlayer at
the time of its formation.

In case of impulse impact of the CJ and me-
dium, the latter is heated under the action of high
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pressure. At that moment, melting of the surface
metal layer can be observed in the contact zone.
Transition of metals to the liquid (continuous
flow) state under excess pressure, at which metals
of Cu— Cu and Al — Al systems are welded at
2.5 and 0.65 GPa, respectively, as per D. Duval’s
data [19]. R. Priimmer [20] specifies the data re-
lated to the shock wave pressure (2 GPa) at which
low carbon steel powder is sintered.

According to J. Gering’s theoretical data
[13] related to shock-wave heating of some metals,
including data on Al, melting of the surface metal
layer is observed when it is exposed to a shock
wave under the pressure starting from 60 GPa,
and the entire sample is completely molten under
the pressure over 180 GPa.

According to Y. K. Huang’s calculations
[7], if the velocity of a shock wave falling onto
the metal sample surface is increased from 2940
to 4600 m/s, its surface will be additionally heated
by 1815 K. The pressure of 80...150 GPa will be
observed on the surface.

In the known published studies, pressure
values that appeared during barrier destruction by
the CJ were not measured due to the lack of appro-
priate equipment, and they were accepted, based
on theoretical predictions, as the values within
10—100 GPa and higher. For this reason, the data
given in [7, 13] and used herein are considered as
estimated values.

Theoretically, the melting point of the
boundary (quasi-liquid) metal layer largely de-
pends on the pressure, by which the barrier de-
struction process is accompanied. This pressure
is calculated by means of J. W. Gibbs’ energy
equation (provided that the sample being analysed
undergoes neither structural transformation um
nor chemical transformations and electromagnetic
phenomena qU):

Ty = E/S+ PV/S — 6F/S, (1)

where P — pressure;
V — volume;
6 — liquid metal surface tension;
F — molten metal surface of the test sample;
S — entropy;
E — thermodynamic system energy.
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Here we use the term “temperature” that is
an intensive parameter in equation (1) regarding
normal physical conditions; it is conditionally ap-
plied to the extremes observed during detonation;
therefore, in order to estimate the melting point
of the barrier metal, below we will specify the
data on sintering of metal nanopowders exposed
to super-high pressure. We should note that the
nanoparticle melting point is way lower than the
large-mass metal melting point.

Based on the above, we assume that the
viscous-flow metal layer formed from the barrier
and CJ (high-velocity penetrator) exposed to dy-
namic and thermal impact can be represented by
the following model:

Metal feed

1. We assume that the leading part of the CJ
in the zone of its contact with the barrier forms a
thin quasi-liquid metal interlayer.

2. Quasi-liquid metal is displaced into the
gap formed by the CJ itself and the inner surface
of the chamber.

3. Once quasi-liquid metal reaches the outer
surface of the barrier, its stress is released and the
metal passes to the liquid or, probably, vapour state.

State of the CJ during barrier destruction

1. In the cross-section, the CJ consists of the
quasi-liquid metal core (harness — high-velocity
penetrator) being in the compressed state.

2. The core is located in an metal shell with
the stress released.

3. There is a layer comprising a vapour or
gaseous CJ component and gaseous explosion
detonation products above the shell.

We consider quasi-liquid metal as a viscous
substance with its elasticity beyond the limit as
per [9, 23], in the continuous viscous-flow state.

In general, the CJ and accompanying explo-
sive detonation products interact with the inner
surface of the cavity inside the barrier, thus con-
tributing to its expansion. We assume that until
the last moment of barrier destruction, its parts do
not move in any direction relative to one another
due to the impact of excess pressure of explosive
charge denotation products.

Before reaching the barrier, the CJ, de-
pending on applicable explosive, may move at
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the velocity equal to the explosive detonation
rate. Inside the barrier, if a linear shaped charge
is used, this velocity is limited [17] (the perfor-
mance of a linear charge with a spherical cavi-
ty was investigated), while the length of the CJ
is reduced at the same rate. By all means, the
quasi-liquid metal layer is displaced from the
cavity at the rate equal the barrier destruction
rate. Besides, it is assumed that the CJ moves in-
side the barrier and metal destruction products are
displaced inside the cavity at the same velocity,
until they are ejected from it.

There is contradictory data on the pressure
formed by shock waves in powder-like media, at
which metal surfaces (studied in [13, 19, 20]) start
to melt. The difference between pressure values is
greater than one order (see Table).

Therefore, the study [20] specifies higher
(by one or two orders) pressure values to be
reached in order to get metal surface layers
melted.

With such ambiguous data of the experi-
ment [19] and the theory [20], as compared in
terms of pressure values, at which metal powders
get melted, and due to the lack of other experi-
mental data (except for [19]), let us take the study
results [19] for estimating the state parameters in
the quasi-liquid metal layer — between the barrier
and high-velocity penetrator.

In the table, we summarized the known ex-
perimental data on shock-wave pressure values,
at which surface melting for some metals can be
observed.

In the recorded J. W. Gibbs equation (1) the
third term is the surface energy of particles formed
as a result of barrier destruction after the impact
of a high-velocity penetrator. These particles
form a quasi-liquid metal layer. According to
the model that differs from the model proposed
above and analysed in [20], powder sintering is
caused by the impact of microcumulative jets
formed between colliding particles under the
shock wave impact. According to the theory (see
equation (1)) and validation by experiment re-
sults, for example [24], the melting point (when
the particle surface starts to melt) depends on
the particle size.
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According to the data [24, 25], the homolo-
gous melting point is ~0.5...0.6 T, (melting point
of lumpy metal in standard conditions). With other
conditions being equal, metal nanopowder sintering
can be observed, starting from this temperature.
This may provide some extent of validation for
the model proposed above.

Determined in [24, 25], the critical diame-
ter (4.91 nm for Al) of nanoparticles, which are
immediately melted within the entire volume, can
be indirectly taken in the first approximation as
the minimum thickness of the viscous-flow metal
layer between the CJ tip and the barrier during
destruction process.

According to the study [26], after explo-
sion of a shaped charge with a 0.8 mm thick steel
shell, the resulting CJ was 2 mm in diameter; the
ClJ thickness did not exceed the thickness of such
a shell as per [27]. According to experiment data
presented by the authors (measurements were
conducted in several cross-sections of the cavity
diameter), at the point where the CJ stopped, the
thickness of the jet section which had directly
destroyed an aluminium barrier, was not more
than 0.4...0.5 mm, while the thickness of copper
shells of linear shaped charges was 0.2 mm. In this
respect, we can assume that the same process of
viscous-flow material formation also takes place
beyond the point of sphere contact along the line
of CJ propagation, as well as on the side surface
of the CJ due to stress release.

Assume that the end face of a high-velocity
cylindrical penetrator in contact with the barrier is
a hemisphere, and the mating recess (cavity) in the
barrier also has a hemispherical shape (Figs. 1, 2).

Using the known mathematical apparatus for
solving the biharmonic equation of function [23],
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which describes the process of plastic flow of
material between two plates with radius 7, being
compressed at rate v and maximum axial load f,
we calculate thickness /4 of the quasi-liquid metal
layer formed as a result of interaction between the
cumulative jet and the barrier (see Fig. 2). The
solution to the equation will be as follows:

 3mpor?

W=
Af 7

()
where u — dynamic viscosity coefficient of metal;

v — CJ velocity in the barrier solid (velocity
of plates moving relative to one another);

r — penetrator (CJ) working section surface
radius;

f— ClJ force acting on the barrier.

According to experimental data, the

diameter of the cavity in the barrier (the area
of contact with the CJ) is ~0.5 mm on average
(see above, the measurement was conducted
after testing). We assume that the cavity
diameter is ~0.4 mm at the moment of barrier de-
struction. Pressure values for three above-listed
metals are taken from the table (data from [19, 20]
are marked with *) for the beginning of metal sur-
face melting. The values of the dynamic viscosity
coefficient of metals are taken from [28-30].
As a result, the formation of a quasi-liquid sub-
stance layer (calculated as per equation (2))
between the penetrator (CJ tip) and the barrier
begins at P, and Thi, for the above-mentioned
metals, while the layer thickness eventually
reaches values within the range of 3.41 (Al),
3.56 (Cu) to 3.65 (Fe) um. These figures exceed
the critical diameter of particle for Al — 4.91 nm
(see above). Of course, according to [20], the
quasi-liquid metal volume will be reduced by

Experimental data on shock wave pressures acting on metal and causing its melting

Metal, GPa Al Fe Au Cd Mg Cu Ni Pb Ti

Data [13] 60 100-150 150 40 _ 140 | > 150 30 >100
90 200 160 46 > 180 - 35 -

Data [19] and 31

Ic)ilrcylatlon as | 0.65 3.1 (at Ty = 0.56)" = = — 2.5 = — =

Note. Data specified by D. Duval in [19] are given in italics.

Tom — melting point of monolithic sample

* — pressure value (for Fe) from [20] is recalculated using data from [24, 25] for the monolithic metal sample, where
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Fig. 1. Barrier cavity profile
after the CJ stops in the barrier:
1 — linear charge shell in the cavity;
2 — barrier

\ 3
/)
7
Fig. 2. Diagram of barrier destruction
by cumulative jet

1 — CJ; 2 — barrier; 3 — quasi-liquid metal
(viscous-flow medium)

more than ~15 % for Al and Fe upon stress re-
lease. If we use shock wave pressure values
given in [13], at which surface melting of alu-
minium, copper and iron can be observed, these
values will be lower by 4 times on average (they
will be equal to around 1 pm) and are supposed
to be too low for the range of pressures [19,
20], at which barrier destruction can be ob-
served. We should note that in order to calculate
the thickness of the viscous-flow metal layer
between the CJ and the barrier, we considered
surfaces of hemispheres instead of surfaces of
spherical segments. That is why the obtained
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result is somewhat overestimated. If we assume
that the CJ applies the pressure to the barrier,
and the pressure value exceeds the value taken
in the above examples by an order, the vis-
cous-flow metal layer thickness will corre-
spond to the calculated values obtained by the
author in [13]. The barrier penetration velocity
developed by the CJ is lower than the rate of
detonation of the explosive that forms the cumu-
lative jet, but the penetration velocity depends
on the explosive charge power. The empirical
velocity of aluminium barrier destruction (about
350 m/s) was obtained when cutting a thick-
wall shell, the rear side of which was covered
with a rubber-like material, unlike in [31]; this
was done not to prevent fracture but to stop CJ
propagation inside the barrier solid mass. The
power (with account for the work of expanding
detonation products) of a linear shaped charge
with a spherical cavity was sufficient only for
cutting a 4.5 mm thick shell.

We should note that, in addition to shock-
wave pressure values observed during welding
of pairs of metals such as AL — AL, Cu — Cu
[19], V. S. Sedykh and N. N. Kazak [32] also
specify data on low-carbon steel sheet welding
(60 GPa) and assume that the metal flow in the
welding zone has viscous behaviour. This as-
sumption can be supported by experimental data
presented by V. V. Pay and G. E. Kuzmin [33],
who determined the barrier surface temperature
in the area where it comes in contact with the
CJ tip. The temperature value is approximate-
ly equal to the half of the melting point of the
axisymmetrically shaped charge liner metal
with a spherical cavity. According to L. P. Or-
lenko [34], barrier destruction begins due to the
impact of the CJ formed after explosion of an
axisymmetrically shaped charge, if the jet ve-
locity exceeds the critical value — for the barrier
and duraluminium liner the value is not less
than 2200 m/s.

Conclusions

1. For the analysis, the process of barrier destruc-
tion can be viewed as a combination of two phases
developing at velocities that differ from each
other by an order:
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— barrier destruction by shock wave;

— barrier destruction by the CJ with forma-
tion of a viscous-flow metal layer between the
barrier and CJ.

2. In the first approximation, using indirect
experimental data, we proposed the following:
the barrier destruction model and the acceptable
solution to the problem of calculation of mini-
mum pressure and temperature parameters, which
mark the initial phase of barrier destruction. The
quasi-liquid metal layer is presented in the zone
between the CJ and the barrier as a viscous sub-
stance with the elasticity beyond the limit.

3. The method intended for determining
the metal layer characteristic can be viewed as
the starting point for an in-depth analysis of the
process of formation of quasi-liquid metal layer,
for determining its physical characteristics and,
probably, for developing alternative calculation
methods.

4. Based on the known experimental data
related to sintering of powder-like materials, we
determined minimum values of pressures and tem-
peratures, at which quasi-liquid metal is formed
under the impact of the cumulative jet on the
barrier. Under such pressures and temperatures,
barrier destruction begins, in particular, if barriers
are made of Cu, Al and Fe.
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XapaKTepHCTHKI/I KBa3mM>KHUAKOI'0 CJIOA METaJlJIa B 30HC€C KOHTaKTa

KYMYJSATHBHOM CTPYH C Iperpaaoi

Ha ocHoBaHMK N3BECTHBIX 9KCNEpPYMEHTarbHbIX AaHHbIX M0 B3pbIBHOW 06paboTke MeTarnnoB, TeOpeTUYEeCKUX U
3KCrepUMeHTasbHbIX PaBoT Mo CNEKaHMIo NOPOLLKOB METaroB AaHbl OLEHKN MUHMMAIbHbIX 3HAaYEHWI BENUYMH
JaBIeHuii 1 Temnepatyp, Npy KOTOpbIX 0B6pasyeTcs 3TOT Croi 1 ero TonlumMHa. B uccnenoBaHum ncnonb3oBaHa
runoTeTMyeckasi Mogernb 06pa3oBaHMs KBa3WKXUAKOIO Crosi MeTasa Mexay fnaepoM KyMyNsSiTUBHOW CTPYU 1
nperpagoi B MOMEHT pa3pyLLEHUsi NocIeaHei.

Krroueebie crioga: KyMynsiTUBHasi CTpysl, pa3pyLUeHne nperpagbl, NorpaHUYHbIV Crio MeTansa.
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T'onoBarenko Biaaauciaap JleHncoBHY — 3aciIyKeHHBIN KOHCTpYKTOp Poccuu, kKaHINAAT TEXHUYECKUX HAyK, BETYIIHH
nnxenep-koHcTpykrop AO «OKb «Hosaropy, . EkarepunOypr.

OOnacTb HayYHBIX HHTEPECOB: HCCIIS0BAHIE UMITYJILCHBIX POLECCOB, IPOTEKAIOIINX IPH TOPEHUH TOIUTHB B YCTPONUCTBAX
MaJion MOMIHOCTU CUCTEM aBTOMATHU3allUM JIETATCIIbHBIX allllapaToB.

TlonoBarenko Anapeii BragncaaBosuu — xoncynsrant AO «OKB «Hosaropy, . EkarepunOypr.
OO6nacTp Hay4YHBIX HHTEPECOB: METOIOJIOTHYECKHE BOIPOCHI 00MIeH (HH3HKH.
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