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Influence of shock-wave loading parameters on deformation and damage

of a hollow steel cylinder
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This study examines the behavior of hollow cylinders manufactured from 08Kh18N10T corrosion-resistant steel

with an internal Ni−Al powder compact barrier under dynamic shock-wave compression. The correlation between

shock-wave parameters and the degree of cylinder collapse was quantified. The resulting deformation structures

were characterized, revealing the presence of NiAl intermetallic compounds at anomalously large distances from

the original compact location within the imploded cylinder.
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It is known that as a result of natural and man-made

disasters, load-carrying and protective structures can be

subjected to heavy impacts, explosions and other impulse

actions. As a result of such actions, structural materials

undergo plastic deformation when exposed to elastoplastic

or shock waves. The influence of pulse loading on the

properties of structural materials is studied using shock

wave loading (SWL) methods [1–4].

SWL L induces intense plastic deformation of a material’s

crystal structure due to the high pressures generated by the

explosive charge. Cylindrical shells made of various metals

are often used to study the SWL effect on materials [5–8].
Full collapse of cylindrical shells without fracture is achieved

through optimum selection of explosive charge parameters

(weight, detonation velocity and pressure) and experimental

assembly configuration. Compliance of the load pulse

with the material’s dynamic ultimate strength is a critical

condition: when the pulse is insufficient, the cylinder doesn’t

collapse completely, and when the pulse is excessive, the

cylinder fractures. To ensure controlled collapse without

loss of integrity, charge parameters shall be selected such

that the explosive energy is completely absorbed by the

cylinder material by the time when the deformation process

is completed [7,8].

In [9], the authors used SWL of cylindrical vials to

initiate self-propagating high-temperature synthesis (SHS)
and to perform extrusion of the Ni−Al powder mixture.

In [10–13], SWL was used solely for compacting of various

powders. Studies [10–14] have shown that powder mixtures

in high temperature and pressure conditions typical of SWL

and SHS processes can form intermetallic compounds, with

NiAl being the most widespread one, as it has high melting

temperature (1638 ◦C), hardness, heat resistance, oxidation
resistance and corrosion resistance.

The relevance of this study is in the importance of SWL

parameter optimization to minimize the failure rate and

improve structural material strengthening, and the potential

of using NiAl-type intermetallic systems for modification of

properties of steel components under dynamic loads.

Thus, according to the existing data, it could be pointed

out that no special focus has been made on the deformed

material structure during compaction or shock-wave synthe-

sis of powder mixtures in cylindrical vials. The effect of

a barrier in the form of exothermic mixture of powders

(for example, Ni−Al) on collapse of a hollow cylinder

hasn’t been addressed either. Considering the foregoing

and according to the previous findings of [9], this study

set out to evaluate the effect of SWL parameters on

the formation of deformed structures, and to determine

the nature of deformation processes taking place in the

microstructure and macrostructure of a hollow cylinder with

compacted powder mixture inside after exposure to SWL.

For this, macrostructure and microstructure were examined

in various areas of the reduced cylinder.

The effect of SWL parameters on the formation of the

hollow cylinder structure was studied using two experimen-

tal setups (Figure 1). Hollows cylinders (length 70mm)
with a wall thickness of 2mm and a bore of 10mm

were made of steel 08X18H10T. The first setup used

ammonite 6ZhV (detonation velocity 3750m/s, explosive

detonation pressure 3.5GPa) as an explosive substance (ES)
(Figure 1, a). The second setup (Figure 1, b), in addition

to ammonite, used a mixture of microporous ammonium

nitrate and diesel fuel at the ratio of 96:4 (detonation
velocity 3150m/s, explosive detonation pressure 1.88GPa).
The powder mixture consisted of nickel powder PNK-UT3

(particle size d ∼ 18µm) and aluminum powder ASD-1

(d ∼ 20 µm) in an equimolar ratio. Initial powders were

pressed at a uniaxial pressure in a steel mold to prepare

cylindrical samples with a relative density of about 65−70%

of the maximum possible theoretical value. Compacted

pellets 10mm in diameter and 10mm in height were placed
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Figure 1. Experimental setup. (a) — experiment 1, (b) — experiment 2. 1 — detonator, 2 — ammonite 6ZhV, 3 — fairing, 4 —
cylinder, 5 — Ni−Al, 6 — support, 7 — igdanite, 8 — sand.

at the bottom of a hollow cylinder. For the first and

second setups, the explosive charge diameter was 70mm

and 116mm, respectively. The second setup also used

an external sand layer to reduce the explosive’s ability to

accelerate by means of shock wave energy dissipation.

Experiments have shown that the compacted mixture

affected the deformation behavior of a hollow steel cylinder

in the system. Test cross-sections of reduced samples are

shown in Figure 2. Three cross-sections were examined for

each sample: I — upper cross-section at the beginning of

reduction, II — middle cross-section in the center of the

sample, III — lower cross-section at the end of reduction,

immediately above the compact.

Figure 2, a shows the cross-section images of sample

No 1. Cross-section I has four radial cracks bent in the

same direction and extended to the cylinder’s free surface,

which have a deformation shear nature. A grid of localized

deformation bands was detected in the central region around

the 0.2mm opening. Curvature and orientation of cracks

prove a significant role of shear deformation induced by

asymmetric action of detonation wave. Dispersed particles

were detected on cross-section II inside the 0.8mm opening

and, according to the further energy-dispersive spectroscopy

(EDS) analysis, showed anomalously high concentration of

Ni and Al. Radial cracks originating from the 1.6mm

opening, but not reaching the free surface, were also

identified on cross-section III. Cracking is associated with

tensile stresses induced by interaction of counterpropagating

unloading waves [15,16].
Figure 2, b shows cross-sections of sample No 2. Cross-

section I has no opening, there are only traces of severe

plastic deformation in the axial zone with typical localization

bands. A 0.3mm opening with radial cracks, which

also demonstrate a bending trend, was detected on cross-

section II. During deformation localization, spallation cracks

often propagate along localized shear bands oriented at

angles close to 45◦ to the maximum tangent stress direction.

There are no Ni/Al-enriched particles in the internal space.

An opening with a mean diameter of 1.0mm with deformed

material inclusions are observed in cross-section III. Unlike

sample No 1, there are no clearly pronounced cracks

exposed on the outer surface, and opening diameters on

all cross-sections are much smaller. Wall thickness in both

cases increased by a factor of 2.5 (from 2 mm to 5mm).
Despite the presence of a barrier, the mode of failures meets

the pattern observed in reduction of cylinders without a

barrier with similar loading parameters [17], indicates the

dominating role of shock impact parameters over the barrier

effect in these experimental conditions.

Figure 3 and table show the EDS analysis data for

products detected in the opening on cross-section II of

sample No 1. Different Ni/Al ratio is observed in various

particles, and there is also iron from the cylinder material,

which is indicative of vigorous mechanical stirring. EDS

analysis and X-ray diffraction analysis (XPA) (Figure 4),
which have shown the presence of NiAl and Ni3Al phases,

prove that there are traces of NiAl intermetallic compounds,

regardless of the fact that the cross-section is 20mm away

from the compacted Ni−Al mixture and convergence of

cylinder walls occurs before the time when compression

reaches the barrier in the form of compact. However,

mass transfer occurs during compression due to release of

powder particles under the shock wave action, interaction

between the particles and deformed steel matrix, and

possible melting caused by local adiabatic heating. Possible

formation of intermetallic compounds as a result of SWL has

Technical Physics Letters, 2026, Vol. 52, No. 5



24 V.O. Kopytskiy, A.Yu. Malakhov, I.V. Denisov, E.V. Petrov, F.F. Galiev...

1mm

I II III

1

2

1

2

1mm

I II III

1

2

3

41

3

a

b

Figure 2. Optical images of cross-sections of samples No 1 (a) and 2 (b). 1 — opening, 2 — localized deformation bands, 3 — radial

cracks, 4 — NiAl. Cross-sections are marked by Roman numerals (explained in the text).
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Figure 3. Scanning electron microscopy image of the structure

of opening in cross-section II of sample No 1. Energy-dispersive

spectra are marked by numbers from 1 to 9.

been also proved previously in [9]. Determination of NiAl

on other cross-sections within cylinders is the objective of

further studies.

Reduction of hollow stainless steel cylinders caused for-

mation of almost solid cylindrical samples. Metallographic

examination has detected that sample No 1 had a higher

spallation failure rate and larger diameters of remaining

openings than sample No 2. Experiment results have

shown that when a hollow cylinder was exposed to creeping

detonation wave, a shock wave propagating inside the

material was induced. The shock wave front is followed

by unloading wave that induces tensile stresses in the

pre-compressed material. The observed difference in the

degree of compression along the cylinder axis is explicitly

associated with different SWL parameters. Material’s failure

rate (spallation cracks) is formed predominantly at the

unloading stage where the action of compressive stresses

stops [15,16].

Thus, it has been found that an increase in the impulse

loading time by placing the experimental assembly into a

sand layer led to a significant reduction of material failure

rate. It has been shown that the outer surface of sample

No 2 with an increased loading time remained integral,

and the number of radial spallation cracks in the paraxial

region decreased. It has been found that even when

Technical Physics Letters, 2026, Vol. 52, No. 5



Influence of shock-wave loading parameters on deformation and damage of a hollow steel cylinder 25

EDS data (in at.%) by spectra marked in Figure 3

Spectrum number Al Ti Cr Fe Ni

1 1.51 1.38 18.64 68.43 10.04

2 1.42 1.21 19.63 68.35 9.39

3 1.62 1.20 18.01 68.85 10.32

4 13.95 1.59 8.22 66.88 9.36

5 1.07 0.36 18.43 70.71 9.43

6 33.49 0.82 5.74 19.64 40.31

7 35.42 0.57 21.38 39.38 3.25

8 57.59 0.14 16.97 24.42 0.88

9 50.03 0.19 11.97 25.62 12.19
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Figure 4. Diffraction pattern (XPA) in central region of cross-

section II of sample No 1.

the impulse action was reduced in that conditions, full

reduction of the cylinder didn’t occur in cross-sections near

the compact: openings with reduced diameter remained.

Anomalous distribution of NiAl synthesis products has been

also detected at a distance up to 20mm from the initial

compact position.

Observed anomalous distribution of NiAl synthesis prod-

ucts indicates complex physical and chemical processes

requiring additional study of intermetallic compound migra-

tion and synthesis mechanisms. The findings are important

for the development of methods for material structure and

property management during dynamic loading.
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