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Abstract: Dynamic fracture and fragmentation characteristics of explosively driven rings and cylinders
are important issues in the field of weapon effectiveness and protection. However, the comparison of
fracture characteristics between metal cylinder and rings, and the fracture characteristics of the metal
shells at different axial positions, are rarely touched. In the present work, a recovery tank was used
to collect fragments, and witness plates were used to investigate the fragment spatial distributions.
Before the test, the representative positions of metal shells were plated with copper layers to locate
the original position of the recovered fragments. After the test, scanning electron microscopy and
optical microscope were used for characterizing the microstructure of the recovered fragments from
different positions. Then, the recovered fragments were weighed and measured to investigate their
mass and size characteristics. In addition, numerical simulation was used to further investigate the
fracture mechanisms of explosively driven cylinders and rings. It was found that the projection angle
axial distribution of the fragments for the metal cylinder was similar to that of the fragments for the
metal rings. However, the fracture characteristics of the metal rings were significantly different from
those of the metal cylinder. The adiabatic shear band played a key role in the fracture process of the
metal cylinder, whereas the adiabatic shear band had little chance to initiate in the fracture process of
the metal rings because the metal rings could deform uniformly with much fewer strain localizations
due to their much lower length. The fracture surfaces of the fragments from different positions
of the metal cylinder were very smooth, whereas dimples were found in the fracture surfaces of
the fragments from different positions of the metal rings. The mass distribution of the fragments
from the metal rings was more uniform than that of the fragments from the metal cylinder, and the
circumferential rupture strains of the metal rings were much larger than those of the metal cylinder.
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1. Introduction

The dynamic response process of expansion, fracture, and fragmentation of a metal shell subjected
to internal explosive loadings is a highly complex phenomenon. After the detonation, the metal shell
suffers strong shock loadings and large plastic deformations and eventually breaks into a large number of
fragments with different masses, shapes, velocities, and projection angles. The fracture and fragmentation
mechanisms of the metal shells under internal explosive loadings are associated with the characteristics of
the fragments and thus directly influence the damage efficiency of fragmentation warheads. This dynamic
subject has been of interest to researchers for decades, with lots of remarkable work.

Many models have been proposed to investigate the maximum fragment velocity of warheads [1–4],
in which the Gurney formula [1] is the most widely used formula to calculate the maximum fragment
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velocity of warheads compactly filled with explosive charge. However, the Gurney formula is
unsuitable for calculating the axial distribution of fragment velocities because the rarefaction waves
from the ends of warhead can make the fragment velocities lower at the two ends. In the past decades,
the axial distribution of fragment velocities has been extensively studied to determine the low velocities
near the warhead edges [5–10], and Huang’s formula [7] showed high accuracy and wide applicability
in the calculating of fragment velocity distribution along the axis of cylindrical casing under internal
explosive loadings.

In terms of the fragmentation process of a metal shell subjected to internal explosive loadings,
Mott [11] assumed that stress release waves will be generated on both sides of the fracture surface
when the metal achieves the fracture strain. These release waves unload the metal surrounding the
fracture, and the unloaded area cannot crack again. Beyond the unloaded area, the strain is still
increasing, which leads to the probability of the fracture. After the entire metal shell is completely
unloaded, new fractures will not be able to occur. Based on this assumption, Mott developed a model
to calculate the size and the mass of the fragments. Grady [12,13] studied the statistical distribution
of the fragments based on the energy conservation method and proposed a relationship between the
strain rate of blast loading and the fragmentation scale. Taylor [14] proposed a model of fracture
strain. In this model, the fractures initiate at the outer surface of the casing where the hoop stresses are
tensile and then propagate inwardly, and penetrate through the casing when the stresses at the inner
surface are converted from compressive to tensile. Hoggatt [15] investigated the fracture behavior of
warheads and found that the shear fracture is the main fracture mode at high strain rate, which has
been confirmed by subsequent researchers [16–18]. Tang [19] experimentally investigated the effects of
the strain rate (changed from 2.5 × 104 s−1 to 8.4 × 104 s−1) on the fracture mechanisms of metal shells
subjected to internal explosive loadings and found that as the strain rate increases, the fracture mode
is converted from purely tensile to tensile–shear mixed and then to purely shear fracture. Recently,
Liu [20] investigated the fracture mechanisms of explosively driven cylinder (under the strain rate of
~5 × 104 s−1) by experiments and numerical simulation and found that the adiabatic shear band plays
a key role in its fracture process. After the detonation, the adiabatic shear bands firstly initiate at the
inner surface of the casing and then propagate outwardly along the maximum shear stress direction.
Finally, the cracks initiate near the outer surface of the cylinder and propagate inwardly along the
developed adiabatic shear bands. In addition, for investigating the dynamic behavior of the metal
shells under high strain rate, there are other methods besides the explosive loading. For example,
Avriel [21] conducted magnetically driven expanding cylinder experiments and measured the strength
of materials at very high strain rates.

The fracture process of metal shell subjected to internal explosive loadings is very rapid and
complex, and the fracture mechanisms of the metal shell have been extensively investigated as
mentioned above. However, in the existing literature, fragments were all randomly chosen to study
their fracture mechanisms, which cannot enable us to know the original position of the fragments.
Due to the influence of rarefaction waves from the ends of warhead, the metal at different positions
along the axis of warhead suffers different loadings and thus may present different fracture mechanisms.
In addition, the comparison of fracture mechanisms between metal cylinder and rings is also rarely
touched. The fracture mechanisms of the metal rings and cylinder at different positions are critical
for the design of munitions and armaments. Therefore, it is essential to locate the original position of
the recovered fragments and investigate the fracture characteristics of the fragments from different
positions and further compare the fracture mechanisms between metal cylinder and rings. In the present
work, the representative positions of metal shells were plated with copper layers with different widths
to locate the original position of the recovered fragments. Then, we investigated the dynamic fracture
and fragmentation characteristics of explosively driven cylinder and rings by using a recovery tank,
witness plates, scanning electron microscopy (SEM), and optical microscope. In addition, numerical
simulation was used to further investigate the fracture mechanisms of explosively driven cylinders
and rings.
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2. Experimental Design

To investigate the dynamic fracture and fragmentation characteristics of explosively driven cylinder
and rings, experiments were conducted on an explosion setup as shown in Figure 1. The fragment
spatial distribution was determined with the holes in witness plate pierced by the fragment impact.
The witness plate was made of carbon structural steel (235A steel, density 7.85 g/cm3, elastic modulus
210 GPa, Poisson’s ratio 0.3, yield strength 235 MPa) with the size of 1100 mm long, 1100 mm high, and
2 mm thick. The recovery tank filled with water was positioned below the specimen and collected
a fraction of metal fragments. Then, the mass recovery rate could be calculated from Equation (1).
After the test, the recovered fragments were weighed and measured to investigate their mass and
size characteristics, and scanning electron microscopy (SEM) and optical microscope were used for
characterizing their fracture surfaces and microstructure.

η = mR/(m·
83◦

360◦
) (1)

where η is the mass recovery rate, mR is the total mass of recovered fragments, and m is the total mass
of metal shell.
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Figure 1. Schematic of experimental setup.

An axisymmetric cylindrical geometry was used in the present work as shown in Figure 2. Before
the test, the representative positions of metal shells were plated with copper layers with different widths
as shown in Figure 2. The thickness of the plated copper layers was about 0.03 mm, so the influences
of the copper plating on the mechanical properties of metal shells could be neglected. After the test,
fragments with the plated copper layers could be found, and thus we could locate the original position
of the recovered fragments. The explosive charge, which had a diameter of 60 mm and a length of
120 mm, was Composition B (COMP-B) (1.717 g/cm3, detonation pressure 29 GPa, detonation velocity
7980 m/s). The metal shells with two different lengths were designed as 60 mm in internal diameter and
6.5 mm in thickness. The cylinder length of Specimen 1# was 120 mm, and Specimen 2# consisted of
12 rings with lengths of 10 mm. 40 Cr steel (as received) was used as the metal shells, and its material
properties are presented in Table 1. In the experiments, the warhead was initiated at the center of one
end. For the explosively driven metal shells, the strain rate can be calculated as V/r [22], where V is the
initial fragment velocity, and r is the initial radius of the metal shell. Therefore, the expansion strain
rate of the metal shell in the present work is ~5.2 × 104 s−1 after detonation of the explosive charge.
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Figure 2. Details of the specimens.

Table 1. Material properties of 40 Cr steel.

Density (g/cm3) Yield Strength (MPa) Elastic Modulus (GPa) Hardness Poisson Ratio

7.87 785 211 207 HB 0.3

3. Experimental Results and Discussion

3.1. Witness Plate

The fragment spatial distribution was determined with the holes in witness plate pierced by the
fragment impact. In order to get reliable data, the distortion and deformation of witness plates were
removed manually. Then the front surfaces of the plates were painted black and a photograph was
taken with illumination from behind each plate. And finally, the images obtained in this way were
converted into grayscale bitmaps (Figure 3), and the conversion was carried out in accordance with the
methodology described in [10], using Arnold’s method [23]. As shown in Figure 3, the number of holes
pierced by the fragments from Specimen 2# was larger than that of holes pierced by the fragments
from Specimen 1#, and the hole size distribution for Specimen 2# was more uniform. The distributions
of the holes impacted by fragments of the specimens could be divided into three regions, i.e., Region 1,
Region 2, and Region 3. The holes in Region 1 and Region 3 were pierced by the fragments from
the detonation end of specimens and those from the non-detonation end of specimens, respectively,
and the holes in Region 2 were pierced by the fragments from the middle part of specimens. The holes
in Region 1 and Region 3 were more scattered than those in Region 2 because the projection angles of
fragments from the ends were bigger than those of fragments from the middle part [24,25]. It can be
seen that the projection angle axial distribution of the fragments for the metal cylinder was similar to
that of the fragments for the metal rings, inferred from the similar site distributions of the holes in
witness plates (Figure 3).
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3.2. Fracture Mechanism

After the explosion test, the recovered fragments from the recovery tank were cleaned, dried,
and counted. Seventy-two fragments and 121 fragments were recovered for Specimen 1# and Specimen
2#, respectively, and the mass recovery rates (Equation (1)) were 65.1% and 79.7% for Specimen 1# and
Specimen 2#, respectively. The plated copper layers with different widths could be easily distinguished,
and thus the original position of the recovered fragments with the plated copper layers could be known
as shown in Figure 4. It can be seen that the aspect ratio of the recovered fragments for Specimen
1# ranged from 1 to 7, whereas that of the recovered fragments for Specimen 2# had a small range
(just from 1 to 2.5). The axial length was bigger than the circumferential width for most fragments of
the metal cylinder (Specimen 1#), whereas the circumferential width was bigger than the axial length
for the most fragments of the metal rings (Specimen 2#).
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For the metal cylinder, due to the radical changes of both the fragment velocity (calculated by
Hung’s formula [7] as shown in Equation (2)) and the fragment projection angle (calculated by König’s
formula [24] as shown in Equation (3)) at the two ends (the Region 1 and Region 3 as shown in
Figure 5 and Figure 6) caused by the effects of the rarefaction waves, the large shear deformation
and tensile deformation occurred in Region 1 and Region 3, resulting in relatively small fragments
at the two ends (Figures 3 and 4). Although the fragment velocity varied a lot in the middle part
of the warhead (Region 2) (Figure 5), most of the fragments from the middle part of the warhead
were long and slender because of the little changes of the projection angle in the middle part of the
warhead (Region 2) as shown in Figure 6. In contrast, the axial lengths of the fragments for the metal
rings were similar because the metal rings were disconnected in the axial direction of the warhead.
The variation range of projection angle at the detonation end was larger than that at the non-detonation
end (Figure 6), and thus the fragments from the detonation end were more scattered than those from
the non-detonation end (Figure 3).

VHuang = (1− 0.361e−1.111x/d)·(1− 0.192e−3.03(L−x)/d)·
√

2E·

√
1

1/β+ 0.5
(2)

where VHuang is the initial fragment velocity at a certain point on the cylindrical casing, x is the distance
between the point and the detonation end along cylinder axis, L is the length of casing, d is the diameter
of charge,

√
2E is the Gurney constant of explosive charge, and β is the mass ratio of explosive charge

to metallic casing. 

sinα = (V/(2D))· cosi

αc = −2.5·
(∣∣∣d(Fx)/dx

∣∣∣)m
·(k1·(1/β+ 1/2)1/2)

αc
′ = +2.5·

(∣∣∣d(Fx)/dx
∣∣∣)m
·(k2·(1/β+ 1/2)1/2)

Fx = (1− (1− n1·(x/d)n1)
2
)·(1− (1− 2n2·((L− x)/d)n2)

2
)

(3)

where α is Taylor angle [26], V is the fragment velocity, D is the detonation velocity of the explosive, i is
the angle between the detonation front and the normal to the explosive/metal interface, αc and αc

′ are
correction terms for the Taylor angle at the detonation end and the non-detonation end respectively,
m is the parameter about the type of the casing, and k1, k2, n1, and n2 are coefficients.
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For the metal cylinder (Specimen 1#), typical fragments from different positions were sectioned,
ground, and polished. The cross-sections, which are perpendicular to the axis of the casing, of the
fragments from different positions, are shown in Figure 7. It can be clearly seen that the fractures were
typically oriented at ~45◦ with respect to either the inner or outer fragment surfaces. Some cracks were
observed within some fragments as shown in Figure 7c,d. The crack within the fragment from Position
3 (Figure 7c) propagated the entire way through the material (i.e., it spanned the fragment thickness),
whereas the crack within the fragment from Position 4 (Figure 7d) did not span the fragment thickness.
In order to obtain more reliable results, different fragments were tested by optical microscope for each
position of Specimen 1#. For the fragments from different positions of Specimen 1#, the results of optical
microscope were similar. The typical results of optical microscope are shown in Figure 8. Multiple
adiabatic shear bands, which were oriented at ~45◦ with respect to the inner surface, were observed as
shown in Figure 8a. These adiabatic shear bands were located near the inner surface of the fragment
and did not span the fragment thickness. Therefore, it can be concluded that these adiabatic shear
bands initiated near the inner surface and propagated towards the outer surface. Inside the adiabatic
shear bands, the grains were strongly deformed, whereas the grains outside the adiabatic shear bands
were nearly the same with their original states. It can be seen that the inner surface of the fragment was
step-like, which shows that the adiabatic shear band could maintain a long time before it converged
into a crack, and the material at two sides of the adiabatic shear band moved a long distance along the
adiabatic shear band during this time. Near the outer surface, some minor cracks were observed as
shown in Figure 8b. Within the big crack marked with a red circle in Figure 7d, adiabatic shear band
was also observed as shown in Figure 8c. Scanning electron microscopy (SEM) was used to examine
the morphologies of the fracture surfaces. In order to obtain more reliable results, different fragments
were tested by SEM for each position of Specimen 1#. The results showed that the morphologies
of the fracture surfaces of fragments from different positions of Specimen 1# were similar, and the
fracture surfaces were very smooth, which was caused by the adiabatic shear bands. The typical
fracture surface of fragment and its morphology are shown in Figure 9. Therefore, the process of
fragmentation of the metal cylinder can be described as follows: after the detonation, the cylinder
moved outward rapidly and deformed at a high strain rate. The adiabatic shear band played a key
role in the fracture process of the metal cylinder, and it preferred to initiate near the inner surface and
propagated towards the outer surface along the maximum shear stress direction. During the expansion
of the cylinder, the adiabatic shear bands could maintain a long time, and the material at two sides
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of the adiabatic shear bands moved a long distance along the adiabatic shear bands during this time.
As the further expansion of the cylinder occurred, the plastic deformation exceeded a certain value
because of the slippage of the material along the adiabatic shear band, and then some adiabatic shear
bands converged into cracks. At the same time, some cracks initiated near the outer surface because of
the tensile stress and propagated towards the inner surface. Then, stress release waves were generated
on both sides of the cracks. These release waves unloaded the metal surrounding the fracture so that
the unloaded area could not crack again. There still were some adiabatic shear bands, which did not
converge into cracks and are the ones observed in the fragments (Figure 8), within the unloaded area.
After the cracks propagated through the thickness of the cylinder, the cylinder was completely broken.
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Figure 7. Cross-sections of typical fragments from different positions of Specimen 1#: (a) Cross-section of
typical fragment from position 1; (b) Cross-section of typical fragment from position 2; (c) Cross-section
of typical fragment from position 3; (d) Cross-section of typical fragment from position 4.
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Figure 8. Typical results of optical microscope for Specimen 1#. (a) Multiple adiabatic shear bands
near the inner surface; (b) minor crack near the outer surface; (c) adiabatic shear band within the crack,
which is the magnified region of the red circle in Figure 7d.
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For the metal rings (Specimen 2#), the deformation and fracture characteristics were significantly
different from those of the metal cylinder. The cross-sections, which are perpendicular to the axis of
the casing, of the fragments from different positions, are shown in Figure 10. Some fractures were
typically oriented at ~45◦ with respect to either the inner or outer fragment surfaces, and some fractures
were perpendicular to the outer surface. In order to obtain more reliable results, different fragments
were tested by optical microscope for each position of Specimen 2#. For the fragments from different
positions of Specimen 2#, no adiabatic shear band was observed, but some slightly deformed grains,
which made the inner surface of the fragment step-like, were observed near the inner surface as
shown in Figure 11a. Within a big fracture which did not span the fragment thickness as marked
with the red circle in Figure 10c, a minor crack was observed and no adiabatic shear band was found
(Figure 11b). Large and small voids were observed within the fragments from Position 1 and Position
2 as shown in Figure 10a,b. Some voids were parallel to the radial direction, and some voids were at an
angle of ~45◦ to the radial direction. The grains around some voids were nearly the same with their
original states (Figure 11c), which shows that these voids were caused by brittle fracture. The grains
around other voids were slightly deformed (Figure 11d), which shows that these voids were caused by
ductile fracture. In order to obtain more reliable results, different fragments were tested by SEM for
each position of Specimen 2#. The morphologies of the fracture surfaces of fragments from different
positions of Specimen 2# were similar, and dimples were found in the fracture surfaces, which shows
that it was a kind of ductile fracture. The typical fracture surface of fragment and its morphology are
shown in Figure 12. Therefore, the process of fragmentation of the metal rings can be described as
follows: after the detonation, the rings moved outward and deformed at a high strain rate. During the
expansion of the metal rings, the adiabatic shear band had little chance to initiate, but some slightly
deformed grains formed near the inner surface. As the further expansion of the metal rings, the cracks
formed when the plastic deformation exceeded a certain value. At the same time, large and small voids
initiated within some fragments by brittle fracture or ductile fracture. After the cracks propagated
through the thickness of the rings, the metal rings were completely broken.
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Figure 10. Cross-sections of typical fragments from different positions of Specimen 2#: (a) Cross-section
of typical fragment from position 1; (b) Cross-section of typical fragment from position 2; (c) Cross-section
of typical fragment from position 3; (d) Cross-section of typical fragment from position 4.

Materials 2020, 13, x FOR PEER REVIEW 10 of 17 

 

 
Figure 10. Cross-sections of typical fragments from different positions of Specimen 2#: (a) Cross-
section of typical fragment from position 1; (b) Cross-section of typical fragment from position 2; (c) 
Cross-section of typical fragment from position 3; (d) Cross-section of typical fragment from position 
4. 

 

Figure 11. Typical results of optical microscope for Specimen 2#. (a) Slightly deformed grains near the 
inner surface; (b) minor crack within the big crack, which is the magnified region of the red circle in 
Figure 10c; (c) internal brittle microvoid damage, which is the magnified region of the blue square in 
Figure 10a; (d) internal ductile microvoid damage. 

(a) Position 1 (b) Position 2 

(c) Position 3 (d) Position 4 

The outer surface The outer surface 

The outer surface The outer surface 

(a) (b) 

(c) 

Slightly deformed grains 
Minor crack 

The inner surface 

(d) 

Slightly deformed grains 

Figure 11. Typical results of optical microscope for Specimen 2#. (a) Slightly deformed grains near the
inner surface; (b) minor crack within the big crack, which is the magnified region of the red circle in
Figure 10c; (c) internal brittle microvoid damage, which is the magnified region of the blue square in
Figure 10a; (d) internal ductile microvoid damage.
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Figure 12. Typical fracture surface of fragment from Specimen 2# (left) and its morphology captured
by SEM (right).

The fragments from the detonation ends (Position 1) of both Specimens 1# and 2# deformed
significantly due to the effects of the detonation products leaking out from the free surfaces at the
detonation ends, and the fragment from the detonation end of Specimen 1# was split along the thickness
of the casing as shown in Figure 13a. The morphologies of different sites (A and B) are shown in
Figure 13b,c. It can be clearly seen that it was a kind of ductile fracture, and some of the material
was twisted due to the complex stress state (Figure 13c). The fragments from the non-detonation end
(Position 4) of Specimen 1# were very small, but unfortunately, they were lost, as shown in Figure 4a.
The metal ring at the non-detonation end (Position 4) of Specimen 2# was split along the axis of the
warhead as shown in Figure 4b. This phenomenon is due to the radical changes of both the fragment
velocity and the fragment projection angle (Region 3 as shown in Figures 5 and 6). Typical axial fracture
surface of fragment from the non-detonation end of Specimen 2# and its morphology captured by SEM
are shown in Figure 14. Some areas were flat due to the rub by its adjacent fragment (Figure 14).
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Figure 13. (a) Axial fracture surface of fragment from the detonation end of Specimen 1#; (b) metallurgical
characterization of Site A in (a); (c) metallurgical characterization of Site B in (a).
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Specimen 1# and Specimen 2# were at the same level. The average thicknesses of the fragments from 
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Figure 14. Axial fracture surface of fragment from the non-detonation end of Specimen 2# (left) and its
morphology captured by SEM (right).

3.3. Fragment Mass and Size

After the explosion test, all of the recovered fragments were weighed to investigate their mass
distributions, and the fragments (with both inner and outer surfaces) from different positions were
measured to investigate their size characteristics. The fragment mass distributions are shown in
Figure 15. It can be clearly seen that the majority of the recovered fragments from Specimen 2# were
under 3 g, and the number of fragments with big masses was very small. In contrast, for Specimen
1#, the recovered fragments larger than 3 g accounted for a large proportion of the total number of
recovered fragments. These results indicate that the mass distribution of the fragments from the metal
rings was more uniform than that of the fragments from the metal cylinder.
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The size characteristics of the recovered fragments from different positions are shown in Table 2.
It can be clearly seen that the average thicknesses of fragments from different positions of both Specimen
1# and Specimen 2# were at the same level. The average thicknesses of the fragments from the ends
(Positions 1 and 4) of specimens were slightly larger than those from the middle part (Positions 2 and
3) of the specimens because the rarefaction waves from the ends weakened the driving capability of
explosion products at the ends, and thus the compressive stresses on the shells were lower at the ends.
The average widths of the plated copper layers for the middle part (Positions 2 and 3) of specimens
are shown in Table 2, but unfortunately, those for the ends (Positions 1 and 4) of specimens were not
obtained because the deformation of fragments from the ends was too large to measure the average
widths of the plated copper layers. The average widths of the plated copper layers for Specimen 1#
were slightly larger than their original ones because tensile stress existed between the fragments along
the axis of the cylinder during its expansion due to the changes of both the fragment velocity and the
fragment projection angle along the axis of the cylinder. In contrast, the average widths of the plated
copper layers for Specimen 2# were smaller than their original ones, because the metal rings were
disconnected in the axial direction of the warhead. The casings reached their maximum expansion
radii when they were completely broken. Assuming that the density of the metal was a constant during
the expansions of the metal shells, and the fragments could maintain their size characteristics after
the metal shells were completely broken. Therefore, the circumferential rupture strains of the casings
can be calculated according to the average thicknesses of the fragments and the average widths of the
plated copper layers as shown in Table 2. Then the radius at rupture could be further calculated, and
the ratios of rupture radius to original radius for different positions of specimens are shown in Table 2.
It can be clearly seen that the circumferential rupture strains for different positions of the metal rings
were at the same level (~78%), and those of the metal cylinder were much lower (~41%). The metal
cylinder was broken when it expanded to ~1.41 times its original radius, and the metal rings were
broken when they expanded to ~1.78 times their original radius.

Table 2. Size characteristics of the recovered fragments from different positions.

No. Position
Average

Thickness
(mm)

Average Width of the
Plated Copper Layers

(mm)

Circumferential
Rupture Strain

(%)

Ratio of Rupture
Radius to Original

Radius

1#

1 4.71 —– —– —–
2 4.59 5.07 39.7 1.397
3 4.48 8.14 42.7 1.427
4 4.64 —– —– —–

2#

1 4.82 —– —– —–
2 4.47 4.12 76.4 1.764
3 4.48 6.43 80.5 1.805
4 5.05 —– —– —–

4. Numerical Simulation

In order to understand the reason why the deformation and fracture characteristics of metal
rings were significantly different from those of the metal cylinder, the finite difference engineering
package AUTODYN (14.0) was used to further investigate the fracture mechanisms of explosively
driven cylinders and rings. It has been reported that eight-node solid elements can be used to simulate
the dynamic behavior of the metal shells under internal explosive loading [8], and smoothed particle
hydrodynamics (SPH) can be used to simulate the explosive charge [8,10]. Therefore, in the present
work, the metal shells were modeled with eight-node solid elements, and the explosive charge was
modeled with smoothed particle hydrodynamics (SPH). The element size and the particle size in the
present work were set as 0.3 mm, which is small enough to produce accurate results [4,10]. In the
present work, a quarter model of each specimen was established due to the symmetry of the specimens.
The 40 Cr steel was simulated by using the Johnson–Cook model [27], and the material parameters
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of the 40 Cr steel in our numerical simulation were adopted from reference [28]. The equation of
state (EOS) of explosive charge was described with the “JWL” model (a function of relative volume
and internal energy per initial volume), and the material parameters of the explosive charge in our
numerical simulation were adopted from reference [29].

The effective plastic strain of representative cross-sections, which are perpendicular to the axis of
the Specimens 1# and 2#, are shown in Figure 16. It can be clearly seen that, after the detonation waves
arrived at the cross-sections, many strain localizations formed at the inner surface of Specimen 1#,
whereas the inner surface of Specimen 2# had much fewer strain localizations. It has been reported that
the strain localizations can cause the probability of the fracture [30,31]. Therefore, it can be concluded
that it was easier to form strain localizations at the inner surface of the metal cylinder (Specimen 1#),
resulting in multiple adiabatic shear bands located near the inner surface (Figure 8a). However, for the
metal rings (Specimen 2#), it was easier to deform uniformly with much fewer strain localizations
because the length of the rings was much lower, and thus the adiabatic shear band had little chance to
initiate, but some slightly deformed grains formed at the inner surface (Figure 11a). As a result of the
fact that the metal rings (Specimen 2#) could deform uniformly with much fewer chances of formation
of the strain localizations and the adiabatic shear bands, the metal rings ruptured at larger radii and
had larger circumferential rupture strains compared to the metal cylinder (Specimen 1#) as shown in
Table 2.

Materials 2020, 13, x FOR PEER REVIEW 14 of 17 

 

The effective plastic strain of representative cross-sections, which are perpendicular to the axis 
of the Specimens 1# and 2#, are shown in Figure 16. It can be clearly seen that, after the detonation 
waves arrived at the cross-sections, many strain localizations formed at the inner surface of Specimen 
1#, whereas the inner surface of Specimen 2# had much fewer strain localizations. It has been reported 
that the strain localizations can cause the probability of the fracture [30,31]. Therefore, it can be 
concluded that it was easier to form strain localizations at the inner surface of the metal cylinder 
(Specimen 1#), resulting in multiple adiabatic shear bands located near the inner surface (Figure 8a). 
However, for the metal rings (Specimen 2#), it was easier to deform uniformly with much fewer strain 
localizations because the length of the rings was much lower, and thus the adiabatic shear band had 
little chance to initiate, but some slightly deformed grains formed at the inner surface (Figure 11a). 
As a result of the fact that the metal rings (Specimen 2#) could deform uniformly with much fewer 
chances of formation of the strain localizations and the adiabatic shear bands, the metal rings 
ruptured at larger radii and had larger circumferential rupture strains compared to the metal cylinder 
(Specimen 1#) as shown in Table 2. 

 

Figure 16. The effective plastic strain of the representative cross-section of the specimens. 

In order to demonstrate the reproducibility of the results in the present work, additional two 
sets of specimens were tested by numerical simulation as shown in Table 3, where the Specimen 3#-
1 and Specimen 4#-1 were metal cylinders, and Specimen 3#-2 and Specimen 4#-2 consisted of 12 
rings with lengths of 10 mm each. The effective plastic strain of representative cross-sections, which 
are perpendicular to the axis of the specimens, are shown in Figure 17. It can be seen that, after the 
detonation waves arrived the cross-sections, many strain localizations formed at the inner surface of 
the metal cylinders (Specimen 3#-1 and Specimen 4#-1), whereas the inner surface of the metal rings 
(Specimen 3#-2 and Specimen 4#-2) deformed uniformly with much fewer strain localizations. These 
results were consistent with those of Specimens 1# and 2#. 

Table 3. Parameters of the additional two sets of specimens. 

No. 
Length of Charge 

(mm) 
Length of Rings 

(mm) 
Diameter of 

Charge (mm) 
Outside Diameter of 

Casing (mm) 
3#-1 120 120 60 80 
3#-2 120 10 60 80 
4#-1 120 120 60 66 
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Figure 16. The effective plastic strain of the representative cross-section of the specimens.

In order to demonstrate the reproducibility of the results in the present work, additional two
sets of specimens were tested by numerical simulation as shown in Table 3, where the Specimen 3#-1
and Specimen 4#-1 were metal cylinders, and Specimen 3#-2 and Specimen 4#-2 consisted of 12 rings
with lengths of 10 mm each. The effective plastic strain of representative cross-sections, which are
perpendicular to the axis of the specimens, are shown in Figure 17. It can be seen that, after the
detonation waves arrived the cross-sections, many strain localizations formed at the inner surface of
the metal cylinders (Specimen 3#-1 and Specimen 4#-1), whereas the inner surface of the metal rings
(Specimen 3#-2 and Specimen 4#-2) deformed uniformly with much fewer strain localizations. These
results were consistent with those of Specimens 1# and 2#.

Table 3. Parameters of the additional two sets of specimens.

No. Length of Charge
(mm)

Length of Rings
(mm)

Diameter of
Charge (mm)

Outside Diameter
of Casing (mm)

3#-1 120 120 60 80
3#-2 120 10 60 80
4#-1 120 120 60 66
4#-2 120 10 60 66
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5. Conclusions

In the present work, the dynamic fracture and fragmentation characteristics of explosively driven
cylinder and rings were investigated experimentally and numerically. The representative positions of
metal shells were plated with copper layers with different widths to locate the original position of the
recovered fragments. A recovery tank filled with water was used to collect fragments, and witness plates
were used to investigate the fragment spatial distributions. Then, SEM and optical microscope were
used to investigate the fracture mechanisms of the metal shells at different positions, and the recovered
fragments were weighed and measured to investigate their mass and size characteristics. In addition,
numerical simulation was used to further investigate the fracture mechanisms of explosively driven
cylinders and rings. The following conclusions can be drawn from current study.

(1) The similar site distributions of the holes in witness plates suggest that the projection angle axial
distribution of the fragments for the metal cylinder was similar to that of the fragments for the
metal rings. The fragments from the two ends of the metal cylinder were relatively small, and the
metal ring at the non-detonation end of the metal rings was split along the axis of the warhead,
which is due to the radical changes of both the fragment velocity and the fragment projection
angle along the axis of the casings at the ends.

(2) For the metal cylinder, the fracture surfaces were typically oriented at ~45◦ with respect to either
the inner or outer fragment surfaces. The adiabatic shear band played a key role in the fracture
process of the metal cylinder, and it preferred to initiate near the inner surface and propagated
towards the outer surface along the maximum shear stress direction. The adiabatic shear band
could maintain a long time before it converged into a crack, and the material at two sides of the
adiabatic shear band moved a long distance along the adiabatic shear band during this time,
which made the inner surface of the fragment step-like. The morphologies of the fracture surfaces
of fragments from different positions of metal cylinder were similar, and the fracture surfaces
were very smooth, which was caused by the adiabatic shear bands.

(3) For the metal rings, the deformation and fracture characteristics were significantly different
from those of the metal cylinder. Some fractures were typically oriented at ~45◦ with respect
to either the inner or outer fragment surfaces, and some fractures were perpendicular to the
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outer surface. Large and small voids formed within some fragments by brittle fracture or ductile
fracture. During the expansion of the metal rings, the adiabatic shear band had little chance to
initiate because the metal rings could deform uniformly with much fewer strain localizations due
to their much lower length, but some slightly deformed grains formed near the inner surface,
which made the inner surface of the fragment step-like. The morphologies of the fracture surfaces
of fragments from different positions of the metal rings were similar, and dimples were found in
the fracture surfaces, which shows that it was a kind of ductile fracture.

(4) The mass distribution of the fragments from the metal rings was more uniform than that of the
fragments from the metal cylinder. The average thicknesses of the fragments from different
positions of the metal cylinder and rings were at the same level. The average widths of the plated
copper layers for the metal cylinder were slightly larger than their original ones because tensile
stress existed between the fragments along the axis of the cylinder during its expansion. In
contrast, the average widths of the plated copper layers for the metal rings were smaller than their
original ones, because the metal rings were disconnected in the axial direction of the warhead.

(5) Under current experimental conditions, the circumferential rupture strains for different positions
of the metal rings were at the same level (~78%), and those of the metal cylinder were much
lower (~41%). The metal cylinder was broken when it expanded to ~1.41 times its original radius,
and the metal rings were broken when they expanded to ~1.78 times their original radius.

The dynamic fracture and fragmentation characteristics of explosively driven metal shells were
investigated under current experimental and numerical conditions. The fracture mechanisms of the
explosively loaded shells are very complex because of the randomness and uncertainty of the fracture
point and the fracture path. Therefore, more experiments and numerical simulation are expected to be
conducted for more accurate and reliable results, and thus will be investigated in our further studies
based on the experimental and numerical results presented in the present work. In addition, more
experimental devices (such as high-speed camera) and alternative methods (such as electromagnetic
expanding cylinders) will be tried in our subsequent research.
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