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Abstract: In order to investigate the correlation between the reactivity of Ni-
Al and micro-structural differences in the crater walls, penetration experiments
were performed with Ni-Al and pure Cu shaped charge liners (SCLs).
The experimental results showed that the average penetration depth of Cu jets
is 2.3 times that of Ni-Al jets, but the crater entrance diameter of Ni-Al jets is larger
by 26.6%. The microstructure of the recovered targets was characterized using
optical microscopy, scanning electron microscopy, energy dispersive spectroscopy,
and a Vickers micro-hardness system. The Ni-Al “white” band was thicker than
that of Cu because it releases a lot of heat. The micro-hardness test showed that
the “white” band had a relatively high hardness, and the “white” band hardness
in the tail was more significant than that in the head. However, the micro-structural
evolution of the crater walls is related to the reactivity of Ni-Al, but is also related
to other factors. Combined with the macro penetration results and the evolution
of the micro-structure of the crater walls, the “white” band can absorb impact energy
more strongly and weaken the jet breaking ability or armour protection ability.
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These results can provide more valuable reference for designing shaped charge
warheads and protection structures.

Keywords: shaped charge liner, Ni-Al, penetration experiments,
“white” band, micro-structure analysis

1 Introduction

Energetic structural materials (ESMs) are a new kind of multifunctional
composite material with the dual functions of structural strength and energy
release characteristics. Therefore, ESMs have comprehensive application
prospects in military fields, such as reactive fragments [1-3], reactive shaped
charge liners [4-6], and reactive armour [7, 8]. Shaped charge liners made
of reactive materials can achieve improved damage effects by incorporating
kinetic energy and chemical energy.

Nickel-aluminum (Ni-Al) composites belong to typical energetic
structural materials. They have mechanical properties equivalent to ordinary
metallic materials and can cause chemical reactions to release a large amount
of heat. Over the past two decades, extensive research work has been performed
on Ni-Al reactive metal composites. Smith ez al. [9] discussed the effects of voids
and particle friction on the mechanical properties and thermal response of AI/Ni
composites under shock and compressive loading through mesoscale simulations.
Bacciochini et al. [10] improved the reactivity of Ni-Al energetic materials
through ball-milling technology, and retained the high reactivity features of Ni-Al
powder on the substrate through cold spray technology. Zhou et al. [11] studied
the quasi-static and dynamic compressive behaviour and energetic characteristics
of the fully dense Ni-Al ESM prepared by explosive consolidation. The results
showed that the Ni-Al ESM has a high compressive strength of 300 MPa
and a ductility of 14.5%. In addition, at an impact velocity above 671 m/s, the Ni-
Al ESM was initiated and released increased impact temperature or energy.
Zhang et al. [12] investigated the energy release characteristics and mechanical
properties of bulk Ni-Al (molar ratio of 1:1) ESM fabricated by cold-pressing
and sintering with nickel and aluminum powders. The results demonstrated
that Ni-Al ESMs with excellent strength and energy density could be obtained
when the sintering temperature was 550 °C. Xiong et al. [13] carried out impact
initiation experiments on Al/Ni composites. They also investigated the influence
of cold-rolling and powder compaction on the shock-induced chemical
reaction (SICR) behaviour of Al/Ni composites. The results revealed that Al/Ni
powder composites have the highest energy release capability.
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The interactions in the Ni-Al system was also intensely studied by many
researchers, and data on the phase diagram of this system were analyzed
in considerable detail [14-16]. Ni-Al reactive materials will form five
intermetallic compounds at different temperatures or different shock loads: NiAl,
NiAl;, Ni;Al Ni,Als;, and Ni;Al,. The NiAl intermetallic compound has a cubic
crystal structure (CsCl structure type) with a space group Pmm. The NiAl
homogeneity range extends from 42.5 to 69.6 wt.% of Ni at high-temperatures.
NiAl with a sufficiently wide homogeneity range is the only congruently
melting compound, and the main product under high impact conditions. The heat
of reaction of Ni-Al reactive materials (the heat of reaction per unit mass/
volume is 1381 J/g and 7158 J/cm?) is equivalent to TNT, and the adiabatic
reaction temperature is 1910 K [17]. Turrillas ef al. [18] monitored the synthesis
of NiAl from thermally activated equimolar powder mixtures of Ni and Al;
the reaction was found to occur through melting of Al and the subsequent
dissolution of Ni to form the NiAl. The results showed that the greatest thermal
effect and the highest temperature are reached in equi-atomic compositions.
If there is an excess of Ni, a substitutional solid solution is formed, and Al atoms
are statistically substituted by Ni atoms. If there is an excess of Al, an omission
solution is formed, and defects are formed in the structure. Additionally, initiation
of such reactions by a shock wave may enhance the reaction rate by many orders
of magnitude, up to the so-called solid-phase detonation [19, 20].

The penetration of a reactive liner shaped charge jet (RLSCJ) has significant
research value because it involves dynamic super-plastic deformation
and energetic characteristics. Studies indicate that in the penetration
of a RLSCJ, there are coupled factors such as impact compression
characteristics, impact temperature-rise, SICR, energy release characteristics,
and the interaction between the shaped charge jet and the target, so this process
is very complicated. The penetration performance of shaped charge jets mainly
includes the macroscopic penetration effect (penetration depth and hole diameter)
and microstructure characteristics. Wang Haifu’s research group [6, 21, 22]
fabricated PTFE/AI reactive liners, double-layered liners (inner copper liner
and outer PTFE/AI reactive material liner), and PTFE/W/Cu/Pb high-density
reactive liners via a cold-pressing/sintering process, and studied the penetration
performance of RLSCJs impacting thick steel targets. The experimental
results demonstrated that the PTFE/Al reactive jet exhibits a relatively larger
hole diameter and lower penetration depth than the traditional copper jet.
Compared with the PTFE/Al reactive jet, the reactive material-copper jet
has a deeper penetration depth and a larger hole diameter. The penetration
depth of PTFE/W/Cu/Pb reactive jets initially increased and then decreased

Copyright © 2021 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



202 Y. Liu, C. Zhang, X. Hu, L. Yang, M. Sun, Z. Zhang, L. Yuan

on increasing the standoff. When the standoff was 1.5 CD (charge diameter),
the penetration depth of this high-density reactive jet was significantly higher
than that of the PTFE/Al reactive jet. Compared with a copper jet, the entrance
hole diameter caused by this high-density reactive jet was increased by 29.2%
at the same standoff. Despite their high energy density, the low density, low sound
velocity, and low strength of PTFE-based reactive materials, their applications
are limited. Therefore, the Ni-Al reactive metal materials, with good mechanical
properties and high energy density, are more suitable for shaped charge
liner materials. However, there are few studies on the damage performance
of Ni-Al reactive shaped charge liners. Church et al. [5] investigated the Ni-
Al reactive shaped charge liner. XRD analysis indicated that the Ni-Al shaped
charge jet had reacted during the formation process to produce intermetallic
compounds. Byun et al. [23, 24] sprayed reactive Al-Ni composites on a well-
penetrating Cu liner by a kinetic spray process, and enhanced the exothermic
reaction of the reactive layer by controlling the structure of the feedstock material
to enhance the penetration ability and explosive power of shaped charge liners.
Sun et al. [25] studied the penetration performance of Ni-Al and Cu-Ni-Al
reactive shaped charge liners. The results showed that the penetration depth
of the Cu-Ni-Al reactive liner was increased by 42% compared to the Ni-Al
reactive liner, and the entrance hole diameter had also been improved. A “white”
band was found on the crater walls.

Microstructure evolution of metallic materials is a common phenomenon
under high strain rates, such as penetration, high-speed impact, and explosion.
It is generally believed that there are two mechanisms of evolution for metallic
materials during dynamic plastic deformation: hardening (such as strain
hardening or strain rate hardening) and softening (such as thermal softening).
In the near adiabatic penetration process, the heat generated by rapid deformation
cannot be diffused in time. As the strain localization intensifies, the microstructure
of the targets changes. Yin et al. [26] analyzed the microstructure characteristics
of crater walls penetrated by shaped charge jets. The results demonstrated that
phase transformation took place in the “white” etching layer due to the extremely
high temperature on the crater walls. The microstructure of the “white” etching
layer is a mixture of martensite and austenite. The values of micro-hardness
of the “white” etching layer is lower than those of untempered martensite steel
due to the cooling rate being very high. In earlier research, the “white” band
on the crater walls of a steel target penetrated by Ni-Al and Cu-Ni-Al shaped
charge jets was investigated [25]. The “white” zones in the tail were thicker than
those in the head. The micro-hardness values in the head were higher than those
in the tail. They attributed this phenomenon to the exothermic reaction of Ni-Al.
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However, whether this phenomenon is related to the exothermic behaviour
of the reactive material remains to be verified.

In the present research, the macroscopic penetration characteristics
and microstructural characteristics of steel targets penetrated by pure Cu
jets and Ni-Al (66:34, wt.%) reactive jets were compared and analyzed.
Subsequently, the relationship between the reactivity of the Ni-Al ESM
and the microstructural differences between the head and the tail of the crater walls
was explored. This further revealed the key factors that lead to microstructure
evolution. The influence of microstructure evolution on a semi-infinite steel
target is discussed.

2 Materials and Methods

Ni, Al, and Cu powders, as the raw materials, were used to prepare the Ni-
Al reactive shaped charge liners (RSCL) and traditional Cu shaped charge
liners (TSCL) of the same size. Figure 1 shows the distinct particle morphology
and size of the three powders. The physical properties of the powders
are listed in Table 1.
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Figure 1. SEM images of the raw materials for the SCLs: (a) Ni, (b) AL, (c) Cu

Table 1.  The properties of the powders

Powder material Shape Size [um] Purity [pct]
Ni angular rounded 2-6 99.9
Al 6-15 99.9
Cu rounded 20-50 99.9
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The RSCLs, with a Ni: Al mass ratio of 66:34, were fabricated by the powder
compact method, see Figure 2(a). The TSCLs, composed of pure Cu powder,
were also prepared by the same process, as shown in Figure 2(b). The tailored
conical SCLs were theoretically 47 mm in height and 1.8 mm in thickness,
with a cone angle 0of47°. The dimensions and other physical properties are listed
in Table 2. AMD refers to the actual material density of the SCLs, and was measured
by the Archimedes method. The theoretical maximum density (TMD)
was calculated for the RSCLs according to the mass fractions of the material
components. By comparing the theoretical and the measured densities, the porosity
of the two groups of SCLs could be calculated through the relation (Equation 1),
and are listed in Table 2.

po1 AMD
- TMD (1

As seen, the RSCLs and the TSCLs have almost the same dimensions
and porosity, but the RSCLs were about 44.5% lighter than the TSCLs.

(b)
Figure 2. The pressed liners of (a) Ni-Al RSCLs, (b) Cu TSCLs
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Table 2.  The relevant parameters of the SCLs
Mass | TMD | AMD | Height | Thickness | Porosity
V)
SCL | Number| W] o) |[fem’]| [g/em]| [mm] | [mm] | [%
RSCL-1 27541 5.00 4.73 | 47.01 1.72 5.4
Ni-Al|RSCL-2| 66:34 [27.91| 5.00 476 | 46.39 1.78 4.8
RSCL-3 27431 5.00 475 | 46.87 1.70 5.0
TSCL-1 49.85| 8.90 8.35 | 46.93 1.72 6.2
Cu |TSCL-2 1 4937 8.90 8.30 | 46.58 1.69 6.8
TSCL-3 50.01| 8.90 8.28 | 47.10 1.75 7.0

The physical picture of the shaped charge device is shown in Figure 3.
Figure 4 shows the assembly drawing of the cross-sectional view of the shaped
charge device. The metal casing was made of 45# steel. The charge diameter (CD)
and the liner diameter (LD) were both 44 mm. All of the SCLs were tested under
the same conditions, including the standoff and the composition of the explosive.
For 8# electric detonator initiated shaped charge devices, the standoff was 60 mm.
The target in the penetration experiments was 45# steel. A schematic illustration
of the penetration experiment is shown in Figure 5.

Figure 3.
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Electric detonator

Case

Explosive

47 mm

Liner

Figure 4. Schematic illustration of the shaped charge device with the SCL

44 mm

——Shaped Charge
 Standoft
(60 mm)
—45# steel
target

Figure 5. Schematic illustration of the penetration experiment for SCLs

The targets were recovered and cleaned after the penetration tests in order
to analyze the penetration characteristics of the SCLs. The recovered targets
were longitudinally cut along the centerline of the ballistic perforations by
electrical discharge machining. Samples of the cross-section were then cut from
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the head and tail sections of the crater walls. The red squares in Figure 6 marks
the sampling points. The samples were well polished and etched with a solution
composed of water (100 mL) and nitric acid (4 mL) for microanalysis. In order
to examine the relationship between the testing observations and the experimental
data, the microstructure investigations of these samples were performed using
an Axio Lab A1 optical microscope (CarlZeiss, Jena, Germany) and scanning
electron microscope (SEM). To investigate the microstructural characteristics
of the materials distributed in the different zones, the hardness of the samples
was examined using a Vickers micro-hardness system (JMHVS-1000AT)
at a load of 0.98 N (100 gf) for 15 s.

3 Results

Figure 6 displays a typical sectional view of the targets penetrated by a Ni-Al
RSCL and a traditional Cu SCL. As seen, the sectional shape of the penetration
hole is close to a trumpet shape. It was found that the average crater entrance
diameter of TSCLs was about 15.2 mm, and the crater walls were very smooth,
as compared to that of the RSCLs. For the penetration hole of the RSCLs,
the average crater entrance diameter was about 20.7 mm, which is 26.6%
larger than that of the TSCLs. In addition, it was observed that the crater
walls penetrated by the RSCLs were very rough, which should be attributed
to the exothermic reaction between the Ni and Al powders occurring during
the penetration process. However, the average penetration depth of RSCLs
was about 76 mm, while for the TSCLs it was about 175 mm. The smaller density
and the reaction of the materials during the penetration process should reduce
the penetration depth. The experimental data are listed in Table 3.

Table 3.  Penetration parameters of the targets penetrated by the different SCLs

Penetration Average Crater entrance | Average crater
SCL |Number | depth per:f;rztlltll on diameter entrance diameter

[mm)] [mrr)n 1 [mm)] [mm]
RSCL-1 71 21.0

Ni-Al|RSCL-2 81 76 ) 20.7
RSCL-3 77 20.0
TSCL-1 182 16.0

Cu |TSCL-2 175 175 14.5 15.2
TSCL-3 169 15.0

Copyright © 2021 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



Comparative Study of the Penetration Characteristics of Ni-Al and Pure Cu... 209

(a) (b)
Figure 6. Macroscopic features of the targets penetrated by (a) Ni-Al,
and (b) Cu jet

Figure 7 is a schematic of the regions where the hardness and microanalysis
were carried out. The residual jet was attached to the crater walls. The influence
of the shaped charge jet on the steel target was mainly the crater walls
and the 0-2 mm regions around the crater. Therefore, different influence zones
after the penetration have been investigated.

Matrix (Regions far "White" band
from crater) N _-— (Within and around
N 7 crater)
\\\ -
b —— =

Deformation zone
e " (Regions surrounding
Crater—~ " the crater and "white"
band)

Figure 7. Schematic of the regions on the targets for hardness and microanalysis
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Figure 8 displays optical micrographs of the specimens extracted
from the head (Figures 8(a) and 8(b) and the tail (Figures 8(c) and 8(d))
of the crater walls generated by the Ni-Al jet. The colour bars of the images
mark the distribution regions of the residual jet (red), “white” band (yellow),
deformation zone (blue), and the matrix (green). The “white” band in the head
of the crater walls was about 30-80 um, while the “white” band in the tail
increased to about 210-340 um. Figure 9 illustrates the optical micrographs
of the specimens extracted from the head (Figures 9(a) and 9(b)) and the tail
(Figures 9(c) and 9(d)) of the crater walls generated by the Cu jet. The colour
bars of the images mark the distribution regions of the residual jet (red),
“white” band (yellow), deformation zone (blue), micro-cracks (orange),
and the matrix (green). For the Cu jets, the “white” band was not evident
in the head of the crater walls. However, there are many micro-cracks, about 1.5-
2.0 mm, around the crater wall. The orientation of the cracks was mainly parallel
to the penetration direction. In the tail of the crater walls, an obvious “white” band
can be observed, and the thickness of the “white” band was about 120-180 pm.
Table 4 summarizes the thickness parameters of the affected zones in the targets
penetrated by the different SCLs. Figure 10 shows the SEM/EDS line analysis
results of the Ni-Al and Cu residual zones and the “white” zones, and Figure 11
shows the SEM/EDS area analysis results of the Ni-Al and Cu residual zones
and “white” zones. It can be seen that there is almost no Fe element in the Cu
residual jet, while the percentage of Fe in the Ni-Al residual jet is very high.
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Figure 8. Optical microscope images of the crater walls of the targets
penetrated by the Ni-Al jet: (a) the head of the crater walls (100x),
(b) the head of the crater walls (200%), (c) the tail of the crater
walls (100x), and (d) the tail of the crater walls (200%)
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Figure 9.
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Optical microscope images of the crater walls of the targets penetrated

by the Cu jet: (a) the head of the crater walls (50%), (b) the head
of the crater walls (100x%), (c) the tail of the crater walls (100x%),
and (d) the tail of the crater walls (200x)

Table 4.  Thickness parameters of the affected zones in the targets penetrated
by different SCLs
Residual | iy . s . Micro- Total
SCL l::rrtg;f jet zone baXih[l:fm] Dzeggén[lsg(]n crack zone | affected
[um] [um] | zone [um]
Ni-Al Hee.ld 10-110 30-80 110-160 — 150-350
Tail 40-170 210-340 50-90 — 300-600
Cu Head 10-30 0 50-80 350-400 | 410-530
Tail 40-70 120-180 50-110 — 210-360
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(b)
Figure 10. The SEM/EDS line analysis of (a) Ni-Al residual zone

and “white” zone, and (b) Cu residual zone and “white” zone
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“White” band Ni-Al r

Cu residual jet zone “White” band

Map Data 3

(b)
Figure 11. The SEM/EDS area analysis of (a) Ni-Al residual zone
and “white” zone, and (b) Cu residual zone and “white” zone
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Figure 12 illustrates the Vickers micro-hardness values in the head and tail
of the crater walls generated by the two different SCLs. The micro-hardness
change trends in the head and tail of the crater walls penetrated by the two
different SCLs were the same. Compared with other zones, the “white” zone
has a higher hardness. The micro-hardness values of the “white” band in the tail
were higher than those in the head. The difference between the hardness values
of the Ni-Al “white” zone in the head and tail was massive, while the hardness
values of the “white” zone in the tail was twice those in the head. The micro-
hardness values of the Cu “white” band in the tail were increased by 20%
compared to those in the head. The micro-hardness values of the Ni-Al
“white” band in the tail were increased by 260 HV compared to those of Cu,
and the hardness values of the Ni-Al “white” band in the head were decreased
by 80 HV compared to those of Cu. The micro-hardness values of the Ni-Al
residual jet zone were higher than those of Cu. The hardness values of the Ni-Al
plastic deformation zone in the tail were higher than those in the head,
while the Cu values were the reverse.

—#— head of Ni-Al
800 A— tail of Ni-Al ||
—®— head of Cu
700 —&— tail of Cu |
g 600 \
A
= 500 \
£ i
E
2 300
200
100

Residual jet ' "White" bandl Deformation I Matrix

Figure 12. The Vickers micro-hardness values of the crater walls penetrated
by the two SCLs
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4 Discussion

Powders with different particle sizes used to prepare the Ni-Al RSCLs
can effectively reduce the porosity and avoid excessive advance reaction
due to the collapse of the reactive liners, which dramatically affects
the penetration depth. In the penetration process, the interaction between the jet
and the target is an essential factor affecting its penetration performance [27, 28].
Combining the smoothness of the crater wall and the SEM/EDS analysis results,
the Fe content in the residual jet can indicate the strength of the interaction
between the jet and the crater wall. Therefore, Cu plays a lubricating effect
between the jet and the crater walls, and the interaction between the jet
and the crater walls is limited. Compared with the Cu jet, the interaction between
the Ni-Al reactive jet and the crater walls was violent, resulting in lateral
energy dissipation of the Ni-Al jet. Consequently, the average penetration depth
of the Cu jets was 2.3 times that of the Ni-Al jets. However, the crater entrance
diameter of the Ni-Al jets was larger by 26.6%.

4.1 Analysis of the “white” band

Since the powder liners are not prone to slugs, this avoids the influence
of'additional heat on the crater wall. It has been beneficial to analyze the “white”
band on the entire crater wall. When the shaped charge jet impacts the target,
the shock wave causes a significant change in the crater walls [29]. The shaped
charge jet transfers energy and pressure to the target through the coupling.
Under the combined action of shear and lateral compression, it is easier
for 45# steel to produce “white” bands. Although the reasons for the formation
of the “white” band have not been established, this requires a certain amount
of energy. At a small standoff, we assume that the spatial distribution
of the jet velocity is linear, and the virtual origin theory can accurately predict
the penetration. In the linear velocity rod penetration model, Lambert [30]
calculated the energy deposited in the unit penetration depth of the jet
with a velocity gradient, the relationship being as follows:
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where m; is the initial mass of the jet, p; and p, are the densities of the jet and target
respectively, P is the penetration depth, Vj, and V; are the tip and tail velocities
of the jet, and z is the distance from the virtual origin to the target.

According to the above formula, density is a critical factor. In the initial
penetration stage, low-density material deposits more energy, the penetration
depth is lower, and the crater entrance diameter is more extensive. High-density
material deposits less energy and can bring more kinetic energy into the target.
For steel targets, the energy deposition of the Cu jet was lower, while the Ni-Al jet
was higher.

Usually, the velocity of shaped charge jets is very high, and can generate too
high a pressure and temperature after hitting the target. The plastic deformation
and strain rate of the target tissue around the crater wall is also tremendous.
The strain rate is about 10*-10° s7!. There is a region of high temperature,
high pressure, and high strain rate around the crater wall, where the “white”
band production occurs quickly. In the plastic deformation process, the thickness
of'the “white” band is related to strain, strain rate, and temperature. When the strain
rate is higher, the stress will increase as the strain rate increases. For the same
target, the thickness of the “white” band under a higher strain rate and strain

will be reduced. Bai et al. [31] proposed an approximate formula for calculating
the half-width (J) of the band:

8 ~JAT /1y 3)

where 4 is thermal conductivity, 7 is temperature, 7 is strain and y is strain rate.

In the initial stage of jet penetration, the effects of strain and strain
rate are more potent than that of the tail. But at the same small standoff,
the velocity of the two jets exhibited no difference when impacting the target.
Therefore, the thickness of the “white” band in the head of the crater walls
was mainly affected by the temperature. Due to the Ni-Al ESM releasing
a large amount of heat, the temperature exhibited a more considerable
influence on the target tissue around the crater walls penetrated by the Ni-Al
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reactive jet. Therefore, the “white” band in the head of the walls was thicker
than with the Cu jet. The crater walls in the head of the Cu jet showed no trace
of'a “white” band, as indicated in Figure 9. This indicates that there is a threshold
for the formation of a “white” band. Although there is enough deposition energy,
and the strain and strain rate are large enough, the temperature is relatively low,
and the “white” band cannot form.

During penetration, the energy and velocity of the jet are gradually attenuated.
The effects of the strain and strain rate on the crater walls gradually decreases,
creating conditions for the formation of the “white” band. So the “white” band
in the tail was thicker than that in the head, as highlighted in Figures 8 and 9.
Since the entire penetration process is maintained for only a few microseconds,
the temperature change of the Cu jet could be ignored. Due to the exothermicity
of the Ni-Al ESM, the Ni-Al “white” band in the tail is thicker than for the TSCLs.

4.2 Micro-hardness analysis

The target has different levels of shock wave response in the direction
of jet penetration and lateral compression. In addition, crystal defects,
such as dislocations and twins, increase the hardness of materials,
similar to explosion hardening. However, the crater walls experience
a very high temperature under the combined action of plastic deformation
temperature-rise and jet temperature. Thermal softening will gradually become
a main advantage. The “white” zone was very narrow compared to the entire
target and can be cooled quickly by the surrounding environment, the cooling time
being about 1-10 ms, which is similar to a quenching process. So, a martensitic
transformation took place. The SEM/EDS analysis results and the hardness
measurements also confirmed this view [25]. Therefore, the micro-hardness
values of the “white” band were higher than those of the surrounding tissue.
Because the cooling rate was too high, austenite cannot convert entirely
into martensite. Therefore, the “white” band is austenite and martensite mixtures,
and the hardness values were lower than for pure martensite steel [21, 26].

In the initial stage of jet penetration, the “white” band softens due to the target
tissues absorbing a lot of energy. Therefore, the micro-hardness values
of the “white” band were lower than those in the tail, as shown in Figure 12.
Compared to the Cu jet, the Ni-Al reactive jet has a higher temperature
and more severe lateral energy dissipation, resulting in a higher thermal degree
of softening of the “white” zone, so the micro-hardness values are decreased.
In the tail of the crater walls, because the additional heat release of the Ni-Al jet
caused more austenite to transform into martensite, the micro-hardness values
of the “white” band were higher than those from Cu. The plastic deformation zone
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is in the hardening stage. The influence of the strain and strain rate on the crater
walls are gradually reduced as the jet penetrates. Therefore, the hardness
values of the Cu deformation zone in the tail were lower than those in the head.
However, this caused secondary hardening of the deformation zone due
to the additional heat release by the Ni-Al jet. So the micro-hardness values
of the Ni-Al deformation zone in the tail are increased. The Ni-Al jet has reacted
during the formation process to produce intermetallic compounds, so the hardness
values of the Ni-Al residual jet zone were higher than those of Cu.

According to the above analysis, the exothermic behaviour of Ni-Al
affected the micro features of the “white” band. However, the evolution trend
of the microstructures of the inert Cu jets and the Ni-Al reactive jets was the same.
Both “narrow-head and wide-tail” and ““soft-head and hard-tail” were exhibited.
Therefore, the important factor is the localization and size of the strain,
and the temperature rise does not seem to be that important.

4.3 The influences of the “white” band on semi-infinite steel targets
For semi-infinite steel targets, the average penetration depth of a Cu jet was higher,
as illustrated in Figure 6. However the thickness of the “white” band in the head
was only about 0-5 pm, and the strong shearing created many micro-cracks,
about 1.5-2 mm, around the crater wall, as shown in Figures 9(a-b). As highlighted
in Figures 8 and 9, the Ni-Al “white” band was thicker than that of Cu,
but the average penetration depth was lower. This indicates that the “white”” band
absorbed a lot of energy. In other words, “white” bands are a strong manifestation
of the energy released by the targets. Therefore, it is necessary to reconsider
the effect of bands on the fracture behaviour of the targets. During the penetration
process, the formation of a “white” band can coordinate the deformation
of the surrounding regions to prevent the material from prematurely breaking
due to instability. Steel materials have a high thermal conductivity. The “white”
band formed at a high-temperature, and was then quickly cooled, resulting in high
strength of the “white” band so that it can withstand high fracture stress. For semi-
infinite steel targets, the “white” band absorbed a large amount of impact energy
and impeded jet penetration. Therefore, combined with the macro penetration
results and the microstructure evolution of the crater walls, the “white” band
can absorb the impact energy more strongly and thus weaken the jet breaking
ability or armour protection ability.
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5 Conclusions

In our study, the penetration characteristics of Ni-Al and pure Cu shaped charge

liners were compared and analyzed. The relationship between the exothermic

reaction of Ni-Al ESMs and the microstructure evolution of the crater walls

was also investigated. Several conclusions are presented as follows:

¢ Compared with traditional Cu shaped charge liners, the experiments
showed that Ni-Al RSCLs impacting 45# steel targets produced lower
penetration depth, but the crater entrance diameter was increased by 26.6%.

¢ Examination of the microstructure showed that its evolution in the crater walls
as generated by inert Cu SCLs and Ni-Al RSCLs was the same. The “white”
band from the two kinds of jets showed the phenomena of “narrow-head
and wide-tail” and “soft-head and hard-tail”. The exothermicity of a Ni-Al
ESM can change the thickness and micro-hardness of the “white” band.
However, the size and localization of plastic deformation are essential factors
in the evolution of the microstructure of the crater walls.

¢ Combined with the macro penetration characteristics of the two SCLs
and the evolution of the microstructure of the crater walls, it can be seen
that the “white” band can absorb a lot of the strong-load impact energy
and hinder jet penetration.
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