metals

Article

Jet Penetration Performance of a Shaped Charge Liner Prepared
by Metal Injection Molding

Zheyu He 1, Yi Cheng 2, Hao He '*, Chuanfeng An 3, Yuqing Huang 3, Xiang Zhang % and Yimin Li 13

check for
updates

Citation: He, Z.; Cheng, Y.; He, H,;
An, C.; Huang, Y.; Zhang, X.; Li, Y. Jet
Penetration Performance of a Shaped
Charge Liner Prepared by Metal
Injection Molding. Metals 2022, 12,
1021. https://doi.org/10.3390/
met12061021

Academic Editor: Alberto

Moreira Jorge Junior

Received: 26 April 2022
Accepted: 8 June 2022
Published: 16 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Microelectronics and Materials Engineering, Guangxi University of Science and Technology,
Liuzhou 545006, China; hezheyu@gxust.edu.cn (Z.H.); liyimin333@csu.edu.cn (Y.L.)
School of Mechanical and Automotive Engineering, Guangxi University of Science and Technology,

3 State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China;
anchuanfeng1230@gmail.com (C.A.); jokerincs@163.com (Y.H.); xiangnpic@163.com (X.Z.)
*  Correspondence: 100001865@gxust.edu.cn; Tel.: +86-139-7311-4617

Abstract: The metal injection molding (MIM) method was applied to manufacture a shaped charge
liner (SCL) used for petroleum perforating bombs. Its application could overcome the drawback of
heterogeneous density distribution prepared using the traditional powder metallurgy and spinning
process. The sintering results showed that because of the limitation in the sintering temperature,
the relative density of the W—Cu alloy shaped charge liners prepared by metal injection molding
(MIM W-Cu SCLs) ranged from 48.05% at 1050 °C to 52.52% at 1100 °C, which was far below those
prepared by spinning. Further increase to higher temperature led to the W-Cu separation, cracks,
and distortion of the SCL. The explosive test proved that the shaped charge liners prepared by metal
injection molding (MIM SCLs) could achieve comparable or even better penetration performance than
those prepared by spinning. The particle size of tungsten played a significant role in the penetration
performance in which the sample prepared from a —250-mesh tungsten powder showed the highest
penetration depth, which was 18.44% deeper than that of the spinning process. From the observation
of ballistic holes, the jet of the MIM SCL was composed of dispersed W-Cu particles without a
slug. The diameters of the holes bored by the MIM SCLs were larger than those SCLs produced by
spinning, which proved that the MIM SCL jet is noncoherent.

Keywords: shaped charge liner; W—Cu alloy; metal injection molding; jet

1. Introduction

As a key part in petroleum perforation bullets, the properties of a shaped charge
liner (SCL) play the most important role in determining the performance of a jet [1]. The
traditional SCL manufacturing methods involve spinning, turning, stamping, forging,
etc., which can produce SCLs with almost full density [2,3]. However, the extremely high
hardness and inferior ductility of tungsten alloy make the SCLs difficult to machine, thereby
increasing the cost of the production with a low efficiency [4]. Furthermore, the jet of these
SCLs with a high relative density is always associated with serious slug phenomenon,
which reduces the working mass of the SCL as well as the penetration performance [5].
Some researchers use the powder-metallurgy route such as cold press and sintering [6]
to reduce the machining cost and improve the production rate. By adding elements with
a low melting point, such as copper, nickel, iron, and so on, sintering of tungsten can be
achieved within the conventional sintering temperature range, which can sustain the SCL
preparation. Yan [7] reported that the tungsten SCL shows a good jet ductility because
of the high density. However, the brittleness of tungsten at room temperature limits its
application. Lu [8] studied the penetration performance of W-Ni-Fe alloy SCL, the results
show that W-Ni-Fe alloy SCL can form ductility jet with a high velocity, but exhibit a low
penetration. Bai [9] discovered that among pure W, W-Ni-Fe, and W-Cu SCLs prepared
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using the P/M routes, the W-Cu SCL exhibits the best penetration performance. However,
the conventional press and sintering method fails to produce an SCL with a uniform density
distribution. Previous work reported that in pressed parts that were as large as the SCL,
heterogeneous density distribution occurred not only in the pressing direction but also in
the direction perpendicular to it, which could generate large pores, cracks, or distortions in
the sintered parts [10]. As a result, the heterogeneous sintered density distribution leads to
an unstable and asymmetric jet during explosion [11].

Metal injection molding (MIM) is a net-shaped method for producing complex-shaped
parts with high performance, which can produce SCLs with high production rates and
high level of automation [12]. Meanwhile, the forming process in MIM is achieved using
the feedstock flow, which is composed of metal powder and organic binder. Thus, more
uniform parts can be obtained [13]. More importantly, the flexible mold design of MIM
allows easy production of SCLs with a specific shape such as a trumpet or double-V-cone
shape, which can improve the penetration performance by increasing the explosive charge
volume and jet speed [14]. Because of the difficulty in machining, research on complex-
shaped SCLs is mainly confined in the simulation stage [15] although their large potential
has been proven [16]. MIM is a feasible method for transforming this potential into reality.
However, it is difficult achieving a relatively high-density MIM W—Cu alloy under most
sintering conditions as a powder-metallurgy method. As a result, the penetration ability is
uncertain because the jet may be discontinuous and noncoherent, which also reduces the
penetration properties.

The current work manufactures W—20 Cu SCLs by MIM process. The density and
microstructure of the sintered SCLs are investigated, and the penetration performance
is tested. The effects of density, tungsten particle size, and mass of the SCLs on the
penetration ability are studied. The characteristic of the explosive jets from MIM SCLs are
also discussed. The results of this work can provide preliminary experimental data and
optimization direction for MIM SCL production.

2. Experimental Procedures

The tungsten and copper powders were supplied by Hunan Injection High Technology
Co., Ltd. (Changsha, China). The morphology is shown in Figure 1. To investigate the
influence of the particle size, the tungsten powder has been sieved using —70, —180, —250,
and —400-meshes, their particle size distribution is shown in Table 1. The tungsten and
copper powders (mass ratio 4:1) were mixed using a paraffin wax-based binder (composed
of paraffin wax, polypropylene, ethylene vinyl acetate and stearic acid) with total powder
loading of 58% in an XSM1/20-80 rubber mixer at 130 °C for 120 min. The feedstock
was injected into a V-type mold (OD = 31 mm, ID = 28 cm, and cone angle = 55°) on an
HTF-90W2 injection molding machine (Haitian Machinery Co., Ltd., Ningbo, China). The
injection temperature was 155 °C; the injection and holding pressure were 60 and 20 MPa
respectively; the injection speed ranged from 50-60 mm/s; the injection and the holding
time were 4 and 10 s respectively. The green parts are shown in Figure 2a. Some parts
were broken after injection, which are mainly due to the difficulty in the injection of large
samples. Short molding occurred because of the solidification of front feedstock or cold
contraction. It is stressed that the yield rate exceeded 95%.

Table 1. Particle size distribution of tungsten powders.

Powder D10 D50 Dgo

Original 20.76 um 83.21 pm 215.42 um
—70-mesh 35.20 um 100.53 um 196.41 um
—180-mesh 23.93 um 47.66 um 76.74 um
—250-mesh 10.98 um 25.69 um 49.59 um

—400-mesh 7.69 pm 21.47 um 29.77 um
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A two-step debinding method consisting of solvent and thermal debinding was used
to remove the binder. The green parts were solvent-debound at 40 °C for 120 min in
methylene chloride, followed by thermal debinding and pre-sintering in argon gas at
900 °C for 60 min on a VSS-6611T debinding furnace (North Ture Vacuum Technology
Co., Ltd., Shenyang, China). Then, the samples were sintered at different temperatures
for 2 h under vacuum pressure of 10~ Pa on a VHSgr40/150M vacuum sintering furnace
(Shimadzu Co., Ltd., Tokyo, Japan). The as-sintered SCLs are shown in Figure 2b. A specific
support frame was used in the sintering process to prevent distortion. The density of the
sample was measured using the Archimedes method. The microstructures of the sintered
samples were observed using a Polyvarmet metallurgical microscope (DM2700, Leica,
Weztlar, Germany), and scanning electron microscopy (SEM) using a JSM-6360 microscope
(JEOL, Tokyo, Japan) was performed to observe the steel plate and concrete target after the
explosive test.

In the explosive test, the SH931 primary explosive with the mass of 1 g and R852
main explosive with the mass of 37 g were pressed with the SCL into a steel cylinder shell.
Then, the shell was placed on top of two 45# steel plates with a height of 5 mm and a
1-m-high concrete target, as shown in Figure 3. After the explosion, the penetration depth
of the concrete target was recorded, and at least three data were collected to obtain the
average value for each condition. For comparison, spun W-20Cu SCLs with a 70 g mass
were also tested. To investigate the effects of the sample mass, the preparation of some
SCLs used contained a redesigned mold, and the height of the SCL mouth was increased to
increase the total mass to 65 or 70 g. The amount of explosive powder and the standoff in
all explosive tests were almost equivalent.

Figure 2. SCL prepared by the MIM process. (a) As-received green parts. (b) As-sintered parts.
(c) As-sintered part with defects.
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Steel plate (5 mm x ¢200 mm)

Concrete
(H=1m)

Figure 3. Schematic image of the explosive-test facilities.

3. Results and Discussion
3.1. Density and Microstructure

The density and microstructure of the MIM SCLs sintered from original powder under
different temperatures are shown in Figure 4a. Density of samples sintered between 1050
and 1100 °C are listed in Table 2. All samples exhibit low density in the range of 48-56%.
The melting point of the main component of tungsten is 3410 °C, which is much higher
than the sintering temperature, resulting in a low densification rate. The sample sintered at
1050 °C exhibits a low density of 48.05%, which increases to 52.52% at elevated temperature
of 1100 °C. Further increase to higher temperature does not lead to higher density. Instead,
separation of the copper and tungsten phase can be observed, as shown in Figure 2c, where
obvious cracks can be observed. Figure 4b shows that the copper powder (orange particles)
retains its original near-spherical shape at 1050 °C, which indicates that sintering conducted
in a solid stage and under a poor densification level is implemented. Higher temperature
at 1100 °C leads to the melting of copper (melting point about 1083 °C). The existence of
a liquid-copper phase promotes sintering, which then solidifies on the tungsten particles
after sintering, as shown in Figure 4c. It is stressed that no W-Cu compound is found,
which is in good accordance with the observation of Guo [2]. These two conditions indicate
that the sample consists of discontinuous particles instead of a tungsten skeleton, and large
number of interconnected pores are observed. After 1100 °C, increasing temperature leads
to higher fluidity of the liquid copper. The melted copper flows to the inner surface of
the sample; thus, a bronze surface is shown in Figure 2c. The separation of tungsten and
copper phase exposed the discontinuous tungsten particles. The low-level conjunction of
SCL leads to defects, distortion, and a decrease in density. In the sample sintered at 1500 °C,
as shown in Figure 4d, the copper phase can rarely be observed, but a tungsten skeleton is
formed. The density rapidly increases and reaches the highest value of approximately 56%.
Although a higher sintering temperature (>1500 °C) can yield a high density, the separation
of copper from the tungsten and the low yield rates are detrimental [17]. Thus, only the
SCLs sintered at 1050 and 1100 °C are chosen for the subsequent experiments.

Table 2. Density and penetration performance of the MIM SCLs sintered under different conditions.

Powder Sintering Relative Penetration Size of Ballistic
Temperature (°C) Density (%) Depth (mm) Hole (mm)

Original 1050 48.05 590 8.9 x 9.8
Original 1100 52.52 650 8.2 x 85
Spinning - 78.44 591 56 x 6
—70-mesh 1100 52.6 565 79 x 8.2
—180-mesh 1100 524 615 8 x 85
—250-mesh 1100 52.7 700 8.4 x 8.9

—400-mesh 1100 52.7 520 8.7 x93
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Figure 4. Microstructure of the MIM SCLs sintered at different temperatures. (a) Effects of sintering
temperatures on the density of the samples. (b) 1050 °C. (c) 1100 °C. (d) 1500 °C.

3.2. Penetration Performance

The explosive test results are listed in Table 2. It is clear that the specimen sintered at
1100 °C shows a higher penetration depth than that sintered at 1050 °C. In addition, the
MIM SCLs achieve comparable or even higher penetration depth than those prepared by
spinning. Noticeably, the mass of the SCL produced by spinning is 70 g, which is much
higher than approximately 59 g of those prepared by MIM with similar shape and size. In
contrast, the SCL sintered at 1100 °C exhibits approximately 10% more depth than the spun
SCL. The penetrated steel plate and concrete target are shown in Figure 5. It is obvious that
the spun SCL has a small hole, which proves that the jet is almost coherent. By comparison,
the hole formed by the MIM SCL is much bigger and radial curves around the hole are
observed, which prove that the jet is noncoherent and radially spread out. The hole size
is listed in Table 2 in which the sample sintered at 1050 °C shows higher noncoherence
by forming bigger holes. Interestingly, Sun [11] reported that the penetration depth of
CuSn10 SCL generated by machined and additively manufactured reaches about 168 mm
and 214 mm, respectively. Similar results were also reported in [18]. These values are much
lower than the present work, as shown in Table 2, which makes it quite reasonable that the
MIM is an efficient way to fabricating SCLs.

It is well-known that the melting point and hardness of copper are much lower than
those of steel. During penetration, the copper phase squeezed out suffers from melting,
solidification, and formation of a Cu-rich layer in the steel. As a result, the tungsten particles
play the most crucial role in determining the penetration performance in the concrete target.
Thus, particle size is an important factor for consideration. The effects of the tungsten
particle size on the density and penetration depth are listed in Table 2. The particle size
shows negligible effect on the relative density because solid sintering of tungsten is rare at
the temperature far below the melting point [19]. However, the penetration depth strongly
depends on the particle size. The SCLs prepared using the —70-mesh powder shows
inferior penetration ability than the sample prepared by spinning or that prepared using
the original powder. As the particle size decreases, the penetration depth significantly
increases. The sample prepared using the —250-mesh powder shows the best penetration
ability, which is 18.44% higher than the sample prepared by spinning. The more refined
powder using the —400-mesh impairs the penetration ability. The jet of the refined particles
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is more noncoherent. Because of the sophisticated attack mechanism of a discontinuous
jet on a target composed of two steel plates and concrete, the detailed mechanism of the
tungsten particle size will be analyzed in a subsequent work. From the aforementioned
tests, the best penetration depth can be obtained by choosing an appropriate tungsten
particle size.

From the observation of the ballistic surface of the concrete target (Figure 5), no slug is
found, which proves that almost all of the MIM SCL mass is used in forming a jet. Figure 6
shows that the SEM images and energy dispersive X-ray spectroscopy (EDS) results of
the steel plate and concrete target. It is obvious that there exist numerous particles on the
ballistic surface of steel and concrete target, as shown in Figure 6a,c. Additionally, the
EDS results show that these particles contain a large fraction of W and a certain content of
Cu. Further observation found that the content of Cu on the surface of concrete target is
much lower than that on the steel surface, as shown in Figure 6b,d. Proving the existence
of numerous tungsten particles, and a higher copper content is found at the surface of the
steel plate than in the concrete. The particle size of them is a litter bit smaller (3090 pum)
than that of the particles before sintering. Most particles after test are slightly elongated,
which proves that they have suffered from a considerable level of plastic deformation.
However, the tungsten particles show no obvious characteristics of severe deformation,
such as significantly elongated fragments (whisker shape). For the dense SCLs, the tungsten
skeleton suffers from severe deformation and deforms into a continuous jet. The jet is
broken into fragments during the penetration [16]. However, in the current MIM SCLs, the
jet reflects the sum of the powder particles instead of a continuous structure.

10 mm

Figure 5. Steel plate and concrete target after the explosive test. (a) Steel plate penetrated by the MIM
SCL. (b) Steel plate penetrated by the spun SCL. (¢,d) Concrete target penetrated by the MIM SCL.
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Figure 6. (a,b) SEM and EDS results of the ballistic surface of steel. (c,d) SEM and EDS results of the
ballistic surface of the concrete target. (e,f) SEM images of the tungsten particles at the end of the
ballistic channel.

3.3. Jet Characteristics

From the work of Li on porous SCL, slug is not likely to form at a porosity of 10-15%,
which is much lower than the approximately 47-52% achieved in the present work [20].
Thus, formation of a slug by the MIM SCL is impossible. Under the condition of dense
SCL, the tungsten skeleton breaks first. The deformation, fraction, and granulation of the
skeleton largely use up the explosive energy of the SCL [21]. Meanwhile, copper undergoes
large plastic deformation, recrystallization, and even melting. Liquid copper plays a role in
lubricating the ballistics, which accelerates the penetration of the tungsten particles [22].
However, in a porous SCL composed of disconnected particles, destroying the W skeleton
is not necessary. Instead, the SCL is rapidly compressed and densified [23]. In these
processes, the jet temperature is increased under ultra-high pressure. The jet adiabatic
temperature increases with the porosity. In the work of Li, 30% porosity led to a 1000 °C
temperature increase [20]. As a result, the dynamic yield strength of the jet decreased,
whereas the elongation increased, which increased the length of the jet, although it is a sum
of discontinued particles, and hence improved the penetration ability. Thus, although the
mass and relative density of the MIM SCLs were lower than those of the spun SCL, the
penetration ability is comparable or even better. Meanwhile, seldom copper has been found
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in the ballistic surface, which reflects that the lubrication effect of copper is not obvious.
Sun’s work found that large porosity led to shock-induced chemical reaction of the reactive
powder material and hence reduce their penetration ability, but such a reaction was not
found in current work prepared from more stable W-Cu system [24].

However, higher porosity decreases the coherence of the jet. The sonic criterion
combines coherence with the volume sonic velocity of the SCL material [25]. The collapse
velocity of SCL (V) is compared with its volume sonic velocity (cg). When Vi < ¢, the jet
is coherent. When Vj > ¢g and B > B, the jet is noncoherent, where B is the collapse angle
and . is the maximum angle that an attached shock wave can form at a supersonic velocity.
When V> cg and B < B, no jet is formed (this condition is not considered because the jet
has already been formed in this work). V can be calculated by the following equation:

Vo = \2Eef () = \/2Eglys + 5] )

where C is the mass of the explosive charge, M is the mass of SCL, and # is the space
geometric constant (0, 1, and 2 for the space, cylinder, and spherical shape, respectively).
Eq is the Gurney energy of the explosive charge. From the calculation, V| is approximately
3.3 km/s (for M = 60 g). cy can be calculated by the following equation:

K
= _— 2
Cco 0 ()

where K and p are the elastic modulus and density of the material, respectively. The
calculated ¢( value is only 2.8 km/s (for the sample sintered using the original tungsten
particle at 1100 °C). Thus, the jet is noncoherent, which aggravates the consumption of jet
energy on the penetration direction and degrades the penetration effect. Because of the
higher density, the samples sintered at 1100 °C exhibit higher coherence than those sintered
at 1050 °C.

3.4. Effects of the SCL Mass

Because the relative density of the MIM SCL and the jet coherence can hardly be im-
proved, increasing the mass of the SCL is an easier way to further improve the penetration
depth. The mold is redesigned, and the height of the mouth part is improved. However,
the larger volume of the SCL reduces the volume for explosive charge. Thus, the 70-g
mass is the maximum mass under the current design condition. By increasing the height
of the mouth part, the total height of the SCL can be increased by approximately 1-2 mm,
and the mass can reach 65 or even 70 g. The results of the explosive tests are listed in
Table 3. It is clear that the average penetration depth of the SCL with a 65-g mass reaches
745 mm. However, the distribution width is approximately 155 mm, which is smaller than
that of the 59-g mass. The average penetration depth of the 70-g sample reaches 808 mm,
and the penetration stability is better (60 mm). The noncoherence of the improved jet is
slightly higher than that of the 59-g sample because improving the mass does not lead to
the increase in the SCL density. Our subsequent work will try to improve the density of the
SCL at a proper level to improve the mass and reduce the noncoherence of the jet.

Table 3. Effects of the SCL mass on the penetration performance.

Average Height of Average Minimum Maximum Size of
Mass (g ) SCL Penetration Penetration Penetration Ballistic

8 (mm) Depth (mm)  Depth (mm)  Depth (mm) Hole (mm)
59.23 (£0.54) 41.47 (+0.14) 650 560 730 8.5 x 82
65.68 (£0.68)  43.03 (0.13) 745 650 805 9.0 x 8.3

69.72 (£1.65)  44.45 (+0.65) 808 780 840 9.1 % 85
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4. Conclusions

The MIM method was applied to manufacture the W-Cu SCL, and the effects of density,
tungsten particle size, and mass of the MIM W-Cu SCL on the penetration ability were
studied for the first time. The main findings are concluded as follows:

1.  The MIM W—Cu SCL, which is sintered at 1100 °C, can obtain a relative density of
52.52%, which is suitable for subsequent explosive tests. Higher sintering temperature
leads to separation of W and Cu, cracks, and distortion, which is not conducive for
its application.

2. The penetration ability of the MIM SCL exceeds that of the SCL produced by spinning.
The —250-mesh tungsten powder reaches 700 mm, which is 18.44% higher than that
of the SCL produced by spinning.

3. The penetration tests show that the MIM SCL has no slug and the jet consists of
discontinuous tungsten particles. However, the jet is noncoherent.

4. Increasing the mass of the sample enhances the penetration depth. When the mass of
the MIM SCL is almost equivalent to the spun SCL, the penetration depth exceeds
42.13% of the spun SCL.
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