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Abstract: In order to increase the penetration ability of tungsten fiber-reinforced Zr-based bulk metal-
lic glasses matrix composite rod, two multi-diameter tungsten fiber-reinforced Zr-based bulk metallic
glasses matrix composites (MD-WF/Zr-MG) are designed. In MD-WF/Zr-MG-I, the diameters of
tungsten fiber (WF) increase gradually from the inside to outside, which is the opposite in MD-WF/Zr-
MG-II. Penetration experiment of two kinds of MD-WF/Zr-MG rods into rolled homogeneous armor
(RHA) steel target from 1470 m/s to 1630 m/s is conducted. The average penetration depth of the
MD-WF/Zr-MG-II rod is higher than that of the MD-WF/Zr-MG-I rod. Penetration failure modes
of MD-WF/Zr-MG-I and MD-WF/Zr-MG-II rods are bending, backflow of WFs and shear failure
respectively. The failure mode of MD-WF/Zr-MG is affected by the bend spaces and the ultimate
bending diameters of WFs. If the bend spaces of all WFs are equal or larger than their ultimate
bending diameters, the penetration failure mode is the bending and backflow of WFs, oppositely the
penetration failure mode is the shear failure. The MD-WF/Zr-MG rod with shear failure exhibits
high penetration ability because of low penetration resistance and little residual material in the crater.
When designing MD-WF/Zr-MG, bend spaces of a part of WFs should be smaller than their ultimate
bending diameter to cause shear failure.

Keywords: multi-diameter tungsten fiber-reinforced Zr-based bulk metallic glasses matrix composite;
tungsten fiber; penetration failure mode; bend space; ultimate bending diameter

1. Introduction

Tungsten fiber-reinforced Zr-based bulk metallic glasses matrix composite (WF/Zr-
MG) is a kind of unidirectional fiber-reinforced composite with tungsten fiber (WF) as
the reinforcement phase and Zr-based bulk metallic glasses (Zr-MG) as the matrix [1,2].
WF/Zr-MG was firstly prepared by Dandliker et al. in 1998 [3]. Then researchers found
that WF/Zr-MG was a potential penetrator material owing to advantageous properties.
Firstly, there is little difference between the density of WF/Zr-MG and tungsten heavy
alloy (WHA). When the volume fraction of WF in WF/Zr-MG is 80%, the density of
WF/Zr-MG is more than 17.1 g/cm3 [4,5], and comparatively that of WHA is 17.6 g/cm3.
Secondly, the compression strength of WF/Zr-MG is much higher than WHA. Normally,
the quasi-static and dynamic compression strength of WF/Zr-MG is more than 1.8 GPa
and 2.5 GPa, respectively [3–15]. In the research of Chen et al., the dynamic compressive
strength of WF/Zr-MG even reached 3.5 GPa [15]. In contrast, the compression strength of
WHA is about 1.2 GPa [16]. Moreover, WF/Zr-MG rods exhibited self-sharpening feature
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during the penetration experiments, which is similar with depleted uranium alloys. The
diameter of the crater penetrated by WF/Zr-MG rods is about 15% lower than that of
WHA rods [5,17]. Based on the advantageous properties of WF/Zr-MG, it exhibits high
penetration ability. The penetration performance of WF/Zr-MG rods was about 10–20%
higher than that of WHA rods under ideal penetration conditions [5,17–21]. However,
WF/Zr-MG cannot be directly applied in an armor piercing projectile because its pene-
tration performance is unstable. Chen et al. found that though the WF/Zr-MG rod can
achieve effective penetration in the Q235 steel target, the WF/Zr-MG rod has no distinct
advantage in the penetration performance compared with the WHA rod in 800~1000 m/s
because of ballistic trajectory deflection [19]. Our previous research found that longitudinal
splitting occurred in WF/Zr-MG rods with L/D of 3.75 during the penetration process,
which resulted in a much lower penetration efficiency than that of WHA rods [17]. There-
fore, research on covered material processing [6,22,23], experimental study [17–21], and
numerical simulation [24–26] are conducted to analyze the causes and influencing factors
of ballistic deflection and longitudinal splitting of WF/Zr-MG rods in order to improve its
penetration stability.

The research results show that WF has a great influence on the strength, failure
strain, and penetration behavior of WF/Zr-MG [8,9,27–30], especially the diameter of WF.
Zhang et al. conducted systematic research on the influence of the diameter of WF on the
compressive strength of composite materials [30]. The results showed that the diameter of
WF has different effects on quasi-static compression and dynamic compression of compos-
ites. The compressive strength and fracture strain of WF/Zr-MG decrease with the increase
of the diameter of WF. However, there is no linear relationship between the compressive
strength of WF/Zr-MG and the diameter of WF during dynamic compression. Our pre-
vious research found that the diameter of tungsten fiber also has a great influence on the
penetration behavior of composites. The penetration experiments of WF/Zr-MG reinforced
by Ø0.3 mm, Ø0.5 mm, Ø0.7 mm, and Ø1.0 mm WFs were conducted respectively. The
WF/Zr-MG rod reinforced by Ø0.3 mm WFs had the most stable penetration performance,
and the WF/Zr-MG rod reinforced by Ø0.7 mm WFs had the deepest penetration depth [31].
As is seen, the diameter of WF has different effects on the quasi-static compression, dynamic
compression, and penetration behavior of WF/Zr-MG, and WFs with different diameters
have different advantages and disadvantages. Therefore, it is possible to make use of
the advantages and avoid the disadvantages of WFs when WF/Zr-MG is reinforced by
multiple diameter WFs. However, the research has not been studied up to now.

In this paper, two MD-WF/Zr-MG are designed and prepared. The penetration
experiments of the two MD-WF/Zr-MG rods are conducted. According to the analysis of
experimental results, the penetration ability and failure mode of the two WF/Zr-MG rods
are revealed. A design method of MD-WF/Zr-MG with high penetration ability is also
obtained according to the experimental results.

2. Design and Preparation of MD-WF/Zr-MG

Compared with homogeneous materials, such as WHA and depleted uranium alloys,
WF/Zr-MG has the advantage of designability. The volume fraction and diameter of WFs
in WF/Zr-MG can be changed according to the requirements. In our previous penetration
experiments, WF/Zr-MG reinforced by Ø0.3 mm, Ø0.5 mm, Ø0.7 mm, and Ø1.0 mm WFs
rods exhibit different advantages and disadvantages in penetration. Figure 1 shows the
experimental results of our previous research [31]. Compared with the WHA rod, the
WF/Zr-MG rod reinforced by Ø0.3 mm WFs had the most stable penetration performance,
and the WF/Zr-MG rod reinforced by Ø0.7 mm WFs had the deepest penetration depth.
In order to make full use of the advantages and avoid the disadvantages of these WF/Zr-
MG rods, two multi-diameter tungsten fiber reinforced Zr-based bulk metallic glasses
matrix composite (MD-WF/Zr-MG) are designed. In MD-WF/Zr-MG-I, the diameters of
WF increase gradually from the inside to outside. On the contrary, the diameters of WF



Crystals 2022, 12, 124 3 of 16

in MD-WF/Zr-MG-II decrease gradually from the inside to outside. The cross section of
MD-WF/Zr-MG schematic is shown in Figure 2.
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Figure 1. Longitudinal section of the craters penetrated by (a) Tungsten heavy alloy (WHA) rods,
(b) WF/Zr-MG rods reinforced by Ø0.3 mm WFs, and (c) WF/Zr-MG rods reinforced by Ø0.7 mm
WFs [31].

Ingots of Zr41.25Ti13.75Ni10Cu12.5Be22.5 (in at. pct) were first prepared by combining the
constitutive elements (purity 99.5 pct or higher) in an induction furnace under an argon at-
mosphere. WFs with a nominal diameter of 0.3 mm, 0.5 mm, and 1.0 mm were straightened.
The fibers were cleaned in a bath of acetone through an ultrasonic method and then cleaned
by ethanol. The WFs were placed in the sealed end of an evacuated quartz tube according
to Figure 2. The ingots were then heated and melted in a resistive furnace, followed by
pressure infiltration. The MD-WF/Zr-MG were prepared successfully using infiltration
and rapid solidification. Figure 3 shows the cross sections of MD-WF/Zr-MG. The volume
fractions of all the WFs and Ø1.0 mm WFs, Ø0.5 mm WFs, and Ø0.3 mm WFs in MD-WF/Zr-
MG-I are 81.90 and 20.10%, and 40.22 and 21.57%, respectively. The volume fractions of all
the WFs and Ø1.0 mm WFs, Ø0.5 mm WFs, and Ø0.3 mm WFs in MD-WF/Zr-MG-II are
81.16 and 46.14%, and 19.22 and 15.80%, respectively. The densities of MD-WF/Zr-MG-I
and MD-WF/Zr-MG-II are 17.03 ± 0.05 g/cm3 and 16.90 ± 0.05 g/cm3, respectively.
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ing technique of a long rod is employed in the present paper. As shown in Figure 4b, the 
aluminum alloy sabots are used to fit the larger diameter of smooth bore for firing a 
smaller rod. A nylon block is used to push the projectile. A steel platen is placed between 
the rod and block to increase the strength of the block. Three rods of each material are 
manufactured. The mass of projectiles and rods are shown in Table 1. The target in the 
experiment is made of RHA with a thickness of 80 mm.∅ 
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3. Experiment of MD-WF/Zr-MG Rod
3.1. Setup of Experiment

Figure 4 shows the MD-WF/Zr-MG rod and the assembly drawing of the projectile.
The largest diameter of WFs in MD-WF/Zr-MG is Ø1.0 mm, so the rod with a diameter
of 10 mm is prepared. In order to compare with the previous experimental results in
reference [17], the rod with the same length is selected, so the length of the MD-WF/Zr-MG
rod is set to 54 mm. A tail and a nose are installed in the bottom and top of the rod
respectively to enhance the flight stability of the rod, as is seen in Figure 4a. Both the tail
and nose are made of aluminum alloy to reduce their interference with penetration results.
Since the diameter of the rod is less than that of the Ø25 mm smooth bore gun, a sub-calibre
launching technique of a long rod is employed in the present paper. As shown in Figure 4b,
the aluminum alloy sabots are used to fit the larger diameter of smooth bore for firing a
smaller rod. A nylon block is used to push the projectile. A steel platen is placed between
the rod and block to increase the strength of the block. Three rods of each material are
manufactured. The mass of projectiles and rods are shown in Table 1. The target in the
experiment is made of RHA with a thickness of Ø80 mm.
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Figure 4. (a) Dimension of MD-WF/Zr-MG rod and (b) assembly drawing of the projectile.

Table 1. Mass of projectile and rod.

No. Material Mass of Projectile Mass of Rod

I-1
MD-WF/Zr-MG-I

108.1 ± 0.05 g 61.2 ± 0.05 g
I-2 107.8 ± 0.05 g 61.6 ± 0.05 g
I-3 107.9 ± 0.05 g 61.6 ± 0.05 g

II-1
MD-WF/Zr-MG-II

105.3 ± 0.05 g 59.1 ± 0.05 g
II-2 107.3 ± 0.05 g 61.0 ± 0.05 g
II-3 107.7 ± 0.05 g 60.7 ± 0.05 g

A Ø25 mm smooth bore artillery was used to launch the projectiles. The setup of the
experiments is shown in Figure 5. The average impact velocities of rods between 2 and 4 m
in front of the target are measured by a velocimeter. The speed range is also selected as in
reference [17], which varies from 1470 to 1650 m/s.
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3.2. Experimental Results and Analysis

Figure 6 shows experimental results of DOP vs the impact velocity of the MD-WF/Zr-
MG-I and MD-WF/Zr-MG-II rods (the solid point in Figure 6). The dotted line shows the
fitting curves of the experimental results. As shown in Figure 6, the average DOP of the
MD-WF/Zr-MG-II rods is higher than that of the MD-WF/Zr-MG-I rods. According to the
experimental results, the penetration ability of the MD-WF/Zr-MG-II rods is better than
that of the MD-WF/Zr-MG-I rods.

In order to reveal the penetration mechanism and the reason for the difference of
penetration ability between MD-WF/Zr-MG-I rods and MD-WF/Zr-MG-II rods, their pen-
etration craters were dissected. Figure 7 is the longitudinal sections of craters penetrated
by MD-WF/Zr-MG-I rods. Figure 7 shows that the craters are vertical with no trajectory
deflection, which proves that the stiffness of the WF/Zr-MG rod increases with the addition
of larger diameter WFs, as trajectory deflection often occurs during the penetration exper-
iments of WF/Zr-MG rods with small aspect ratio [17]. According to the measurement,
the diameters of the three craters are 16.4, 17.2, and 17.9 mm, respectively. The average
diameters of craters are smaller than that penetrated by WHA rods (about 19~20 mm [31]),
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which proves that the MD-WF/Zr-MG-I rods exhibit a self-sharpening feature during the
penetration process.
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Figure 8 shows the external view of the residual MD-WF/Zr-MG-I rods. Figure 8a is a
front view of the residual rod in Figure 7a. As shown in Figure 8a, Ø1 mm WFs is on the
outside of the residual rod, and Ø0.3 and Ø0.5 mm WFs are on the inside of the residual
rod, which is opposite to the original MD-WF/Zr-MG-I rod. Figure 8b is a magnified view
of the residual rod in Figure 7b. Figure 8b reveals the reason why the Ø1 mm WFs in
Figure 8a is on the outside of the residual rod. Figure 8b shows that the WFs at the head
of the rod turn out layer by layer, which results in the arrangement of WFs in the residual
rod is opposite to that in the original rod. Figure 8 proves that the WFs at the head of
the rod bending and backflow during the penetration process. This penetration failure
mode of the MD-WF/Zr-MG-I rod is different from the adiabatic shear failure mode of
depleted uranium alloys. The penetration failure mode of the MD-WF/Zr-MG-I rod leads
to a hemispherical head, which is similar to that of WHA [16,32].

Figure 9 is the longitudinal sections of craters penetrated by MD-WF/Zr-MG-II rods.
Similar to the craters penetrated by MD-WF/Zr-MG-I rods (Figure 7), the craters penetrated
by MD-WF/Zr-MG-II rods are also vertical and exhibit self-sharpening feature during
the penetration process (the average diameters of craters in Figure 9 are 17.3, 18.5, and
18.2 mm, respectively). But unlike the craters penetrated by the MD-WF/Zr-MG-I rods,
there is no residual materials in the craters penetrated by MD-WF/Zr-MG-II rods, and
the bottom shape of the craters is conical rather than hemispherical. The difference of the
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craters proves that the penetration failure mode of MD-WF/Zr-MG-II rods is different
from that of MD-WF/Zr-MG-I rods. According to the longitudinal sections of craters in
Figure 9, the penetration failure mode of MD-WF/Zr-MG-II rods should be the shear failure
which is similar to that of depleted uranium alloys. During the penetration process of
MD-WF/Zr-MG-II rods, the bending and breaking of tungsten fiber leads to shear failure
at the head. When the shear failure occurs, the broken rod material is small and easy to
flow out from the crater, so there is no residual rod in the crater. Then the head of the rod
with shear failure is conical, so the bottom shape of the crater is also conical.
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4. Penetration Failure Mechanism of the MD-WF/Zr-MG Rod

According to the experimental results in Figures 7 and 9, the penetration failure modes
of the MD-WF/Zr-MG-I rod and MD-WF/Zr-MG-II are different. The WFs at the head of
the MD-WF/Zr-MG-I rod show bending and backflow during the penetration process, but
the WFs are bent and broken during the penetration process of MD-WF/Zr-MG-II rods.
Therefore, the bending resistance of WF is an important factor affecting the penetration
failure mechanism of the MD-WF/Zr-MG rod.

4.1. Ultimate Bending Diameter of WF

The experimental results show that the penetration failure mode of MD-WF/Zr-
MG-I rods is the bending and backflow of WFs, and the penetration failure mode of the
MD-WF/Zr-MG-II rods is shear failure. No bending behavior of WFs occurs during the
penetration process of MD-WF/Zr-MG-II rods. Therefore, the bending deformation ability
of WF is an important factor affecting the penetration failure mode of the MD-WF/Zr-
MG rod.

WF is a kind of brittle material. The test results of Terentyev et al. show that the
failure strain of tungsten fiber is about 1.5% at room temperature and 5% at 2100 ◦C [33–35].
Therefore, according to the mechanics of materials, the ultimate bending diameter of
Ø1.0 mm WF is about 66 mm. However, in Figure 8b, Ø1.0 mm WFs are not broken when
its bending diameter of Ø1.0 mm WF is far less than 66 mm, which proves that the ultimate
bending diameter of WF cannot be directly calculated by mechanics of materials. Therefore,
a bending test is conducted to measure the ultimate bending diameter of WF.

After 5 repeated tests, the bending test results of WFs are obtained. The test results of
Ø1.0 mm WF is shown in Figure 10. Ø1.0 mm WF is not broken when its bending diameter
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is about 4 mm (Figure 10a), and Ø1.0 mm WF breaks when its bending diameter decreases
to about 2 mm (Figure 10b). The test results show that the ultimate bending diameter
of Ø1.0 mm WF is between 2 and 4 mm. Figure 10c,d show the test results of Ø0.5 mm
and Ø0.3 mm WFs. Ø0.5 mm and Ø0.3 mm WFs are not broken during the bending test.
According to the test results, the ultimate bending diameter of Ø0.5 mm WF is less than
0.6 mm, and the ultimate bending diameter of Ø0.3 mm WF is less than 0.4 mm.
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diameter of Ø0.5 mm WF is about 0.6 mm, and (d) bending diameter of Ø0.3 mm WF is about 0.4 mm.

In addition, the temperature of WF/Zr-MG will rise during the penetration process
and the high temperature will lead to the decrease of the ultimate bending diameter of WF.
However, the temperature of tungsten increases slowly during the penetration process. The
temperature rise of tungsten under the impact pressure of 60 GPa (about 2000 m/s impact
velocity) is about 300 ◦C [36], which is about one tenth of the melting point of tungsten.
Therefore, the impact temperature rise would have no great effect on the ultimate bending
diameter of WF.

4.2. Penetration Failure Mode

The cross-section diagram of the MD-WF/Zr-MG rod penetrating the target is shown
in Figure 11. The radius of the crater is R and the radius of the rod is r. One WF at point
“A” in the MD-WF/Zr-MG, the distance between point “A” and “O” point (center of rod)
is r1. If the WF can bend and backflow during the penetration process, its position in the
crater will be “A′”. The distance between point “A′” and the wall of the crater is r1

′. Then
the bending space of the WF is the distance x between point “A” and point “A′”.
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Figure 11. Cross-section diagram of the MD-WF/Zr-MG rod penetrating the target.

It is assumed that all WFs in the MD-WF/Zr-MG rod bend and backflow during the
penetration process, and are evenly distributed in the space between the rod and crater.
The distance between point “A′” and the wall of the crater is:

r1
′ =

r1(R− r)
r

. (1)

The bending space x of the WF is:

x = R− r1 − r1
′ =

R(r− r1)

r
. (2)

If the bending space of WF is equal or larger than its ultimate bending diameter, the
WF could bend and backflow during the penetration process. Instead, the WF will break
during the penetration process.

The average diameter of the carters penetrated by MD-WF/Zr-MG-I rods is about
Ø17 mm, then Figure 12a shows the distance between WFs and center of the rod during
the penetration process of the MD-WF/Zr-MG-I rod. According to Equation (2) and the
test results, the bending space and ultimate bending diameter of WFs in MD-WF/Zr-MG-I
is shown in Table 2. Compared with the bending space and ultimate bending diameter
of WFs in MD-WF/Zr-MG-I, only part of Ø0.3 mm WFs may not have enough bending
space during the penetration process because the test result of Ø0.3 mm WFs shows its
ultimate bending diameter is smaller than 0.4 mm. However, due to the volume fraction
of the broken Ø0.3 mm WFs being very small, it has no effect on the penetration failure
mode of the rod. Most of the WFs can bend and backflow, and a spherical head is formed,
as shown in Figure 12b. As the WFs backflow layer by layer, Ø1.0 mm WFs become the
outer layer, as shown in Figure 8. The Ø1.0 mm WFs become a stable protective layer for
Ø0.3 mm and Ø0.5 mm WFs, so Ø0.3 mm and Ø0.5 mm WFs do not break continuously
during the penetration process.

The average diameter of the carters penetrated by MD-WF/Zr-MG-II rods is also
about Ø 17 mm; Figure 13a shows the distance between WFs and center of the rod during
the penetration process of the MD-WF/Zr-MG-I rod. According to Equation (2) and the
test results, the bending space and ultimate bending diameter of WFs in MD-WF/Zr-MG-II
is shown in Table 3. The bend spaces of Ø0.3 mm WFs and Ø0.5 mm WFs in the MD-
WF/Zr-MG-II rod are larger than their ultimate bending diameter, but the bend spaces
of Ø1.0 mm WFs are smaller than their ultimate bending diameter. Therefore, during
the penetration process of the MD-WF/Zr-MG-II rod, Ø1.0 mm WFs shear failure occurs
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firstly, rather than bending deformation. Although the bend spaces of Ø0.3 mm WFs and
Ø0.5 mm WFs are enough to bend, they will be cut by the Ø1.0 mm WFs and the crater wall
because of the tiny distance between the broken Ø1 mm WFs and crater wall. Therefore,
a conical head similar to depleted uranium alloys is formed during the penetration process
of the MD-WF/Zr-MG-II rod, as shown in Figure 13b. The penetration failure mode of the
MD-WF/Zr-MG-II rod is the shear failure layer by layer. The failed rod material is small
and easy to flow out from the crater, so there is no residual rod in the crater, as shown in
Figure 9.
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Figure 12. (a) Cross-section diagram of the MD-WF/Zr-MG-I rod penetrating the target and
(b) schematic diagram of failure process of the MD-WF/Zr-MG-I rod.

Table 2. Bending space and ultimate bending diameter of WFs in MD-WF/Zr-MG-I.

Diameter of WF Position (r1) Bending Space Ultimate Bending
Diameter

Ø0.3 mm 4.15 mm~4.85 mm 0.255 mm~1.445 mm <0.4 mm
Ø0.5 mm 2.75 mm~3.75 mm 2.125 mm~3.825 mm <0.6 mm
Ø1.0 mm 0~2 mm 5.1 mm~8.5 mm 2 mm~4 mm

Comparing with Figures 12 and 13b, it can be found that the shape of the residual rod
head is hemispherical when the penetration failure mode of the rod is bending and there is
backflow of WFs, while the shape of the residual rod head is conical when the penetration
failure mode of the rod is shear failure. According to the penetration mechanics, the
penetration resistance of conical head is less than that of the hemispherical head despite the
diameters of the two craters being same, so the penetration ability of the MD-WF/Zr-MG-II
rods is higher than that of the MD-WF/Zr-MG-I rods, as shown in Figure 6. Moreover,
if the aspect ratio of the rod increases, the residual WFs in the crater penetrated by the
MD-WF/Zr-MG-I rod will hinder the outflow of the rod and target residues, which will
have a negative influence on the penetration ability of the rod. Therefore, in the case of the
large aspect ratio rod penetration, the MD-WF/Zr-MG-II rod will have greater advantage
than the MD-WF/Zr-MG-I rod.
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Figure 13. (a) Cross-section diagram of the MD-WF/Zr-MG-II rod penetrating the target and (b) the
schematic diagram of the failure process of the MD-WF/Zr-MG-II rod.

Table 3. Bending space and ultimate bending diameter of WFs in MD-WF/Zr-MG-II.

Diameter of WF Position (r1) Bending Space Ultimate Bending Diameter

Ø0.3 mm 0~1.8 mm 5.44 mm~8.5 mm <0.4 mm
Ø0.5 mm 2.2 mm~2.7 mm 3.91 mm~4.76 mm <0.6 mm
Ø1.0 mm 3.5 mm~4.5 mm 0.85 mm~2.55 mm 2 mm~4 mm

5. Discussion

The above analysis shows that the relationship of the bend space and ultimate bending
diameter of WFs in the MD-WF/Zr-MG rod is an important factor affecting the penetration
failure mode of the rod. If the bend spaces of all WFs in a rod are larger than their ultimate
bending diameter, the penetration failure mode of the rod is the bending and backflow of
WFs. In Figure 10, the test results show that the ultimate bending diameter of Ø0.5 mm
WF is less than 0.6 mm, and the ultimate bending diameter of the Ø0.3 mm WF is less than
0.4 mm. According to Equation (2), even Ø0.5 mm WFs and Ø0.3 mm WFs are arranged in
the outer layer of the rod, their bending spaces being larger than their ultimate bending
diameter, which leads to the penetration failure of the bending and backflow of WFs.
Previous experiments have shown that the penetration failure mode of the WF(0.3)/Zr-MG
rod is the bending and backflow of WFs when the rod diameter is Ø5.6 mm, as shown in
Figure 14.
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Figure 14. Longitudinal section of crater penetrated by the Ø5.6 mm WF(0.3)/Zr-MG rod.

However, if the bend spaces of part of WFs in a MD-WF/Zr-MG rod are smaller
than their ultimate bending diameter, shear failure of the rod will occur. Therefore, the
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relationship of the bend space and ultimate bending diameter of the WFs should be
calculated by the design of MD-WF/Zr-MG.

It is assumed that the diameter of WFs of the MD-WF/Zr-MG rod is d, the ultimate
bending diameter of the outer layer WFs will be:

Dbend = f (d) (3)

with f (d) as the function related to the properties of WF, it can be measured by bend tests.
It is assumed that the radius of MD-WF/Zr-MG rod is r, the radius of crater penetrated

by MD-WF/Zr-MG rod will be:
R = g(r) (4)

with g(r) as a function related to the properties of impact velocity, properties of rod
materials, and target materials. Usually, the radius of the crater is proportional to the radius
of the rod [37], then:

R = βr (5)

with β as the parameter related to impact velocity, properties of rod materials, and
target materials.

Compared with the bend space and the ultimate bending diameter of the WFs,

η =
β(r− r1)

f (d)
. (6)

According to bending test results of WFs, the ultimate bending diameter of Ø1.0 mm
WF is Dbend(1.0) = 2mm ∼ 4mm, the ultimate bending diameter of Ø0.5 mm WF is
Dbend(0.5) < 0.6mm, and the ultimate bending diameter of Ø0.3 mm is WF Dbend(0.3) < 0.4mm.
According to Equations (3) to (6) and the arrangement of WFs Figure 2, the η value and
volume fraction of WFs in the MD-WF/Zr-MG-I and MD-WF/Zr-MG-II rods during the
penetration process is calculated and shown in Table 4. According to the calculation results
in Table 4, only 8.05% of WFs in the MD-WF/Zr-MG-I rod do not have enough bending
space during penetration, and fracture will occur. However, about 46.14% of WFs will
break during MD-WF/Zr-MG-II rod penetration. Therefore, the penetration failure mode
of the MD-WF/Zr-MG-I rod is bending and backflow of WFs, and the penetration failure
mode of the MD-WF/Zr-MG-II rod is shear failure.

As the MD-WF/Zr-MG rod with shear failure mode exhibits stronger penetration
capability than the MD-WF/Zr-MG rod with a failure mode of bending and backflow of
WFs, when designing the MD-WF/Zr-MG, calculating the η of WFs during penetration is
necessary. The η of as many WFs as possible should be less than 1.

Table 4. Value and the volume fraction of WFs in the MD-WF/Zr-MG-I rod and MD-WF/Zr-MG-
II rod.

Materials Diameter η Volume Fraction

MD-WF/Zr-MG-I

0.3
>0.6375 8.05%
>2.125 7.08%

>3.6125 6.43%

0.5
>3.542 15.42%
>4.958 13.41%
>6.375 11.40%

1
1.275~2.55 12.69%

1.7~3.4 6.35%
2.125~4.25 1.06%
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Table 4. Cont.

Materials Diameter η Volume Fraction

MD-WF/Zr-MG-II

0.3

>13.6 4.46%
>14.875 3.74%
>16.15 3.02%

>17.425 2.29%
>18.7 1.45%

>19.975 0.60%
>21.25 0.12%

0.5
>6.517 10.54%
>7.933 6.68%

1
0.213~0.425 26.92%
0.638~1.275 19.23%

6. Conclusions

In this paper, two kinds of MD-WF/Zr-MG are designed. Both the two MD-WF/Zr-
MG contain Ø0.3 mm WFs, Ø0.5 mm WFs, and Ø1.0 mm WFs. In MD-WF/Zr-MG-I, the
diameters of WFs increase gradually from inside to outside. In MD-WF/Zr-MG-II, the
diameters of WFs decrease gradually from inside to outside. Penetration experiments of
two MD-WF/Zr-MG rods are conducted respectively. According to the analysis of the
residual rods and craters, the following conclusions are obtained.

1. When multi-diameter WFs are added to WF/Zr-MG, the WF/Zr-MG rod retains the
penetration self-sharpening feature and increases penetration stability. The WF/Zr-
MG makes use of the advantages and avoids the disadvantages of WFs when WF/Zr-
MG is reinforced by multiple diameter WFs. The penetration ability of MD-WF/Zr-
MG-II rods is better than that of MD-WF/Zr-MG-I rods.

2. The arrangement of WFs in MD-WF/Zr-MG has an important influence on its pene-
tration failure mode. When the diameters of WFs increase gradually from inside to
outside (MD-WF/Zr-MG-I), the penetration failure mode of MD-WF/Zr-MG rods
into RHA is the bending and backflow of WFs. When the diameters of WFs decrease
gradually from inside to outside (MD-WF/Zr-MG-II), the penetration failure mode of
MD-WF/Zr-MG rods into RHA is the shear failure.

3. The penetration failure mode of MD-WF/Zr-MG rods is related to the bend spaces
and the ultimate bending diameters of WFs in it. If the bend spaces of all WFs are
equal or larger than their ultimate bending diameters, the penetration failure mode
of the MD-WF/Zr-MG-I rod is the bending and backflow of WFs, oppositely the
penetration failure mode of the MD-WF/Zr-MG-II rod is the shear failure.

4. When designing MD-WF/Zr-MG, the bending space and ultimate bending diameter
of WFs should be calculated to ensure that the bending space of most parts of WFs is
larger than their ultimate bending diameter.
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