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Table 1 Preparation details of BMGCs with different form of
tungsten
Preparation . Morphology Size/ Maximum
method Matrix of tungsten mm volume Ref.
(s o (W) fraction/%
ZrTiNiCuBe W rod D5 16 [18]
ZrTiNiCuBe W ball D5 52 [18]
ZrNbAICuNi D7 80 [10]
40%  60% ZrTiNiCuBe D5 88 [18]
ZrTiNiCuBe D6 60 [19]
ZrTiCuCoBe . D6 80 [20]
[16] . . W fiber
Melt ZrAINiCuSi D6 70 [21]
e CuZrAl @3 60  [22]
infiltrating .
. ZrTiNiCuBeNb D3 60 [23]
: castin
) Quartz & ZrTiNiCuBe 8.5 80 [24]
Clamp — 1 17 tube method
Three-way £ e D38 40 [25]
itchin ( ol lo Ingo? 0 ZrTiNiCuBe 4 )
SW1 g 3 matrix Porous W & 69 [26]
vale olg [material ZrTiCuCoBe @5 80 [27]
(o) ~Reinforcement ZrTiNiCuBeNb W springs @6 68 [28]
T"H‘;acuum To argon SIlITS | bundle ZrTiCuNiAl .
u
et SUppLy 8 8 /ZtNbCuNiAl W particles
Furnace ZrNbAICuNi D7 50 [10]
Water
quenching  ZrTiNiCuBe W particles @10 60 [16]
method
1 / Arcmelting —  \NiCu W particles @4 60  [15]
method
Fig.1 Preparation principle of continued fiber reinforced bulk Warm
. 9] . HfCuNiTiAl W particles @12 50 [17]
metallic glass composites extrusion
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Fig.3  Stress-strain curves of tungsten fiber reinforced bulk

metallic glass composites at different temperatures™
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Table 2 Compressive mechanical properties of the BMGCs
with different form of tungsten™®

Form ZrTiNiCuBe Wrod W fiber W ball
Size/mm D5 D2 @0.3 ®D1.5
Strain rate/x10™ s 1 1 1 1
Volume fraction/% - 16 66 52
Yield strength/MPa 1836 1892 2137 1125
Compressive 1927 1957 2618 1498
strength/MPa

Plastic strain/% 0.21 4.5 29 5.9

Chen ¥

BMGCs

Johnson D!

60%
(1]

Table 3 Compressive mechanical properties of the Zr-based
BMG and the BMGCs with different volume fractions
of tungsten springs®®®

Yield Fracture Plastic
Sample .
strength/MPa strength/MPa strain/%

BMG 1822 1822 0
18%W 1860 1860 0
28%W 1852 2026 0.9
48% W 1728 2155 11.3
68%W 1680 2505 27.1
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Fig.4 Typical true stress-true strain curves of the composites with different volume fraction under compression
at strain rate of 1x107 s (a) and 3x107 s (b)?*?
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Fig.5 Response surface plot for the true stress corresponding to strain of 5% vs. volume fraction and strain rate under quasi-static (a)

and dynamic (b) compression!*?!

4 Zr3gTiyzCuy05C012Bes2 5
3.3x10%s™ 223 297 473K
Table 4 Main mechanical data of the ZrsgTii7Cu105C012Be2ss
metallic glass reinforced porous tungsten matrix
composite with strain rate of 3.3x10°s™ at 223, 297,
and 473 KM
Testing Yield Fracture Fracture
temperature/K stress/MPa stress/MPa strain/%
223 2064 2076 22.4
297 1943 1891 26.1
473 1825 1652 27.5

30%
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Table 5 Dynamic mechanical properties of tungsten fibers
and porous foams reinforced bulk metallic glass
composites®

Enhanced phase Volume Peak Plastic
P fraction/%  intensity/MPa strain/%
Tungsten fiber 3328 2.6
65~69
Porous tungsten 3458 20.6

-

Fig.6 Schematic illustrations of the deformation and fracture behavior of the W specimen under dynamic tensile loading: (a) cracks

initiate at the amorphous matrix, (b) cracks propagate through W fibers not blocking cracks propagated from the amorphous matrix,

and (c) unstable fracture propagation behavior

[14]
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Table 6 Properties of armour-piercing of tungsten fiber reinforced bulk metallic glass matrix composites and tungsten heavy alloy

Ref. Alloy material ~ Volume fraction/%  Size/mm  Penetration rate/m-s” Target material Penetration depth/mm
811.2 38.5
W{/BMGC 74 Th h
s 1066.3 603 armored steel . rous
[44, 45] DEx8Y (30CtMnMo steel) (thickness 50 mm)
05w 804.9 rvinio stee 20.8
i 1076.2 47.7
W{/BMGCs Semi-infinite 35
[46] - D10x54 1270440 homogeneous
23W armor plate 44
1406.8 92
W{/BMGCs 80 1546.4 . Through
1 56x110 Steel (thickness 100 mm)
1459.9 74
93W - Th h
1593.6 | rous
(thickness 100 mm)
828 100
939 125
[47] WI{/BMGCs 80 ®19%x206.2 1177 Q235 steel target 225

1313 270
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7 Vo= 852.9 m/s 30CrMnMo
Fig.7 Deformation and failure of the small WHA rod and 30CrMnMo steel target under the penetration at ¥y = 852.9 m/s: (a) 2-D simulation

result, (b) 3-D simulation result, and (c) test result, Refl***33%3!1

8 Vo= 857.5 m/s / 30CrMnMo
Fig.8 Deformation and failure of the small WF/MG composite rod and 30CrMnMo steel target under the penetration at Vo= 857.5 m/s:

(a) 2-D simulation result, (b) 3-D simulation result, and (c) test result, Ref [*+43:3%-31]

a b c d

Fringe levels

9 80%
Fig.9 Development of effective strain in the WF/MG composite long rod with ¥ =80% and the steel target during the penetration:
(a) =14 ps, (b) =120.6 ps, (c) /=200 ps, and (d) magnification of rod nose in Fig.9b"*"

WHA
WHA “e i
“e 77 “e 7 WF/MG
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Fig.10 Numerical deformation and failure patterns of WHA rod SPS
and 6061-T651 aluminum target under penetration at V)
=1060 m/s: (a) 2-D result and (b) 3-D result™” SPS
3D
SPS 3D
2)

11 Vo=998 m/s
6061-T651
Fig.11 Numerical deformation and failure patterns of WP/MG
composite rod and 6061-T651 aluminum target under
penetration at V(=998 m/s: (a) 2-D result and (b) 3-D

result?®?
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Research Progress on the Tungsten Reinforced Bulk Metallic Glass Matrix Composites

Ma Yunfei', Gong Pan', Li Fangwei', Hu Huie’, Wang Xinyun'
(1. State Key Laboratory of Material Processing and Die & Mould Technology, Huazhong University
of Science and Technology, Wuhan 430074, China)
(2. Naval University of Engineering, Wuhan 430033, China)

Abstract: Tungsten reinforced bulk metallic glass composites (BMGCs) possess the high strength, hardness, wear resistance and excellent
armor penetration performance, resulting in a promising application prospect in military industry. In the past decades, scholars all over the
world have paid much attention to the preparation methods, mechanical properties (quasi-static/dynamic) and armor penetration behavior
of tungsten reinforced BMGCs. It has been found that the performance of tungsten reinforced BMGCs is closely related to many factors,
such as the morphology, size and volume fraction of tungsten, and also to the environmental temperature and strain rate. The review
summarizes the research progress of tungsten reinforced BMGCs, including the preparation methods, mechanical properties and
armor-piercing properties under different influencing factors. Finally the direction of research and development of tungsten reinforced
BMGC:s are also prospected.
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