RARE METALS

Rare Met. (2014) 33(4):414–418
DOI 10.1007/s12598-014-0320-5

www.editorialmanager.com/rmet

Mechanical properties of tungsten heavy alloy and
damage behaviors after hypervelocity impact
Zhe Wu*, Yang Zhang, Chun-Mei Yang,
Qian-Jun Liu

Received: 24 January 2014 / Revised: 7 May 2014 / Accepted: 16 May 2014 / Published online: 28 June 2014
Ó The Nonferrous Metals Society of China and Springer-Verlag Berlin Heidelberg 2014

Abstract 93W-4.5Ni-1.5Fe-1Co (W) was prepared by
powder metallurgic method, and then dynamic mechanical
properties of this material were tested at high temperature
by means of high-temperature split Hopkinson pressure bar
(SHPB). The results show that the material possesses highdynamic mechanical properties, significant temperature
effects, and strain hardening behaviors. Used two-stage
light gas gun, the penetration test of 93W projectile was
finished. After the completion of the test, through the
microstructure observation of the residual 93W projectiles
with the aid of scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), it can be found
that there are obvious signs of hot melt existing on the
surface of the projectile, a lot of adiabatic shear bands
inside the projectile, and microcracks exist at the end of
adiabatic shear bands. The test results show that adiabatic
shear is the main form to cause the projectile failure and it
is the emergence of the adiabatic shearing phenomenon
that makes 93W display good self-sharpening property in
the process of hypervelocity penetration. At the same time,
the results of TEM observation show that there are highdensity dislocations at the interface between W and Ni–Fe–
Co-based alloy inside the 93W.
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1 Introduction
High-density tungsten alloy was an alloy with tungsten as
the matrix and comprising of Ni, Fe, Co, Cu, Mn, Mo,
and other elements [1–4]. It is commonly prepared by
means of powder metallurgic method and its density can
reach 16.5–19.0 gcm-3. The tungsten alloy, possessing a
lot of advantages including high strength, high density,
small thermal expansion coefficient, anti-oxidation,
excellent corrosion resistance property, and good thermal
conductivity, can undergo mechanical treatment, weld,
forge and press, and heat treatment [5–8]. Owing to these
excellent properties, the tungsten alloy is widely used in
military and civilian fields [9–12]. At present, the tungsten alloy becomes important materials of manufacturing
armor-piercing projectiles and kinetic bullet cores [13].
With advances in launching technology, the launching
speed of projectiles increased and the demand to
mechanical properties of projectiles was higher, which
was required to improve the preparation technology of the
tungsten alloy and the strength of the tungsten alloy, and
carry out deeper studies on mechanical properties of the
tungsten alloy and its damage behaviors after hypervelocity impact [14–17].
To this end, in this paper, the new 93W-4.5Ni-1.5Fe1Co (93W) prepared by powder metallurgic method was
selected to test its dynamic mechanical properties at different temperatures by means of high-temperature split
Hopkinson pressure bar (SHPB); meanwhile, the 93W
projectile into concrete target test was carried out with twostage light gas gun, and the microstructures of the
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Fig. 1 SEM images of 93W a and b with different magnifications

projectile after hypervelocity penetration were observed
with the aid of scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) to study the
microscopic damage behaviors.

2 Experimental
The 93W-4.5Ni-1.5Fe-1Co (93W) was chosen in this
experiment. The material was prepared by high-temperature sintering by means of powder metallurgic method after
W, Ni, Fe, and Co powders were uniformly mixed. The
tungsten particle sizes in the 93W were between 20 and
50 lm. As shown in Fig. 1, the tungsten particles, whose
mass fraction accounts for 93 %, are uniformly distributed
in the Ni–Fe–Co-based alloy. As can be found from the
microstructure observation of the 93W, the 93W is actually
composed with W particles as the reinforcement and Ni–
Fe-Co-based alloy as the matrix.
Dynamic mechanical tests were finished by means of the
high-temperature SHPB device of University of Science
and Technology of China. Test samples were cylindrical.
Given that the density of the 93W was 2.5 times of that of
the pole (martensitic steel), in order to achieve high-strain
rate more easily, the sample size was U4 mm 9 4 mm.
Four temperature points (25, 250, 470, and 700 °C) and the
compressive strain rate of 4,000 s-1 were chosen in this
experiment. Each test was finished at least three times to
ensure the reliability of the test data.
The hypervelocity penetration into concrete target test
was completed by the two-stage light gas gun, and the
initial speed of penetration was chosen as 1.8 kms-1.
Normal penetration (the projectile and the concrete target
formed a right angle) was chosen as the penetration
method. The projectile was a 93W flat nosed one with the
diameter of 8 mm and the draw ratio of 6:1. After the
completion of the penetration, the concrete target should be
destroyed to take out the residual projectiles and the projectiles should be soaked and cleaned with alcohol and
acetone. Then, the microstructures of the surface and the
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Fig. 2 Dynamic compressive stress–strain curves of 93W at different
temperatures

inside residual projectiles were observed with the aid of
SEM and TEM to analyze microscopic damage behaviors
of the 93W.

3 Results and discussion
3.1 Mechanical properties of 93W at high temperature
Figure 2 shows the dynamic compression stress–strain
curves of the 93W with the strain rate of 4,000 s-1 at 25,
250, 470, and 700 °C, respectively. As can be seen from
the mechanical curves, the 93W possesses excellent
mechanical properties. At 25 °C, the maximum flow stress
of the 93W reaches 2,650 MPa; and at 700 °C, the maximum flow stress of the 93W exceeds 1,500 MPa, indicating
that the 93W owns excellent high-temperature mechanical
properties. As can also be seen from Fig. 2, the test temperature has a great influence on the mechanical properties
of the 93W; and with the temperature increasing, the
strength of the material decreases gradually. Meanwhile,
there exists significant strain hardening phenomena at 25,
250, 470, and 700 °C, respectively; and with the strain
increasing, the flow stress of the material increases significantly. However, the stress–strain curve of the material
at 700 °C is special. In the initial stage of plastic deformation, the material possesses certain strain hardening
behaviors; and with the strain increasing, the flow stress
increases. While when the strain reaches 0.15, with the
strain increasing, the flow stress begins to decrease slightly;
and when the strain reaches 0.27, the stress decreases
rapidly and the overall damage of the material occurs,
which is caused by the thermal softening and the destruction of the microstructures of the 93W. There are two
reasons for the thermal softening of the material: firstly, the
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Fig. 3 Observations of exterior of 93W projectile after hypervelocity
impact: a micro image of whole projectile, b SEM image of melt at
projectile, c SEM image of melt bands at projectile, and d EDS result
of melt bands in c

test temperatures increases; secondly, the high-strain rate
compression, belonging to the adiabatic compression, is
subject to rapid deformation in a short time; hence, there
are large amounts of heat accumulated inside the material,
which can not send out and cause the adiabatic temperature
to rise. At the same time, the destruction of the material
microstructures also has a great influence on the stress–
strain curves of the material. In the plastic stage, when the
strain reaches 0.15, damages begin to appear inside the
samples and with the increase of strain, the internal damages of the material accumulate, which finally causes the
overall destruction of the material.
3.2 Damage behaviors of 93W after hypervelocity
impact
After the 93W projectile into concrete target test at a speed
of 1.8 kms-1 was finished, through tests of length and
weight of the residual projectile, it can be found that the
length of the projectile reduces significantly and the final
length is only 5 mm. Moreover, the mass of the projectile
is subject to severe loss and the weighing shows that 90 %
mass loss occurs to the projectile. As can be seen from
Fig. 3a, the image of the observe side of the warhead of the
residual 93W projectile after penetration shows that
mushroom-head-shaped warhead does not occur to the
93W projectile after penetration. Through the SEM
observation of the warhead, it can be found that there exist
a large number of molten alloy beads on the surface of the
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projectile (as indicated by the arrow in Fig. 3b), and some
of them form a molten zone where flowing occurs and then
lays on the surface of the projectile after cooling (Fig. 3c),
which indicates that in the process of penetration, the
warhead is subject to severe impact from the concrete
targets. The melt of the 93W at the warhead shows that
high temperatures above the material melting point appear
at the warhead. Figure 3d is EDS analysis of the melt
bands in Fig. 3c, indicating that tungsten, ferrum, nickel,
and cobalt are the major elements of the melt bands.
The 93W projectile was cut along the axis, and the
microstructures of the projectile after penetration could be
observed. Figure 4a and b shows the structure observation
of the edge of the warhead. It can be found that owing to
the strong impact with the concrete targets, tungsten particles on the edge of the projectile are severely stretched
and there are adiabatic shear bands appearing in local areas
(as indicated by the arrow in Fig. 4b). The reason is that
under the action of high-strain rate, 90 % plastic deformation energy would be converted into heat, and under
adiabatic conditions without generating any heat exchange,
the concentration of heat generated by the dynamic
deformation increases abruptly, so when the softening
effects of the material exceed its hardening effects, dramatic deformation occurs to the material and the local
adiabatic shear bands would be formed [18–20]. As can be
found from Fig. 4c and d, there are adiabatic shear bands
appearing in the plastic deformation concentrated areas in
the projectile. The emergence of adiabatic shear bands
causes the rapid decrease of the material’s mechanical
properties in this area. With the sustainability of external
impact, the shear bands become the fracture origin to
produce the initiation of microcracks. From Fig. 4c and d,
cracks can be clearly seen at the end of the adiabatic shear
bands (as indicated by the arrow in Fig. 4c and d). With the
further development of localized deformation, the expansion and connection of microcracks inside the bands would
be generated; and finally, the adiabatic shear failure occurs
in the projectile, resulting in the rapid release of material in
the fracture region from the projectile and making the
projectile keep pointed-shaped penetration. Therefore, as
shown in Fig. 3a, mushroom-head-shaped warhead does
not occur to the 93W projectile after penetration. According to a lot of literatures, when tungsten alloy as the armorpiercing projectile penetrated into metal targets, mushroom-head would occur in the penetration process, thus the
penetration ability of the projectile would be reduced [21–
23]. While in the test, when the 93W projectile penetrates
into concrete targets, mushroom-head-shaped warhead
does not occur, and this is not consistent with the result
reported in the literatures. The main reason is that the
penetration rates of the tungsten alloy projectiles in the
literature are mostly less than 1.0 kms-1 and it is difficult
Rare Met. (2014) 33(4):414–418
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Fig. 5 TEM images of interface of 93W: a before impact and b after
impact

Fig. 4 SEM images of interior of 93W projectile after hypervelocity
impact: a, b damage at edge of projectile and c, d adiabatic shear
bands

for the tungsten alloy to generate adiabatic shear failure at
low speeds, then the mushroom-head occurs in the penetration process. While in our test, the penetration rate
reaches 1.8 kms-1, and at such a high speed and under the
action of high temperature and pressure, the warhead is
very prone to thermoplastic instability, which makes the
shear deformation occur in a concentrated narrow region;
thus, the adiabatic shear bands are generated, the stripping
occurs to material in the warhead deformation region, and
the mushroom-head-shaped warhead does not appear.

reason for the emergence of large-sized dislocations is that
after high velocity impact, the W and the matrix alloy in
the 93W would be subject to plastic deformation (Fig. 4a
and b), and the dislocation slip is the main mechanism of
their plastic deformation; thus, there would be a large
number of dislocations. The reason why the dislocation
density of the matrix at the interface is higher is that there
are many W particles existing in the 93W, which is
equivalent to adding many large-scale second-phase particles to the matrix; and as the strength of W is higher than
that of the matrix alloy, large numbers of W particles
would seriously hinder the dislocation slip in the matrix
alloy, and then dislocations in the matrix can only interact
with W particles by means of circumvention; thus, there
accumulate higher density dislocations in the matrix
around W particles.

4 Conclusion
3.3 Change of microstructure of 93W after
hypervelocity impact
Figure 5 shows the TEM images of the microstructures of
the interface of reinforcement (W) and matrix (Ni–Fe–Cobased alloy). Figure 5a is the image before the 93W penetration. As can be seen, there are certain numbers of
dislocations existing at the interface, but the density is not
high. The reason for the emergence of dislocations is that
during the preparation of the 93W, the thermal expansion
coefficient between the matrix alloy and the W particles
does not match, resulting in the higher internal stress
around the W particles during the process of cooling,
thereby forming dislocations [24–26]. Figure 5b is the
TEM image of the microstructures of the interface after the
93W penetration. As can be seen, there accumulate highdensity dislocations at the W and the matrix alloy interface
and there exist serious dislocation entanglement and
accumulation especially on the side of the matrix. The
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The 93W possesses excellent high-temperature mechanical
properties and temperature effect under dynamic impact.
The interaction between the 93W projectile and the targets
generates adiabatic shear bands inside the material, and the
adiabatic shear bands become the fracture origin to produce
the initiation of microcracks. With the further development
of localized deformation, the expansion and connection of
microcracks inside the bands can be generated and finally
the adiabatic shear failure occurs in the projectile. Adiabatic shear is the main factor to cause the projectile failure
in the process of hypervelocity penetration and it is the
emergence of the adiabatic shearing phenomenon that
makes the 93W display good self-sharpening property in
the process of hypervelocity penetration.
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