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Abstract: The preparation tungsten-tin alloy powder and its explosive consolidation were studied. In order to obtain

tungsten-tin alloy powder, weldability between tungsten and tin was studied at first. Then, tungsten-tin alloy powder was

prepared by heating tungsten powder and tin powder in strong alkali solution. Finally, the explosive consolidation of

tungsten-tin alloy powder was carried out, and the detonation velocity of the explosive used in the experiment was measured

with a continuous velocity probe. The results show that the detonation pressure of the explosive is about 3.24 GPa calculated

by the measured detonation velocity. The density of the consolidated tungsten-tin alloy block is 16.017 g.cm™. The hardness
(HV) values of the tungsten-tin alloy block are in the range of 2100~2470 MPa.
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Tungsten and tungsten alloys possess superior properties,
such as low thermal expansion, good wear resistance, and
good corrosion resistance. Therefore, these materials are
widely used in aerospace, military equipment, electronics,

"4l Existing studies focus on

15l

and chemical engineering'
tungsten alloys containing refractory metal”, whereas de-
spite their advantages'®, few reports are centered on tung-
sten alloys that contain low-melting-metal. Tungsten-tin
alloys are categorized under tungsten alloys with
low-melting metal. The use of tin, a binder phase that com-
bines high-hardness tungsten particles together, facilitates
the acquisition of high-tungsten-content alloy. Tungsten tin
alloys hold broad applications. This material can be used to
prepare penetrators or shape-charges'”. In shape-charges
made of tungsten tin alloys, tin melts during the jet process.
This occurrence prevents the tungsten particle stream from
dispersing. To lower the negative impact on the environ-
ment, some scholars proposed using tungsten tin alloy bul-
lets to replace lead bullets™!. Tungsten tin alloy can also be
used as a co-solvent in ore smelting or material sweating.
To produce tungsten-tin block materials, this paper pro-

poses a processing technique, which is simple and con-
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sumes low energy. The tungsten-tin alloy particles were
prepared at first, the bonding of tungsten and tin before the
explosive consolidation could improve the strength of the
tungsten-tin block, then explosive compaction was used to
fabricate tungsten-tin block. The tungsten-tin alloy block
density reaches 96.5% of the theoretical density.

1 Experiment

1.1 Weldability between tungsten and tin

Tungsten-tin alloy holds broad application prospects, but
the traditional method of melting cannot produce tung-
sten-tin alloy (the melting points of tungsten and tin are
3410 °C and 232 °C, respectively, and the boiling point of
tin is 2260 °C). Currently, some methods, such as me-

(oy sintering above 900 oCM and sinter-

chanical alloying
ing above 930 °C under a hydrogen atmosphere!'?, are used
to produce tungsten-tin alloy. This paper presents a new
method for welding tungsten and tin, as described by the
following steps. First, a tungsten plate was covered with tin
powder in an alumina crucible. Then, alkaline solution was
poured into the alumina crucible. Finally, the alumina cru-

cible was sintered to above 600 °C under an argon atmos-
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phere. The microstructure of a diffusion-bonded joint was
observed by scanning electron microscopy (SEM) (Fig.1a).
The bright areas correspond to tungsten particles, where as
the relatively dark areas correspond to tin. The result shows
the presence of tungsten particles in the tin.

The diffusion zone of tungsten and tin sintered at 600 °C
is shown in Fig.1b. This finding was acquired through ele-
mental Sn mapping, by electron probe micro-analyzer
(EPMA) mapping of the cross section of the interface zone.
Test result indicates that the interface zone of tungsten and
tin diffusion-bonded joint includes a transition region on
the tungsten side, a mid-diffusion region, and a transition
region on the tin side. The mid-diffusion region is about 2
pm. The diffusion zone of tungsten and tin sintered at
800 °C is presented in Fig.lc. The mid-diffusion region in
this specimen is wider than that of the specimen sintered at
600 °C. Unsintered and sintered (800 °C) tungsten plates
are compared in Fig.1d. The plate on the right side is the
sintered tungsten plate. The tungsten plate sintered in alka-
line solution is encapsulated by tin, which is thinner than
that of the unsintered plate. The diffusion of tungsten in tin
accounts for the thinning of the tungsten plate. Analysis
suggests that tungsten and tin can be welded under the
proposed technology.

1.2 Manufacturing tin-encapsulated tungsten particles

The raw materials used in this study were tungsten and
tin powders, and both had a particle size less than 74 um.

Tungsten

10pm

Fig.2 shows a schematic of the encapsulating process. The
mass ratio was 9:1 (tungsten:tin), and the mixed powder
composed of 90% tungsten and 10% tin was high-energy
ball milled at a milling speed of 200 r/min for 1 h in a
QM-BP planetary ball mill. The mass ratio for the steel
balls and mixed powder was 1:1. The particles of tungsten
and tin were mixed well during ball milling.

Alkaline solution was prepared using NaOH and KOH.
Their mass ratio was 1:1. This alkaline solution was placed in
an alumina crucible with the mixed powder, and the alumina
crucible was sintered in an alumina tube furnace at 300 °C
under an argon atmosphere. The heating rate was 5 °C/min,
and the temperature was maintained for 1 h when it reached
300 °C. The mixed powder was then cooled in the furnace.

After sintering, tungsten-tin alloy particles were obtained,
but the powder was impure. That is, alkali particles and al-
kali-soluble salt were present in the metal powder. Hence,
the powder was washed several times with water to remove
impurities and then dried in air.

The mixed powder was sintered at 800 °C without the
alkaline solution. The succeeding steps were similar to the
procedure described in the previous sections.

1.3 Explosive consolidation of tungsten-tin compos-
ite particles

Explosive consolidation is a method of preparing powder
metallurgy materials. This method is a high-speed impact
produced by detonation or explosive energy, acting on the

Fig.1 SEM microstructures of the diffusion-bonded joint (a); Sn mapping of interface zone for the cross-section specimens sintered at
600 °C (b) and 800 °C (c) by EPMA; unsintered and sintered (800 °C) specimens (d)
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powder in the form of shock waves that make the powder
compact and be sintered into a dense solid!"*™"*!.

Some calculation methods for the minimum pressure
(Pnin) were used in explosive consolidation. We chose the
Carroll-Holt model to simulate the P,;,"'®'". The minimum

pressure is determined by the following formula:

Py = 20, In(—2) ()
3 Po— P

Where o is yield strength of particle material, p is bulk
density after explosive consolidation, and p,is density of
solid substance.

The relationship between pressure and density is shown
in Table 1. The hardness (HV) of material is about 30.

It can be seen that the hardness (HV) of the material is
very important to explosive consolidation. But there is no
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data on the hardness (HV) of tungsten-tin material. In order
to obtain the hardness (HV) of the tungsten-tin material, we
used explosive consolidation to consolidate the tungsten-tin
alloy powder.

The schematic illustration of explosive consolidation is
shown in Fig.3. The initial density of the tungsten-tin alloy
powder is 11.62 g.cm™. The inner diameter of the steel tube
is 38 mm and the thickness of the steel tube is 2 mm, and
the thickness of the explosive is 20 mm around the steel
tube. The explosive used in the experiment is a ammonium
nitrate fuel oil (ANFO) with a density of 0.8 g-cm™. The
detonation velocity was measured by a continuous velocity
probe!"®!. The distance-time curve of detonation wave is shown
in Fig.4. The curve shows that the detonation velocity (D¢) is
not a fixed value, which increases gradually, and eventu-

Tin

¥

Tungsten Tin

Tungsten

Fig.2 Schematic of the encapsulating process

Table 1 Relationship between pressure and density

plpo/% Puin
95 2.000, (0.67HV)
99 3.070, (HV)
99.9 4.610, (1.54HV)

190 mm

40 mm

35 mm

1 detonator; 2 explosive; 3 continuous velocity probe; 4 wire;
5 support structure of continuous velocity probe; 6 steel; 7 steel

tube; 8 tungsten-tin alloy particles; 9 venthole; 10 steel block

Fig.3 Schematic illustration of explosive compaction

ally reaches 3654 m/s. The detonation pressure (Pc_;) is de-
termined by the following formula:

1 2
P.,=——p.D; 2)
C-J K + 1 pe C-J
Where p, is density of ANFO, K value of ANFO is 2.3. Pc;
is approximately 3.24 GPa.

2 Results and Discussion

2.1 Theoretical analysis of manufacturing tung-
sten-tin composite particles

Welding between tungsten and tin is the basis of the pro-
duction of tin-encapsulated tungsten particles. Tungsten and
tin powders are encapsulated with a layer of oxide in air as
shown in Fig.5. The oxide layer prevents the welding
between tungsten and tin. The oxide layers on the tungsten
and tin surfaces are removed by alkaline solution in Step 1.
The oxides then react with the alkaline solution and gener-
ate an alkali-soluble salt. In Step 2, the powder and alkaline
solution are heated above the melting point of tin, turning
tin into liquid. Atomic motion accelerates between the
tungsten-tin interfaces at the specified temperatures. As a
result, tungsten particles are encapsulated by tin. The water
in the alkaline solution is evaporated during the heating.
Hence, the alkali-soluble salt and small alkaline particles
become incorporated into the metal powder. In Step 3, the
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Fig.4 Distance-time curve of the detonation wave

powder is washed by water. Water can dissolve the alkaline
particles, and the alkaline solution can dissolve the al-
kali-soluble salt.

The powder is washed several times and then dried in air.
Finally, a pure tin-encapsulated tungsten particle powder is
obtained. The main reaction equations are as follows

(3)~(6):

W03+Na0Hmi;CNa2WO4+HZO 3)
WO, + KOH SSC K,WO, +H,0 4)
SnO, +NaOH3Oi:CNaZSnO3 +H,0 5)
SnO, +K0Hm—>0CK2$r103 +H,0 (6)

2.2 Experimental analysis of manufacturing tung-
sten-tin composite particles

Fig.5 SEM image of tin particles (a); O mapping of tin particles (b); SEM image of tungsten particles (c);

O mapping of tungsten particles (d)

In Fig.6, X-ray diffraction (XRD) analysis shows that the
specimen sintered at 300 °C is pure. The microstructural
characteristics of the sintered specimens were analyzed by
SEM (Fig.7a~7d). As shown in Fig.7a, the tungsten parti-
cles are encapsulated by tin. The bright areas correspond to
tungsten particles, and the relatively dark areas correspond
to tin. Separation is not apparent at the interface zone
(Fig.7b), indicating the strong bonding between tungsten
and tin. The specimen sintered without alkaline solution is
presented in Fig.7c and 7d. The images reveal that tungsten
and tin do not bond thoroughly and remain numerous cracks.
This poor bonding is due to the oxide layer on the metal
powder surface, implying the need for an alkaline solution.
The experiment verifies that the sintering temperature of
tin-encapsulated tungsten particles (300 °C) is lower than
that of tin-encapsulated tungsten plate (600 °C). This dis-
crepancy may be mainly due to the much higher surface
energy and the thinner oxide layer of the powder compared
with the plate. Given these attributes, the powders bonded
more easily than the plate at low temperatures.

2.3 Experimental analysis of explosive consolidation

The specimen after explosive consolidation is shown in

Fig.8. The specimen length is 42 mm and the diameter is 32 mm.

Fig.8b shows the cross-section of the specimen. The center of
the specimen is not well compacted. The specimen was meas-
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Fig.6 XRD pattern of tungsten-tin composite powder sintered at
300 °C with alkaline solution

ured by Archimedes’ method, the mass of specimen was
denoted as M, and the mass of the specimen measured in
the water was denoted as M,. The density of the specimen
was obtained by the following equation:

1
M2

Density of the specimen is shown in Table 2.
Fig.9 shows SEM image of the prepared specimen. There
are no cracks in the specimen, but some voids can be seen.

P =P 0
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Hardness is an important performance index of metallic
materials. It can be understood as the ability of a material to
resist elastic deformation, plastic deformation, or damage,

and can also be expressed as the ability of a material to re
sist residual deformation and damage. Fig.10 shows a gen-
eral view of the sample containing Vickers indentations,
which were made under an indenter load of 500 g. The
hardness (HV) values of the tungsten-tin alloying block are

in the range of 2100~2470 MPa. The indentation pressure
on the pores affects the microhardness of the sample. The
hardness of the sample is more discrete because of the ex-
istence of pores. The Vickers hardness test results show that
the hardness of tungsten-tin dense material is more than
2470 MPa. According to Carroll-Holt model, in order to
obtain 99% of the theoretical density tungsten-tin bulk ma-
terial, the P, in the experiment needs more than 2.47 GPa.

Tungsten

Fig.7 SEM images of specimen sintered at 300 °C with alkaline solution (a, b) and at 800 °C without alkaline solution (c, d)

Fig.8 Size (a) and cross-section (b) of specimen after explosive

consolidation

Table 2 Density of the specimen

M,/ M/ puner/ Measured Theoretical Relative

Fig.9 SEM image of prepared specimen

210HV 212HV" “23THV 3 247THV.

(e CHE TG

Fig.10 Variations of microhardness of the specimen

g g gem” denﬁt}}’/ denSit};/ density/ The P of the explosive is 3.24 GPa that meets the pres-
. T . T 0,

gem gem % sure requirement of Carroll-Holt model, but the density of

325.673 20.333 1.0 16.017 16.598 96.5 the tungsten-tin bulk material is only 96.5% of the theo-

retical density. The reason of the low density may be that
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the Carroll-Holt model is just a simplified model, and the
actual explosive consolidation process is very complex. In
this experiment the density of the material is very high.
When the voids between particles close, they absorb energy,
the pressure becomes lower near the axis of the sample, so
the center of the sample is not well compacted.

3 Conclusions

1) Welding tungsten plate with tin in alkaline solution
below 600 °C proves the weldability of tungsten and tin.
Microanalysis indicates that the welding type produced is
under diffusion welding, and the diffusion region widens
with the rise of sintering temperature.

2) A processing technology for producing tungsten-tin
alloy particles is proposed. In the process, the oxide layers
on the surfaces of the tungsten and tin powders are removed
by an alkaline solution. Moreover, the tin encapsulates
tungsten particles at 300 °C. The tungsten-tin alloy particles
produced by this process technology are pure.

3) Tungsten-tin block is fabricated by explosive consoli-
dation, a continuous velocity probe is introduced to meas-
ure the detonation velocity. The density of the sample is
16.017 g-em”. The hardness (HV) values of the tung-
sten-tin block are in the range of 2100~2470 MPa.
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