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Abstract: The microstructure and properties of liquid phase sintered 93W-4. 9Nt2. 1Fe tungsten heavy alloys using uk

tra fine tungsten powders (medium particle size of 700 nm) and original tungsten pow ders (medium particle size of 3 Hm)

were investigated respectively. Commercial tungsten powders (original tungsten powders) were mechanically milled in a

higlr energy attritor mill for 35 h. Ultre fine tungsten powders and commercial Ni, Fe powders were consolidated into

green compacts by using CIP method and liquid phase sintering at 1 465 C for 30 min in the dissociated ammonia atmo-

sphere. Liquid-phase sintered tungsten heavy alloys using ultrafine tungsten powders exhibit full densification ( above

99% in relative density) and higher strength and elongation compared with conventional liquid- phase sintered alloys using

original tungsten pow ders due to lower sintering temperature at 1 465 ‘C and short sintering time. The mechanical proper

ties of sintered tungsten heavy alloy are found to be mainly dependent on the particles size of raw tungsten powders and liq-

uid-phase sintering temperature.
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1 INTRODUCTION

Liquid-phase sintered tungsten heavy alloys
(WHAs) show a typical microstructure where BCC
tungsten particles are embedded in FCC W-NrFe ma-
trix. Generally, liquid-phase sintered WHAs are fab-
ricated by blending raw powders of tungsten, nickel
and iron and sintering at temperature above 1 460 C

1. Tungsten heavy alloys

in a hydrogen atmosphere'
have been widely used as kinetic energy penetrators,
counterw eights, radiation shields, vibration damping
devices and electrical contacts because of their high
density, strength, ductility and low cost relative to
other refractory metals!”™*. Tungsten also does not
pose the health hazard that was found with depleted
uranium alloys used as long rod kinetic energy pene-
trators. Recently, numerous investigations have been
carried out to improve the mechanical properties of
tungsten heavy alloy, including adjusting Ni/Fe ra-
tio, adding refractory elements such as Mo and Re,
liquid-phase sintering, mechanical alloying ( MA),

*l The MA

and deformation strengthening!” '™, etc.

technique developed by Benjamin''' is an advanced
fabrication process that can produce ultra fine and ho-
mogeneous powders. Therefore, MA technique can
be used as a process to fabricate ultrafine tungsten
particles in order to improve the characteristics of raw
powders, so the mechanical properties of WHA can

be reinforced via liquid-phase sintering and other

@® Received date: 2004 ~ 02 ~24; Accepted date: 2004 =~ 05 ~ 25

strengthening means.

The research of this program is to enhance the
ductility of 93W-4. ONr2. 1Fe tungsten heavy alloys
through controlling the partifcle size of raw tungsten
pow ders and microstructural parameters such as tung-
sten particles size, distribution of binder phase and
tungsten particles. The mechanical properties of
WHA are found to be related to microstructural pa-
rameters such as tungsten particle size, binder phase
volume fraction and tungsterr tungsten Contiguity[m].
The technical basis for this research program lies in
the relationship between microstructure and extended
plasticity in metals. In particular, the high plasticity
in metals has been shown to be directly correlated
with fine particle size in metals. In this study, the
correlation between characteristics of raw tungsten
powders and mechanical properties of liquid-phase
sintered 93W-4. ON1r2. 1Fe heavy alloy is investigat-
ed.

2 EXPERIMENTAL

2.1 Preparation of ultrafine tungsten powders
Commercial elemental W powders with a medi-
um particle size of 3 Hm was used as the starting
milling material. M echanical milling of W pow ders
was performed in an argon atmosphere by using a
higlrenergy attritor mill. Commercial elemental Ni
powders and Fe powders with a medium particle size
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of 5 Hm were used as the starting materials. The
characteristics of original powders are listed in T able
1. Table 2 gives the composition of sintered samples
used in this investigation.

Table 1 Properties of original pow ders

Original b oo/ Average Tmpurity/ %

powder size/Um 0 ,
W 99.9 3.0 <0.01 <008 —
Ni 99.5 50 <0.10 <0.10 < 0.0005
Fe 99.5 50 <0.02 <0.20 —

Table 2 Composition of liquid-phase sintered
samples(93W-4. 9Nt2. 1Fe)

Medium size of

Sample Composition W partidles/ B
I Ultre fine W powders+ 0.7
binder( Ni, Fe) :
I Original W powders+ 3.0

binder( Ni, Fe)

2.2 Preparation of tungsten heavy alloy specimens

The evolution of W powders milled for different
time was evaluated by X-ray diffraction (XRD) anal-
ysis. The crystallite size and microstrain of the as
milled powders were calculated on the basis of the
half-width of the most intensive diffraction peaks of
the XRD patterns. T he morphologies and particles size
of the asmilled W powders were analyzed by scan-
ning electron microscopy (SEM). The mixed ultre
fine W powders and Nr30% Fe powders ( binder
phase) were blended in a tumbler ball mill for 25 h.
Then the mixed powders were consolidated into green
compacts by cold isostatic pressing (CIP). The sin-
tering process was carried out in a molybdenum tube
furnace in dissociated ammonia atmosphere at 1 445
C, 1465 Cand 1480 Cfor 30 min. The sintering
process of WHA sample by using ultra-fine tungsten
pow ders is shown in Fig. 1. The particle size distribu-
tion of two kinds of tungsten powders used in this
study is shown in Fig. 2. The same binder phase for
two samples was used.

All sintered specimens were annealed at 1 200 C
for 2 h in vacuum and then water quenched to degas
hydrogen. The density of the sintered specimens was
measured by the Archimedes water immersion
method. The size of tungsten particles and distribu-
tion of binder phase of sintered WHAs were charac
terized by using scanning electron microscope. Room

temperature tensile tests were performed at a strain
rate of 2.0x 107 ¥ s~ .
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Fig.1 Sintering temperature, sintering
time and heating rate of sample by

using ultra-fine tungsten pow ders
(Sintering at 1 445~ 1 480 C for 30 min)
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Fig. 2 Particle size distribution of tungsten powders
(a) —Ultra fine tungsten powders obtained by

mechanical milling for 35 h;
(b) —Original tungsten pow ders

3 RESULTS AND DISCUSSION

3.1 Microstructure of ultra fine tungsten powders

Fig. 3 and Fig. 4 show the X-ray diffraction
spectra and the changes in lattice parameter of W
grains with increasing milling time measured by
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Fig.3 XRD spectra of W pow ders milled for

various milling time

XRD. Broadening of the XRD peaks and reduction in
intensity are associated with the refinement of crys
talline size and internal elastic strain. The average
crystalline size is about 14 nm and the accumulated
microstrain is 0. 41% after milling for 35 h. The W
particles morphologies and microstructure for the
starting sample and 35h-milled sample are shown in
Fig. 5(a) and (d) respectively. The original W pow-
der is characterized by welkformed
crystal_with an average size of 3 Pm . The mechani -

microstrain of W

cal milling process has significantly decreased the W
particle size and also changed its shape. It can be
clearly seen that the original polyhedron W particles
change into irregular particles after being milled for
35 h. At the same time, the medium particles size of
tungsten powders decreases to ultra-fine size, about

700 nm.

3.2 Microstructure and mechanical properties of
liquid phase sintered samples
Fig. 6 shows SEM micrographs of sample |

Fig. 5 Morphologies of assmilled W pow ders
(a) —0 h; (b) =5 h; (¢) —15h; (d) =35 h
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Fig. 6 SEM micrographs of sintered 93W-4. 9Nr2. 1Fe tungsten heavy alloys (sample 1) sintered at
1445 C(a), 1465 C(b), 1480 C(c) for 30 min

sintered at temperature ranging from 1 400 C to
1 480 C for 30 min. When sintered at 1 445 C, the
tungsten particles remain high contiguity, as shown
in Fig. 6(a).
quasrtspherical in shape when sintered at 1465 C.

However, the tungsten particles are

At the same time, the matrix volume fraction increas-
es and the tungsten-tungsten contiguity decreases.
For sample [, the average size of tungsten particles
increases from 20 Pm to 50 Pm, as shown in Fig. 6
(b) and (c¢). It indicates that the growth of fine
tungsten particle is very sensitive to temper-ature.
The stored energy and defects of W particles by se-
vere cold working during MA enhance the diffusion
capabilities between different atoms during sintering
process and result in a high density. When sintered at
temperature below 1 465 C, sample I shows lower
density than samples sintered at 1 465 C(the relative
density is above 99%), as shown in Fig. 7. Particu-
larly, the density of sample [ sintered above 1 480
‘C decreases because of the increase of liquid phase
volume, which results in porosities. Sample I could
obtain higher density than sample II at the same sin-
tering temperature, that is to say, 93W-4.9Nr2. 1Fe
alloy used ultra-fine tungsten powders could be densi-
fied easily compared with conventionally sintered
93W-4. ONr2. 1Fe alloy during LPS, as shown in
Fig. 7 (sintering time: 60min). Fig. 8 shows the ef-
fect of sintering time on relative density. It is also in-
dicated that sample I can acquire higher density at
the same sintering temperature than that of sample
IT, it need short sintering time.

All sintered specimens were annealed at 1 200 C
for 2 h in vacuum condition and then water
quenched. Fig. 9 shows the SEM micrographs of an-
nealed 93W-4. ONr2. 1Fe samples. The distribution
of binder phase for sample I is more homogeneous
than that of sample II. Then the correlation between
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Fig. 7 Effect of sintering temperature on
relative density
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Fig. 8 Effect of sintering time on relative density

(Sample I sintered at 1 465 C and
sample II sintered at 1 530 C)

microstructure factors and mechanical properties are
obtained from tensile tests of sintered 93W-4. ONr2.
1Fe alloys at 1 465 C for 30 min. The fracture sur-
faces of specimens show that the different fracture
modes operate for different conditions including com-
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Fig. 9 SEM micrographs of sintered samples
after heat treatment at 1 200 C for

2 h in vacuum
(a) —Sample I(sintering at 1 465 TC);
(b) —Sample Il (sintering at 1 530 C)

position and sintering temperature, as shown in Fig.
10. Tungsten heavy alloy can exhibit four fracture
modes such as tungsten-tungsten interfacial debond-
ing, tungsterrbinder phase interfacial debonding,
binder phase rupture and tungsten cleavage. Com-
pared with conventional liquid-phase sintered 93W-4.

ONr2. 1Fe alloy (Sample II), tungsten cleavage and
matrix rupture are mainly observed in sample I

which uses ultrafine tungsten powders. The mechan-
ical properties can be explained in terms of mr
crostructural factors such as tungsten grain size, dis-
tribution of binder phase. The high strength of a
WHA is obtained by decreasing tungsten particle size
and homogeneous distribution of binder phase. As the
strength of pure tungsten is very high, more cleavage
of tungsten particles indicates that tungsten heavy al-
loy has higher strength. The macro-fractograph of tensile
fracture surfaces and mechanical properties can be seen

from Fig. 10 and Table 3.

Fig. 10 Fractographes of tensile fracture

surfaces for sintered samples after heat-

treatment in vacuum
(a) —Sample I ; (b) —Sample II

Table 3 Mechanical properties of liquid-phase
sintered samples( room temperature)

Sample 0,/ MPa & %
I 1024 23.4
Il 960 23.0

3.3 Effect of W particles size on mechanical prop-
erties of liquid phase sintered samples

Ultra-fine tungsten powders can be produced by
mechanical milling and the size distribution is more
homogeneous than the starting tungsten powders, as
shown in Fig. 2. Moreover, 93W-4.9Nr2. 1Fe WHA
used ultra-fine tungsten powders exhibits higher
strength, elongation and fine microstructure after liq-
uid-phase sintering at 1465 C for 30 min.

4 CONCLUSIONS

Ultra-fine tungsten powders ( medium particle
size of about 700 nm) can be obtained by mechanical
milling. After liquid-phase sintered at 1 465 TC,
93W-4. ONr2. 1Fe WHA using ultrefine tungsten
pow ders shows fine microstructure, in which quasr
sphere tungsten particles are about 20 Pm in diameter
and the binder distribution is homogeneous. Liquid
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phase sintered WHA exhibits high relative density
(above 99%) and high mechanical properties due to
fine tungsten particle and binder phase of homoge
neous distribution. The mechanical properties of liq-
uid-phase sintered WHA are found to be mainly relat-
ed to microstructural parameters such as original
tungsten particle size and sintering temperature.
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