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bstract

Recently, the high performance W–Ni–Fe–Co heavy tungsten alloy has become as the major core material of armor piercing ammunition. Since
he melting temperature of tungsten element is too high to be fabricated by the melting process, that the W–Ni–Fe–Co alloy only can be synthesized
y powder metallurgy process. In this study, two compositions of alloy powders, 93W–3Ni–2Fe–2Co and 93W–3.5Ni–1.5Fe–2Co, were selected
or investigating their microstructure and mechanical properties after solid-phase sintering. These pre-alloyed powders with crystal cell size about
6 nm were synthesized by mechanical alloying (MA) the mixture of appropriate composition of pure elements in the Spex mill for 8 h. Then,
he MA powders were compressed by cold isostatic pressing (CIP) and vacuum sintered at various temperature below 1400 ◦C for different time.
icrostructure characterization of the sintered tungsten heavy alloys was conducted by means of SEM with EDS capability, X-ray diffraction (XRD),
nd TEM techniques. The result reveals that the microstructure of these sintered alloys was found to consist of the tungsten matrix phase and the Fe–Ni
olid solution phase. The hardness of these sintered tungsten heavy alloy presents a trend with increasing sintering temperature and sintering time.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays, the tungsten heavy alloys which tungsten content
f 90–97 wt% [1,2] is applied to substitute uranium-depleted
etals [3] as the core material of kinetic-energy penetrator [4].
ungsten heavy alloys used to suffer from a use limit due to its
lunt behavior while penetrating the tough target material [5].
he blunt behavior of tungsten alloy core is induced by the adi-
batic shear deformation, which is related to a high strain rate
nd local shear deformation [6,7]. By refining the microstructure
8,9], we can improve the mechanical property of tungsten alloy
ore and so as to mend the blunt behavior. Since the mechanical
lloying (MA) process has been proved as an effective method
o refine many kinds of alloys, such as oxide dispersed strength-
ned alloy (ODS alloy) [10] and tungsten alloy [11]. There-
ore, we endeavor to synthesize nano-structured heavy tungsten

lloy powders by MA process for fabricating the bulk sample
y solid-phase sintering. Their microstructure and mechanical
roperties after solid-phase sintering were examined by means
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f X-ray diffraction, scanning electron microscopy, and trans-
ission electron microscopy.

. Experimental

Heavy tungsten alloy powders with composition of 93W–3.0Ni–2.0Fe–
.0Co and 93W–3.5Ni–1.5Fe–2.0Co in at% were prepared by mechanical alloy-
ng (MA) the appropriate powder mixture of tungsten (2 �m), nickel (70 �m),
ron (40 �m) and cobalt (35 �m) in a Spex mill, respectively. For avoiding the
xidation during powder milling, the mechanical alloying process was con-
ucted under an Ar atmosphere for 8 h and the ball to powder weight ratio was
ept at 5:1 by weight. The mechanically alloyed powders were then compressed
nto green compacts and vacuum sintered at 1250, 1300, 1350 and 1400 ◦C
or 0.5 and 1 h, respectively. The microstructure evolution of the MA powder
nd the sintered bulk alloys of each sintering process were examined by X-ray
iffractometry with Cu K� wavelength, scanning electron microscopy (SEM)
ith electron dispersive spectrometry (EDS) capability, and transmission elec-

ron microscopy (TEM) techniques. Hardness of the sintered specimens was
easured by using Akashi MVK-G1500 micro hardness tester.

. Results and discussion
After 8 h milling by Spex Mill, the particle size of the
lloy powder reached a uniform stable state with an average
imension about 3 �m, as shown in Fig. 1(a) and (b). The

mailto:scjang@isu.edu.tw
dx.doi.org/10.1016/j.jallcom.2006.08.215
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SEM micrographs of Fig. 5(a)–(d) show the almost porous-
ig. 1. The secondary electron images of tungsten heavy alloys after 8 h
illing by Spex mill: (a) 93W–3.0Ni–2.0Fe–2.0Co alloy powder and (b)

3W–3.5Ni–1.5Fe–2.0Co alloy powder.

rystallite size of the MA 93W–3.5Ni–1.5Fe–2.0Co and MA
3W–3.0Ni–2.0Fe–2.0Co alloys powder which calculated by

he Scherrer formula, d = 0.9λ/βcosθ, as a function of milling
ime is shown as Fig. 2. Where d is crystallite size, λ the X-ray
avelength, β the line width at one-half the maximum inten-

ity, and θ the scattering angle. The apparent crystallite size of

ig. 2. The crystal size calculated by Scherrer formula as a function of
illing time for tungsten heavy alloys: �, 93W–3.0Ni–2.0Fe–2.0Co alloy; �,

3W–3.5Ni–1.5Fe–2.0Co alloy.
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ig. 3. TEM bright field images of the 93W–3.5Ni–1.5Fe–2.0Co alloy powder
fter 8 h milling by Spex mill.

hese two MA alloys can reach to the nano-scaled dimension
less than 30 nm). This agrees closely with measuring by TEM
bservation (the average equiaxed cell or grain structure of the
A 93W–3.5Ni–1.5Fe–2.0Co alloy powder after 8 h milling is

bout 16 nm) as illustrated in Fig. 3.
The X-ray diffraction measurements on the 93W–3.5Ni–

.5Fe–2.0Co alloy sintered at different temperature below
400 ◦C for 0.5 and 1 h, respectively revealed that only one set
f main peaks belongs to bcc-structured tungsten phase (which
s in very good agreement with the data of JCPDS file No.04-
806), as shown in Fig. 4. However, two relatively weak peaks
hich corresponding to Ni–Fe solid solution phase were also

ound in these diffraction patterns (which is in good agreement
ith the data of JCPDS file No.03-1206). In parallel, the rela-

ive intensity of the Ni–Fe solid solution phase seems increasing
ith sintering temperature.
ree metallograph for each as-sintered 93W–3.5Ni–1.5Fe–
.0Co alloy at different temperature for 1 h, respectively. These
EM images all present two different phase area, the randomly

ig. 4. X-ray diffraction patterns of the 93W–3.5Ni–1.5Fe–2.0Co alloy sintered
t different temperature for 1 h.



J.S.C. Jang et al. / Journal of Alloys and Compounds 434–435 (2007) 367–370 369

–2.0C

d
a
9
t
t
t
t
i
m
a
s
t
a
a
h
o

F
l

i
m
(
1
9
r
b
p
N
F

ent temperature for 93W–3.0Ni–2.0Fe–2.0Co and 93W–3.5Ni–
Fig. 5. The secondary electron images of the as-sintered 93W–3.5Ni–1.5Fe

istributed dark area phase surrounding the matrix phase (white
rea). According to the result of EDS analysis for the as-sintered
3W–3.5Ni–1.5Fe–2.0Co alloy, the matrix phase contains more
han 96 at% of W which corresponding to the tungsten solid solu-
ion phase. On contrary, an extremely high Fe content (more
han 42 at%) was examined at the dark area. With relating to
he result of X-ray diffraction, the Fe–Ni solid solution phase
s suggested to form at the dark area. The domain size of the

atrix phase exhibit an increasing trend with sintering temper-
ture and reaches to an average size about 8 �m for the alloy
intered at 1400 ◦C for 1 h. This indicates that the higher sin-
ering temperature, the more intensity of the thermal vibration

nd frequency to increase the rate of vacancy motion and so
s to enhance the grain growth of the tungsten rich phase at
igher sintering temperature. On contrary, the microstructure
f the 93W–3.5Ni–1.5Fe–2.0Co alloy after liquid-phase sinter-

ig. 6. The secondary electron images of 93W–3.5Ni–1.5Fe–2.0Co alloy after
iquid-phase sintering (sintered at the temperature above 1500 ◦C for 1 h).

1
t
i

F
a

o at (a) 1250 ◦C/1 h, (b) 1300 ◦C/1 h, (c) 1350 ◦C/1 h, and (d) 1400 ◦C/1 h.

ng (sintered at the temperature above 1500 ◦C for 1 h) exhibits
uch larger domain size (15 �m) and more retained porosity

about 7.5 vol.%) than the solid-phase sintered alloy (1400 ◦C,
h) [12] as shown in Fig. 6. TEM dark-field image of the
3W–3.5Ni–1.5Fe–2.0Co alloy after sintered at 1400 ◦C for 1 h
eveals that many nano tungsten solid solution phase embedded
eside the tungsten matrix phase as shown in the Fig. 7. The com-
osition of these nano particles were found to have much higher
i (∼9 at%) and Fe (∼4 at%) content than that (Ni: 1.9 at% and
e: 1.8 at%)in the tungsten matrix phase by EDS analysis.

The hardness as a function of sintering time at differ-
.5Fe–2.0Co alloys is shown as Fig. 8. With increasing the
emperature and the time of sintering would simultaneously
ncreases the hardness significantly for these two alloys. The

ig. 7. TEM dark-field image of Ni–Fe (1 1 1) for the 93W–3.5Ni–1.5Fe–2.0Co
lloy after sintered at 1400 ◦C for 1 h.
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ig. 8. Hardness as functions of sintering time at the different temperature below
400 ◦C.

aximum hardness can be reached up to Hv 450 ± 20 for the
3W–3.5Ni–1.5Fe–2.0Co alloy sintered at 1400 ◦C for 1 h. This
resents 30% increase in hardness in comparison with the same
lloy sintered at 1250 for 1 h, Hv 360 ± 30. In addition, the dark
rea phase which containing nano tungsten solid solution phase
Hv 540 ± 30) exhibits much higher hardness than that of the W
atrix (Hv 420 ± 20). Therefore, the increase of hardness for the

ample sintered at higher temperature is suggested contributing
y the formation of nano tungsten solid solution phase as well
s the increase of densification for the alloy sample.

. Conclusion

The solid phase sintered 93W–3.0Ni–2.0Fe–2.0Co and
3W–3.5Ni–1.5Fe–2.0Co alloy by using nano-structured MA
owders was characterized by X-ray diffraction, SEM, EDS,
nd TEM techniques. The result can be summarized as follow:

1) X-ray diffraction revealed that the bcc soild solution tung-
sten phase, the Fe7W6 intermetallic phase, and the Fe–Ni
solid solution phase formed after 1 h sintering at 1250, 1300,
1350, and 1400 ◦C, respectively.

2) The domain size of the matrix phase for the
93W–3.5Ni–1.5Fe–2.0Co alloy exhibit an increasing trend
with sintering temperature and reaches to an average size
about 8 �m for the alloy sintered at 1400 ◦C for 1 h. On con-
trary, the microstructure of the 93W–3.5Ni–1.5Fe–2.0Co

alloy after liquid phase sintering (sintered at the temperature
above 1500 ◦C for 1 h) exhibits much large domain size
(15 �m) and more retained porosity (about 7.5 vol.%) than
the solid phase sintered alloy (1400 ◦C, 1 h).

[
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3) TEM observation revealed that many nano tungsten solid
solution phase embedded beside the tungsten matrix phase
for the 93W–3.5Ni–1.5Fe–2.0Co alloy after sintered at
1400 ◦C for 1 h. The composition of these nano parti-
cles were found to have much higher Ni (∼9 at%) and Fe
(∼4 at%) content than that (Ni: 1.9 at% and Fe: 1.8 at%) in
the tungsten matrix phase by EDS analysis.

4) The hardness of 93W–3.0Ni–2.0Fe–2.0Co and 93W–
3.5Ni–1.5Fe–2.0Co alloys shows an increasing trend with
sintering temperature and time simultaneously. The maxi-
mum hardness can be reached up to Hv 450 ± 20 for the
93W–3.5Ni–1.5Fe–2.0Co alloy sintered at 1400 ◦C for 1 h.
Additionally, the dark area phase which containing Fe7W6
intermetallic phase (Hv 540 ± 30) exhibits much higher
hardness than that of the W matrix (Hv 320 ± 20). There-
fore, the increase of hardness for the higher temperature
sintered sample is suggested contributing by the formation
of nano tungsten solid solution phase as well as the increase
of densification for the alloy sample.
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