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bstract

Oxide dispersion strengthened (ODS) tungsten heavy alloys have been considered as promising candidates for advanced kinetic energy penetrator
ue to their characteristic fracture mode compared to conventional tungsten heavy alloy. In order to obtain high relative density, the ODS tungsten
eavy alloy needs to be sintered at higher temperature for longer time, however, induces growth of tungsten grains. Therefore, it is very difficult to
btain controlled microstructure of ODS tungsten heavy alloy having fine tungsten grains with full densification. In this study, two-stage sintering
rocess, consisted of primary solid-state sintering and followed by secondary liquid phase sintering, was introduced for ODS tungsten heavy alloys.
he mechanically alloyed 94W–4.56Ni–1.14Fe–0.3Y2O3 powders are solid-state sintered at 1300–1450 ◦C for 1 h in hydrogen atmosphere, and

ollowed by liquid phase sintering temperature at 1465–1485 ◦C for 0–60 min. The microstructure of ODS tungsten heavy alloys showed high
elative density above 97%, with contiguous tungsten grains after primary solid-state sintering. The microstructure of solid-state sintered ODS

ungsten heavy alloy was changed into spherical tungsten grains embedded in W–Ni–Fe matrix during secondary liquid phase sintering. The two-
tage sintered ODS tungsten heavy alloy from mechanically alloyed powders showed finer microstructure and higher mechanical properties than
onventional liquid phase sintered alloy. The mechanical properties of ODS tungsten heavy alloys are dependent on the microstructural parameters
uch as tungsten grain size, matrix volume fraction and tungsten/tungsten contiguity, which can be controlled through the two-stage sintering process.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Tungsten heavy alloys are widely used as kinetic energy pene-
rators, counter weight balances, radiation shields and vibration
amping devices due to their high density, excellent strength
nd good ductility [1,2]. Several studies have been carried out
o enhance the mechanical properties of tungsten heavy alloy in
rder to improve the penetration performance for kinetic energy
enetrator applications [3–7,21]. Recently, many investigators
ave studied the improvement of the mechanical properties by
lloying with refractory elements such as Mo and Re [8,9], cold

orking followed by recrystallization [10], mechanical alloy-

ng [11–17] and oxide dispersion [16,17] in order to improve
he mechanical properties.
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Oxide dispersion strengthened (ODS) tungsten heavy alloy
s one of the most promising candidates for kinetic energy pen-
trator owing to their high strength at elevated temperature and
ossibility to control the fracture mode from ductile to brittle
racture according to oxide content [17]. This indicates that
he self-sharpening behavior of tungsten heavy alloy could be
nhanced by the homogeneous distribution of ultra-fine oxide
articles [16,17]. Even though the previous research results have
erified the possibility to improve penetration performance of
ungsten heavy alloy by addition of ultra-fine oxide particles
ue to self-sharpening behavior during high speed impact test
16,17], high liquid phase sintering temperature and long sin-
ering time are required to obtain high relative density after
intering, which induces large tungsten grain size over 25 �m.

herefore, it needs a modification in sintering process to obtain
oth fine tungsten grain size and high relative density.

In this study, two-stage sintering process, which was intro-
uced for mechanically alloyed tungsten heavy alloy powders
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15], was introduced for ODS tungsten heavy alloy to control
he microstructure and mechanical properties. Primary solid-
tate sintering was carried out to achieve near full densification
f mechanically alloyed ODS tungsten heavy alloy and followed
y secondary liquid phase sintering with a rapid heating rate and
short holding time to control the microstructural parameters

uch as tungsten grain size, tungsten/tungsten contiguity and
atrix volume fraction as second stage sintering. At the same

ime, the effect of microstructural factors on mechanical prop-
rties of ODS tungsten heavy alloy was analysed in wide range
f microstructural parameters.

. Experimental procedures

Elemental powders of W (3 �m), Ni (6 �m), Fe (3 �m) and
2O3 (10 �m) were prepared based on the designed compo-

ition of 94 wt.%W–4.56 wt.%Ni–1.14 wt.%Fe–0.3 wt.%Y2O3.
he powders were mechanically alloyed with two-step mechani-
al alloying process, consisted of primary milling and secondary
illing, using a planetary mill supplied by Fritsch GmbH. At
primary milling, tungsten and Y2O3 particles were mechan-

cally alloyed for 6 h with a rotation speed of 200 rpm and
all-to-powder ratio of 10:1. Secondary milling was performed
ith same condition after addition of Ni and Fe powder to
rstly mechanically alloyed W and Y2O3 powder. This two-step
echanical alloying process induces that the Y2O3 particles are

ispersed mainly in tungsten grains after sintering.
The mechanically alloyed powders were consolidated into

reen compacts by die compaction under a pressure of 200 MPa.
he green compacts were sintered by two-stage sintering pro-
ess, consisted of primary solid-state sintering and secondary
iquid phase sintering. As a primary sintering, solid-state sinter-
ng was performed at various temperatures from 1300 to 1450 ◦C
or 1 h in hydrogen atmosphere. Primary solid-state sintered

DS tungsten heavy alloy was subsequently secondary liquid
hase sintered at temperatures ranging from 1465 to 1485 ◦C
or 0–60 min in argon atmosphere by rapidly pushing the sam-
le into the furnace hot zone. Fig. 1 shows a two-stage sintering

ig. 1. The sintering temperature profile for a two-stage sintering of ODS tung-
ten heavy alloys, when the secondary sintering is carried out at 1485 ◦C for
min.
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emperature cycle when the secondary sintering temperature is
485 ◦C and the secondary sintering time is 1 min. The two-
tage sintered specimens were heat-treated at 1150 ◦C for 1 h in
itrogen atmosphere and then water-quenched to prevent hydro-
en embrittlement and impurity segregation during the cooling
tage [22].

The density of sintered ODS tungsten heavy alloys was
easured according to ASTM D792 standard. The mean

ize of tungsten grains, volume fraction of matrix phase and
ungsten/tungsten contiguity of sintered ODS tungsten heavy
lloys were characterized using optical and scanning electron
icroscopy. Mechanical properties of ODS tungsten heavy

lloy were characterized by tensile test based on ASTM E-
M. The tensile test was performed under constant strain rate of
.67 × 10−4 s−1 using Instron 5583 machine. The strain of spec-
men during the tensile test was measured by an extensometer.

. Results and discussion

.1. Microstructural control of oxide dispersion
trengthened tungsten heavy alloys by two-stage sintering
rocess

Fig. 2 shows the microstructure of 94W–4.56Ni–
.14Fe–0.3Y2O3 alloys after primary solid-state sintering
rom two-step mechanically alloyed powder at the temperature
anged from 1300 to 1450 ◦C for 1 h. By mechanical alloying
f constituent phases, there showed homogeneously distributed
atrix without matrix pool. At the same time, the tungsten

rains, with finer size than 3 �m, were interconnected to each
ther. These results indicate that the two-step mechanical
lloying followed by solid-state sintering is very effective
o refine the tungsten grain size of ODS tungsten heavy
lloys. However, ODS tungsten heavy alloys showed lower
elative density from 90 to 97% after primary solid-state
intering, and they became above 99% after secondary sin-
ering at the temperature above 1465 ◦C. In order to obtain
oth high relative density and fine tungsten grain size, the
rimary sintering temperature is fixed as 1400 ◦C where
he relative density is 97% and the tungsten grain size is
�m, for followed secondary sintering liquid phase sintering
rocess.

The microstructure of 94W–4.56Ni–1.14Fe–0.3Y2O3 alloys
hanged dramatically according to secondary liquid phase sin-
ering temperature when the secondary sintering time is fixed
o 30 min as shown in Fig. 3. Tungsten grains in ODS tung-
ten heavy alloy, secondarily liquid phase sintered at 1465 ◦C
or 30 min, remained as highly contiguous shape similar to
hose solid-state sintered at 1400 ◦C for 1 h. However, the
hape of tungsten grains became spherical when the secondary
intering temperature is above 1475 ◦C and sintering time
s 30 min. The tungsten grain size and matrix volume frac-
ion increased, but tungsten/tungsten contiguity decreased with

ncreasing the secondary sintering temperature as shown in
ig. 4.

The effect of secondary sintering time at a temperature of
485 ◦C on microstructure of 94 W–4.56Ni–1.14Fe–0.3Y2O3
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ig. 2. Microstructure of the solid-state sintered 94W–4.56Ni–1.14Fe–0.3Y2O
h from two-step mechanically alloyed powder.

lloy is shown in Fig. 5. The average tungsten grain size
ncreased from 1.8 to 19.8 �m with increasing secondary sinter-
ng time from 0 to 60 min at 1485 ◦C and the tungsten/tungsten
ontiguity decreased from 0.73 to 0.58. The relationship between
ungsten grain size and secondary sintering time was found to
atisfy the LSW theory [18,19] with diffusion control process
s followed:

3
t − r̄3

0 = k(t − t0) (1)

where r̄t is the average radius of particles at time, t, r̄0
he average radius of particles at time, t0, and k is the coars-
ning rate constant. The coarsening rate constant, k, for a
echanically alloyed 94W–4.56Ni–1.14Fe–0.3Y2O3 alloy was
easured as 16.5 �m3 min−1 at 1485 ◦C, as shown in Fig. 6(b),
hich is much slower than those of conventional tungsten
eavy alloy (25.5 �m3 min−1) due to the grain growth inhibi-
ion of oxide particles [15,17]. This means that the tungsten
rain size of ODS tungsten heavy alloys can be controlled
ore precisely by the two-stage sintering process compared
o conventional tungsten heavy alloy. The two-stage sintered
4W–4.56Ni–1.14Fe–0.3Y2O3 tungsten heavy alloy showed
ner tungsten grain size of 19.3 �m with similar matrix vol-
me fraction and tungsten/tungsten contiguity compared to the
onventional liquid phase sintered ODS tungsten heavy alloy.

u
i
t
w
t

sten heavy alloy at: (a) 1300 ◦C, (b) 1350 ◦C, (c) 1400 ◦C and (d) 1450 ◦C for

.2. Mechanical properties of tungsten heavy alloys by
wo-stage sintering process

The effect of secondary sintering temperature on yield
trength and ultimate tensile strength of two-stage sintered
4W–4.56Ni–1.14Fe–0.3Y2O3 tungsten heavy alloy is shown
n Fig. 7(a). The yield strength of ODS tungsten heavy alloys
as sensitive to the sintering temperature ranged from 1465 to
485 ◦C. With increasing sintering temperature with a given sin-
ering time of 30 min, the yield strength decreased from 893 to
61 MPa, but ultimate tensile strength remained similar level of
bout 950 MPa. The elongation of ODS tungsten heavy alloy
ncreased with increasing the sintering temperature as shown
n Fig. 7(b). The elongation of two-stage sintered ODS tung-
ten heavy alloys increased from 0.5 to 11% with increasing
econdary sintering temperature.

The effect of secondary sintering time on yield and tensile
trength of two-stage sintered 94W–4.56Ni–1.14Fe–0.3Y2O3
lloy is shown in Fig. 8(a). The yield strength of ODS tungsten
eavy alloy decreased from 952 to 639 MPa, at the same time, the
ltimate tensile strength decreased from 1000 to 883 MPa with

ncreasing the secondary sintering from 5 to 60 min. The elonga-
ion of two-stage sintered ODS tungsten heavy alloys increased
ith increasing the sintering time as shown in Fig. 8(b). In

he case of ODS tungsten heavy alloy secondarily sintered at
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ig. 3. Microstructure of two-stage sintered 94W–4.56Ni–1.14Fe–0.3Y2O3 tun
or 30 min after solid-state sintering at 1400 ◦C for 1 h.

485 ◦C for 0–3 min, they showed brittle fracture without macro-
copic yielding behavior. However, the elongation of ODS tung-
ten heavy alloy increased to 12.3% when sintered for 60 min.

Yield strength of tungsten heavy alloy can be formulated
sing the Hall–Petch relationship of mean matrix thickness

nder an assumption that the yielding is occurred by deformation
f matrix as follows [12,20],

y = σ0 + kGbλ−1/2 (2)
λ

ig. 4. The variation of: (a) tungsten grain size and relative density and (b) ma
4W–4.56Ni–1.14Fe–0.3Y2O3 tungsten heavy alloys with secondary sintering tempe
heavy alloys liquid phase sintered at: (a) 1465 ◦C, (b) 1475 ◦C and (c) 1485 ◦C

here σy is yield strength, σ0 the intrinsic strength, k the con-
tant, G the shear modulus and b the Burgers vector. Matrix
hickness can be formulated in terms of tungsten grain size,
ungsten/tungsten contiguity, and matrix volume fraction using
eometrical relationship as follows,
= D
VM

CW(1 − VM)
(3)

trix volume fraction and tungsten/tungsten contiguity of two-stage sintered
rature ranging from 1465 to 1485 ◦C with fixed sintering time of 30 min.
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ig. 5. Microstructure of two-stage sintered 94W–4.56Ni–1.14Fe–0.3Y2O3 tun
0 min after solid-state sintering at 1400 ◦C for 1 h.

here D is the mean size of tungsten grains, CW the tung-
ten/tungsten contiguity and VM is the matrix volume fraction.
hen the relationship between yield strength and microstructural
arameters, i.e. tungsten grain size, tungsten/tungsten contiguity

nd matrix volume fraction, is expressed as following Eq. (4),

y = σ0 + k2Gb

(
CW(1 − VM)

DVM

)1/2

(4)

w
u
w
g

ig. 6. (a) The variation of (a) the tungsten grain size and (b) the cubed tungsten
ungsten heavy alloys, when the secondary sintering temperature was 1485 ◦C.
heavy alloys secondarily sintered at 1485 ◦C for: (a) 0 min, (b) 10 min and (c)

According to Eq. (4), yield strength of ODS tungsten
eavy alloys increases with decreasing the tungsten grain
ize and matrix volume fraction. Fig. 9 shows that the yield
trength of ODS tungsten heavy alloys after sintered under

ith several conditions including solid-state sintering, liq-
id phase sintering and two-stage sintering, which have a
ide range of microstructural parameters such as tungsten
rain size, matrix volume fraction and tungsten/tungsten con-

grain radius with secondary sintering time of 94W–4.56Ni–1.14Fe–0.3Y2O3
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Fig. 7. (a) Tensile strength and (b) elongation of two-stage sintered 94W–4.56Ni–1.14Fe–0.3Y2O3 tungsten heavy alloys with varying the secondary sintering
temperature for a given sintering time of 30 min.

Fig. 8. (a) Tensile strength and (b) elongation of two-stage sintered 94W–4.56Ni–1.1
given sintering temperature of 1485 ◦C.

Fig. 9. Variation of yield strength as a function of microstructural parameters
i
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p

t
t
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t
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(

(
obtained by two-stage sintering of mechanically alloyed
94W–4.56Ni–1.14Fe–0.3Y2O3 alloys with high relative
ncluding the matrix volume fraction, VM, tungsten/tungsten contiguity, CW,
nd tungsten grain size, D, of solid-state sintered, two-stage sintered and liquid
hase sintered 94W–4.56Ni–1.14Fe–0.3Y2O3 tungsten heavy alloys.
iguity, agreed well with Eq. (4). Therefore, it is concluded
hat the main strengthening effect of ODS tungsten heavy
lloys is caused by deformation of matrix at room tempera-
ure.
4Fe–0.3Y2O3 tungsten heavy alloys with varying secondary sintering time at a

. Conclusions

The microstructure and mechanical properties of ODS tung-
ten heavy alloys were investigated. The ODS tungsten heavy
lloys were fabricated by mechanical alloying process followed
y two-stage sintering process. The major results are summa-
ized as follows:

1) ODS tungsten heavy alloy showed ultra-fine tungsten grain
size of 2 �m with relative density above 97% when solid-
state sintered at 1400 ◦C for 1 h. Solid-state sintered ODS
tungsten heavy alloy exhibited high tensile strength about
1450 MPa due to fine grain structure and high tungsten
content while showed low elongation below 1% due to
a low volume fraction of matrix phase and a large tung-
sten/tungsten contiguity.

2) Finer spherical tungsten grains less than 7 �m can be
density above 99%. Two-stage sintered ODS tungsten heavy
alloys showed finer tungsten grain size and higher tensile
strength compared to the conventional liquid phase sintered
ODS tungsten heavy alloy.
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