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Abstract: In order to produce economical tungsten alloys with superior mechanical properties, 93W-4.6Ni-2.4Fe (wt% ) tungsten
heavy alloys were fabricated by ball milling and liquid phase sintering at a temperature range of 1450—1510 °C. The microstructure

and the fracture modes of the specimens were examined. Results show that the specimens sintered at different temperatures display

similar dual-phase microstructure and ductile fracture modes. With the increase in sintering temperature, the tungsten particle size also

gradually grows. At the temperatures above 1480 °C, the relative density reaches above 99.0%. The optimal sintering temperature of
the specimen with the best tensile strength (940 MPa) and elongation (32.6%) combination is determined to be 1480 °C. The excellent
ductility of the specimen sintered at 1480 °C is associated with the network structure of y phase, the uniform distribution of dimples
and the synergistic effect of these two phases. The high strength of the specimen is attributed to the refined tungsten particle size and

the spherical tungsten particles.
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Tungsten heavy alloys (WHAs) are employed in many
areas like kinetic energy penetrators, crankshaft balance
weights, precision tools for machining and optical precision
instruments, due to the unique combination of high density,
high strength, excellent plasticity and good corrosion
resistance .
obtaining alloys with both high strength and high plasticity,
especially when considering the cost of time and money.

The mechanical performance and the fracture behavior of
WHA are
microstructural factors™. German et al” researched the
performance of WHA with the tungsten content ranging from
90wt% to 97wt%. It is found that the ultimate tensile strength
is insensitive to the tungsten content until it exceeds 97wt%.

However, there still remain challenges in

determined mainly by componential and

On the contrary, the elongation decreases with the continuous
increase in tungsten content, and the decrease in ductility is
quite rapid when the tungsten content exceeds 95wt% .
Therefore, higher tungsten content will generally deteriorate
the mechanical properties. Besides, fine powder (especially
nano-sized powder) has higher sintering activity, thus making
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it easier to achieve better densification in a short period of
time. In addition to the raw material of WHA, the micro-
structural parameters of the alloy, such as the morphology of
W particles, the volume fraction and distribution state of y
phase and the proportion of tungsten-tungsten interface, also
have a significant impact on the alloy properties’®. Contiguity
is a measure of the W-W interfacial area fraction of the total
grain boundaries, which is also a particularly important
parameter to judge the properties of liquid phase sintered
materials'. It is measured by the following equation:

N g
W-W W-M

where N, and N, ,, are the numbers of W-W interfaces and

W-y phase interfaces', respectively. In addition, an excellent

interface bonding between tungsten particles and matrix is

essential to achieve better mechanical properties™.

The microstructural characteristics mentioned above can be
tailored through adjustment in processing conditions of WHA,
such as sintering temperature, time, atmosphere and post-
sintering thermomechanical treatments”. In fact, proper
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manufacturing conditions are the prerequisite for obtaining
high-performance tungsten heavy alloys"”. Due to the high
melting point and the high hardness of tungsten, powder
metallurgy is generally selected to prepare WHA. The
methods of alloy sintering include traditional liquid phase
sintering (LPS), spark plasma sintering (SPS) and microwave
sintering (MS). Hu et al"" prepared 93W-5.6Ni-1.4Fe heavy
alloys with similar liquid-phase sintered microstructure via
SPS at solid-state sintering temperature and found that the
ultimate tensile strength of the fabricated alloy is 1010 MPa
due to fine grain strengthening. However, the ductility is only
5.5% because of the insufficient liquid phase formation and
high contiguity. Liu et al™ researched the mechanical
properties and microstructure evolution of 93W-4.9Ni-2.1Fe
(Wt%) alloys via MS and found that with the increase in MS
temperature, the distribution of tungsten grains and matrix
phase becomes more homogeneous, and the W-matrix inter-
facial bonding strength is enhanced. At the sintering tempe-
rature of 1500 °C, the mechanical properties are significantly
improved, and the ultimate tensile strength and the ductility
are 1185.6 MPa and 16.4%, respectively. Sintering methods
like SPS and MS can effectively suppress tungsten particle
growth and improve the ultimate tensile strength of speci-
mens, but the ductility is often less than 20%. On the contrary,

316l ¢

conventional LPS has been widely used in industry
acquire high-performance WHA with considerable strength
and excellent ductility. The sintered WHA possesses a
characteristic microstructure of near-spheroidal hard tungsten
grains (20 — 60 pum), embedded in a ductile binder phase
(matrix). During the LPS stage, the binder phase exists as a
liquid phase, which promotes the rearrangement of tungsten
particles and the migration of tungsten atoms'”. On the one
hand, the gap between tungsten particles is filled with liquid
binder phase, and the capillary force and viscous flow of the
liquid phase make the tungsten particles reposition and
rearrange continuously. On the other hand, the edge and
corner on the surface of small tungsten particles are prefer-
entially dissolved, and the supersaturated tungsten atoms in
the liquid binder phase re-precipitate on the surface of large
particles. Therefore, liquid phase sintering is an easy way to
obtain specimens with high density and uniform microstruc-
ture, which is beneficial for obtaining high-performance
specimens. With all things considered, LPS was selected in
this work to prepare tungsten heavy alloys with excellent
performance.

Attempts have been made in this work to prepare high-
93W-4.6Ni-2.4Fe
strength and plasticity by ball milling and LPS method. In
order to figure out the optimum parameter of LPS, three
different sintering temperatures including 1450, 1480 and
1510 °C were adopted and the relationship among sintering

performance alloys possessing Dbetter

temperature, microstructure, mechanical property and fracture
mechanism of the alloys was explored.

1 Experiment

In this study, nano-W powders (prepared by freeze drying

method, explicitly explained in Ref.[18—19]) and commercial
Ni and Fe powders (with a size of 2—5 pum and a purity of
99.99%) were used as raw materials. The content of tungsten
element was determined to be 93wt% considering the
comprehensive performance and the actual requirements. The
ratio of nickel to iron was determined as 7:3 to avoid the
formation of intermetallic phases”. Planet type ball-milling
was used to gain the composite powders containing 93wt% W,
4.6wt% Ni and 2.4wt% Fe. Tungsten powder, nickel powder,
iron powder and 304 stainless steel grinding balls (with the
ball to powder mass ratio of 5:1 and big ball to small ball ratio
of 1:4) were added in mass proportion to ball milling tanks,
and then the tanks were tightened with a hex wrench. The
entire process was operated in a glove box so that the tanks
were filled with argon to protect powder from oxidation. The
powders were milled at a speed of 200 r/min for 3 h. The ball-
milled powders were then calcined in hydrogen atmosphere at
800 °C for 30 min to remove oxygen impurities. The ball-
milled powder after annealing is shown in Fig.1. The average
particle size of the powder was 0.30+0.16 pm.

After pressing in a mold with 25 mm in diameter under
pressure of 10 MPa for 5 min, the powder compacts were
sintered in hydrogen atmosphere at 1450, 1480 and 1510 °C
for 90 min with the heating rate of 2 - 10 ° C/min. After
sintering, the specimens were furnace cooled to room
temperature.

The as-sintered specimens were prepared for subsequent
microstructure and performance tests. Wire cutting was used
to separate the specimens into cubes of 10 mmx10 mmx1.5
mm, which were eroded after grinding and polishing. The
eroding solution consisting of 1 g K,[Fe(CN),], 1 g NaOH and
10 mL deionized water and the eroding time was 15 s. The
crystal structure of composite powders and alloys was
characterized by X-ray diffraction (XRD, D/MAX-2500) with
Cu-Ka radiation. The scanning range of the diffraction angle
20 was 30°-90° with a stepping size of 0.2° and a stepping
time of 0.2 s. The microstructure of specimens was characte-
rized by a field emission scanning electron microscope (SEM,
JSM-7800F). Archimedes method was used to measure the
actual density and to calculate the density of sintered
specimens. The theoretical density of 93W-4.6Ni-2.4Fe alloy

fhm

Fig.1 SEM image of ball-milled 93W-4.6Ni-2.4Fe powder after

hydrogen annealing
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is 17.76 g/cm™". Room temperature tensile tests were
performed on an Instron 5869 material testing machine at a
constant strain rate of 1x107 s™".

2 Results and Discussion

2.1 Phase composition and microstructure of 93W-4.6Ni-
2.4Fe

The XRD patterns in Fig. 2 show that the dominant
diffraction peak of both the original powder and the sintered
specimens is bcc tungsten phase, while the relatively weak
diffraction peak is y (W, Ni, Fe) phase™??. There are no
diffraction peaks of other intermetallic compounds in XRD
pattern of 93W-4.6Ni-2.4Fe powder, indicating the complete
reduction of the powder.

Fig. 3 shows the SEM images of specimens sintered at
different temperatures. In all three specimens, bce tungsten
particles, which are the bright region of images, are dispersed
in the fcc Ni-Fe-W matrix, which is the dark region of images.
According to the Fe-Ni phase diagram™’, the eutectic
temperature of nickel and iron is 1440 °C at the mass ratio of
7:3. Therefore, sintering at 1460 °C for 90 min can provide
enough energy for y phase to form and to flow adequately.
Meanwhile, the tungsten grains undergo rapid separation and
dispersion in a brief time span®. According to the Ostwald
ripening mechanism, tungsten atoms dissolute and re-
precipitate on coarser tungsten grains. It can be found in Fig.3
and Table 1 that with the increase in sintering temperature
within the range of 1450—1510 °C, the growth of tungsten
grains and the increase in density occur simultaneously. This
is due to the presence of the liquid phase which accelerates
densification™. At the sintering temperature of 1450 ° C,
although the tungsten particles exhibit a spherical morphology
with an average size of 21.2+0.62 um, binder phase is
separated within several tungsten particles. The insufficient
sintering is also reflected in the density of the specimen,
which is only 94.8%+0.19%. Besides, microscale y phase is
found inside tungsten particles, which is attributed to the
blending of W and Ni/Fe powder during the ball milling
process. When the sintering temperature increases to 1480 °C,
the size of tungsten particles increases to 33.7+1.1 um and the
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Fig.2 XRD patterns of 93W-4.6Ni-2.4Fe powder and specimens
sintered at 1450 °C, 1480 °C, and 1510 °C for 1.5 h

density of the specimen also increases to above 99.0%. At this
temperature, the binder phase gradually infiltrates between W
particles, leading to the formation of a two-phase structure
with a network of ductile phases separating hard tungsten
particles. Furthermore, a reduction in contiguity from 0.51=+
0.06 to 0.41£0.09 and an increment of y phase content from
9.0vol% £0.16vol% to 16.9vol% +0.07vol% are found com-
pared with those of specimen sintered at 1450 °C. As the sin-
tering temperature further increases from 1480 °C to 1510 °C,
the size of tungsten particles slightly increases to 34.7£1.8 pm
and the y phase content reduces to 14.1vol%=0.15vo0l%. The
slight increase in particle size and the change of y phase
volume fraction result in more contact among large-sized
tungsten particles, thereby raising the
0.45+0.08"72"1,

2.2 Mechanical properties and fracture modes of 93W-

4.6Ni-2.4Fe

The engineering stress-strain curves of the specimens
sintered at different temperatures are presented in Fig.4a, and

contiguity to

the specific values of tensile strength and elongation of
specimens sintered at different temperatures are presented in
Table 2. The specimens sintered at different temperatures
exhibit similar ductile fracture modes. It can be easily found
that the specimen sintered at 1450 °C has the highest ultimate
tensile strength of 954 MPa. The ultimate tensile strength of
the specimen sintered at 1480 °C is decreased by 14 MPa, but
the total elongation significantly increases to 32.6%. It is also
found that the specimen sintered at 1510 °C possesses the
lowest ultimate tensile strength of 843 MPa and the lowest
elongation of 10.0%. Based on the above data, the specimen
prepared by ball milling followed by sintering at 1480 ° C
achieves the best combination of strength and ductility. Fig.4b
compares the mechanical performance of specimens in this
work and other works with similar tungsten composition and
powder preparation method™'""'>"***** As can be seen from
Fig.4b, WHA fabricated by LPS without heat treatment (HT,
in the green ellipse) has relatively low elongation of less than
25%. WHA fabricated by LPS with HT (in the orange ellipse)
or by other sintering methods, such as MS and two-step
sintering (TS), exhibits outstanding tensile strength of over
900 MPa and high elongation between 25% and 30%.

Compared with the mechanical performance of 89-93W
specimens in other literatures, the specimen in this work
presents a comparative ultimate tensile strength and an
excellent elongation, especially when compared with those
fabricated by LPS without HT.

The tensile fracture of the specimens sintered at different
temperatures is shown in Fig.5. In WHA systems, the ductile
matrix serves as a binder for the brittle tungsten grains and
releases stress as deformation takes place during room
temperature tensile test. General fracture in tungsten heavy
alloys is composed of four modes including W-W interparticle
fracture (WF), W cleavage (WC), W-matrix y phase interfacial
separation (W/yD) and matrix p phase rupture (yR). WHA
is a two-phase alloy that contains W-W interfaces and W-y
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Fig.3 SEM images of 93W-4.6Ni-2.4Fe specimens sintered at 1450 °C (a), 1480 °C (b), and 1510 °C (c) for 1.5 h

Table 1 Physical properties of 93W-4.6Ni-2.4Fe specimens sintered at different temperatures

Sintering temperature/°C Size of tungsten particle/um Relative density/% Contiguity y phase content/vol%
1450 21.240.62 94.84+0.19 0.5140.06 9.0+0.16
1480 33.7+1.1 99.14+0.06 0.41+0.09 16.9+0.07
1510 34.7£1.8 99.74+0.22 0.45+0.08 14.1£0.15
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Fig4 Tensile stress-strain curves of 93W-4.6Ni-2.4Fe specimens sintered at different temperatures (a) and comparison between the mechanical

performance of WHA with similar tungsten content in literatures and in this work (b)

Table 2 Mechanical properties of 93W-4.6Ni-2.4Fe specimens

sintered at different temperatures

Sintering Ultimate tensile .
Elongation/%
temperature/°C strength/MPa
1450 954 142
1480 940 32.6
1510 843 10.0

interfaces. The proportion and bonding strength of these two
interfaces determine the quasi-static mechanical properties of
the alloy. When the proportion of W-W interfaces increases,
which perform as crack, the sintering is not sufficient, and
alloys tend to fracture prematurely. However, when the
sintering process is complete and W- y interfaces undergo
sufficient diffusion, the uniform distribution of network y
phase and the improvement in interface strength can
contribute to stress dispersion and fracture delay. It can be

seen in Fig.5a and 5b that the fracture surface mainly presents

a rock sugar shape like intergranular fracture morphology. The
relatively high contiguity of the specimen sintered at 1450 °C
leads to fracture of a large number of W-W interparticles,
which is the main reason why the specimen obtains the low
elongation of only 14.2%. The best ultimate tensile strength of
the specimen acquired at specific sintering temperature is due
to the small tungsten particle size, which can be explained by
fine grain strengthening. With the increase in sintering
temperature, the W cleavage tendency ascends first and then
descends, so does the matrix y phase rupture. There is a large
amount of W-matrix y phase interfacial separation in the
specimen sintered at 1480 °C due to the decrease of W-W
interfaces, as shown in Fig. 5c. Specially, there are obvious
ripple like slip lines on the intergranular fracture surface of W
particles in Fig.5d, representing the high bonding strength of
tungsten particles and the matrix phase, which is related to the
reduction in the interparticle fracture and the increase in
engineering strain. Compared with y dimples in specimen
sintered at 1450 ° C in Fig. 5b, the dimples in Fig. 5d are
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Fig.5 Tensile fracture morphologies of 93W-4.6Ni-2.4Fe specimens sintered at (a—b) 1450 °C, (c—d) 1480 °C, and (e—f) 1510 °C for 1.5 h

significantly denser and the dimple size is finer, with a greater
degree of tearing, which is consistent with the elongation data
of the two specimens. There are not only W cleavages and
matrix y phase ruptures in Fig. S5e and 5f, but also some
tungsten particles with spherical shape and weak bonding to
interfaces. In this case, W-W interparticle fracture dominates
the initiation and propagation of cracks, leading to early
fracture of the specimen.

Table 3 shows the relative percentage of four fracture
modes in specimens sintered at different temperatures, which
were stated by linear intercept method™
temperature of 1450 °C, the proportion of W-W interparticle
fracture and matrix y phase rupture reaches to above 90%,

. At the sintering

while the proportion of W cleavage is only 2.5% and
W-matrix y phase interfacial separation is 5.1%. Because the
fracture process of WHA is initiated via local failure at W-W

B9 the high proportion of W-W interfacial fracture

interfaces
(37.8%) is detrimental to the specimen performance. Matrix y
phase rupture and W cleavage dominate the tensile fracture at
the sintering temperatures of 1480 and 1510 ° C. With the
ascendance of sintering temperature from 1450 °C to 1480 °C,
the proportion of W-W interparticle fracture is significantly
reduced from 37.8% to 13.0%, while the proportion of W
cleavage is dramatically advanced from 2.5% to 31.7%. The
proportion of matrix y phase rupture and W-matrix y phase

interfacial separation is 44.4% and 10.9%, respectively. The

high proportion of W-matrix y phase interfacial separation is
attributed to the fine W- y interface strength and the low
contiguity, compared with the other two sintered specimens.
On the contrary, the insufficient sintering at 1450 °C results in
insufficient formation of y phase and poor interface
connectivity between tungsten particles and y phase, whereas
the excessive growth of tungsten particles at 1510 °C leads to
the increase in W-W connecting, causing the increase in
contiguity and the decrease in W-matrix y phase interfacial
separation proportion for both of the sintering temperatures. In
addition, W-W interparticle fracture has the lowest fraction
(7.6%) among the three specimens and W cleavage has the
highest fraction (48.1%), because the specimen sintered at
1510 °C processes the largest tungsten particle size.

Fig. 6 shows the longitudinal section near the tensile
fracture of the specimen sintered at different temperatures. It
can be seen from Fig. 6a that once cracks initiate, they can
extend either along the tungsten particle interfaces or pass
though particles. When sintering temperature increases to
1480 °C, the crack morphology changes significantly. Cracks
tend to extend and propagate within the tungsten particles,
which can be separated and interrupted by the y network. The
synergy of hard tungsten and ductile matrix enables the
achievement of high elongation and comparable strength.
Fig.6d shows a local magnification of the cracks in Fig.6c at
the sintering temperature of 1510 °C, where the intragranular

Table 3 Percentage of four tensile fracture features of 93W-4.6Ni-2.4Fe specimens sintered at different temperatures

Sintering temperature/°C ~ W-W interfacial fracture/% Matrix y phase rupture/% W cleavage/%  W-matrix y phase interfacial separation/%

1450 37.8 54.6
1480 13.0 444
1510 7.6 38.6

2.5 5.1
31.7 10.9
48.1 5.7
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10 pm

Fig.6
1480 °C (b), and 1510 °C (c—d) for 1.5 h

cracks are reduced in size and tend to merge with each other
due to the grain growth.

3 Conclusions

1) Focused on 93W-4.6Nic-2.4Fe alloys prepared by ball
milling and LPS,
properties of specimens sintered at different temperatures are

the microstructure and mechanical

studied. With the increase in sintering temperature, the
tungsten particle size and the relative density of the specimen
increase synchronously.

2) Specimen sintered at 1480 °C for 1.5 h possesses high
relative density (99.1%+0.06%) and the best combination of
tensile strength (940 MPa) and elongation (32.6%).

3) The high ductility of the specimen is attributed to the
network structure of y phase, the uniform distribution of
dimples and the synergistic effect of two phases. The high
strength of the specimen is attributed to the refined tungsten
particle size and the spherical tungsten particles.
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