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Abstract: Tungsten heavy alloys (90W—6Ni—4Mn) were prepared through spark plasma sintering (SPS) using micron-sized W, Ni,
and Mn powders without ball milling as raw materials. The effects of sintering temperature on the microstructure and mechanical
properties of the 90W—6Ni—4Mn alloys were investigated. SPS technology was used to prepare 90W—6Ni—4Mn alloys with
relatively high density and excellent comprehensive performance at 1150—1250 °C for 3 min. The 90W—6Ni—4Mn alloys consisted
of the W phase and the y-(Ni, Mn, and W) binding phase, and the average grain size was less than 10 pm. The Rockwell hardness and
bending strength of alloys first increased and then decreased with increasing sintering temperature. The best comprehensive
performance was obtained at 1200 °C, its hardness and bending strength were HRA 68.7 and 1162.72 MPa, respectively.
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1 Introduction

Tungsten heavy alloys (WHAs) exhibiting good
comprehensive performance, such as high density, high
strength, good machinability, and an optimum thermal
expansion coefficient; these alloys are extensively
applied in the national defense, military, and aviation
fields [1,2]. To date, the main materials used for kinetic
energy penetrators are depleted uranium (DU) and
WHAs. A DU warhead has better penetration depth but
can severely pollute the environment [3]. The current
WHA warheads commonly use the W—Ni—Fe alloy.
However, the W—Ni—Fe alloys are not so sensitive to
adiabatic shear band. Consequently, the warhead easily
forms a mushroom head during the armor-piercing
process, thereby leading to the 8%—10% decrease in
penetration capability. W—Ni—Mn alloys have recently
attracted attention. Compared with the W—Ni—Fe alloys,
the W-Ni—Mn alloys have good adiabatic shear
performance and exhibit a self-sharpening performance
during the armor-piercing process [4], thereby avoiding a
decrease in the penetration depth; thus, this alloy is a
potential substitute for DU materials.

For the W—Ni—Mn alloys, the oxidation of Mn, the
growth of W grains, and the volatilization of the binding
phase restrict the significant improvement of the alloy
performance during the sintering process. The
W-Ni—Mn alloys are usually prepared by traditional
liquid phase sintering method. ZAHRAEE et al [5] have
investigated the the Mn/Ni ratio variation on the
microstructure of W—Ni—Mn alloy, and LIU et al [6] and
CHEN et al [7] examined the processing parameters on
the microstructure and mechanical properties of
W-Ni—Mn alloy. In previous studies, a high sintering
temperature can lead to a large W grain size. Meanwhile,
Mn is easily oxidized during the sintering process,
resulting in low density and limited mechanical
properties. Compared with the conventional liquid phase
sintering method, the spark plasma sintering (SPS)
technique is a new sintering technology with several
advantages, lower sintering temperature since pressure
applied simultaneously, and short sintering time. The
SPS technique is extensively used for preparing
W-Ni—Cu [8] and W—-Ni—Fe [9,10] alloys. However,
studies have not been reported on the microstructure and
mechanical properties of the W—Ni—Mn alloy prepared
by the SPS technique to our knowledge. In the present
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study, the 90W—6Ni—4Mn alloys were prepared by the
SPS technique from micron-sized W, Ni, and Mn
powders without ball milling as raw materials. The
microstructure and mechanical properties of 90W—6Ni—
4Mn alloys were investigated. Our results can be used as
the experimental and theoretical bases for the application
of the W—Ni—Mn alloy warhead.

2 Experimental

The raw materials were reduced tungsten powder,
carbonyl nickel powder, and electrolytic manganese
powder (>99.5% purity). The average particle size was
approximately 4 um for W powder, 1 pm for Ni powder,
and 2.8 um for Mn powder. The mass ratio of W—Ni—Mn
was 90:6:4. Known amounts of the raw materials were
weighed, placed in a stainless steel jar, and mixed
without milling media for 20 h with Ar protection in a
QM-QX planetary ball mill to obtain a mixed raw
material powder with the 340 r/min rotating speed, the
morphology of the blended powders was shown in Fig. 1.
The LABOX™-3010K spark plasma sintering system
was used to prepare the 90W—-6Ni—4Mn alloy. The
composite powders were sintered in the SPS system for
3 min at a pressure of 30 MPa, a temperature of 1050 to
1300 °C, and a heating rate of 100 °C/min by sintering in
a vacuum environment. The samples were cooled to
room temperature and removed from the furnace. All of
the sintered samples were subjected to X-ray diffraction
(XRD) for phase composition analysis. The density of
the alloys was measured by the DX-120Q type
densitometer. Hardness was measured by the digital
HRS-150 Rockwell hardness tester. Bending strength
was tested at room temperature by the AGS-X
universal material testing machine; the test samples were
6.5 mm wide and 5 mm thick, with a fixture span of
I5 mm and a load rate of 0.05 mm/min. Scanning
electron microscopy (SEM) with a S—4800 Type II
microscope was used to observe the microstructure of the
90W—6Ni—4Mn alloys.
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Fig. 1 Morphology of 90W—6Ni—4Mn composite powders

3 Results and discussion

3.1 Densification behavior analysis

The influence of SPS temperature on the relative
density of the 90W—6Ni—4Mn alloys is illustrated in
Fig. 2. Based on the phase diagram of the alloy
composition of 90W—-6Ni—4Mn, the temperature of the
liquid phase formed by Ni and Mn is 1080 °C [11]. In the
solid phase sintering stage, the proliferation and
enlargement of internal defects, the interaction of defects,
and the formation of new phase caused the preliminary
densification. When the sintering temperature was
1050 °C, the alloy did not reach the liquid phase point
and solid phase sintering was not completed.
Consequently, the relative density of the product was low
(approximately 71.24%). When the sintering temperature
was increased to 1100 °C, solid phase sintering was
completed and liquid phase sintering was initiated.
However, the results achieved at 1100 °C are only
slightly higher than those at the liquid phase point of
1080 °C. Thus, densification was low and only reached
83.54%. This result showed that the alloy exhibits low
densification at a sintering temperature of 1100 °C. As
the sintering temperature was further increased, the
liquid phase was generated. The flow of the liquid phase
facilitated the light contact of W grains, whereas the
small W particles were dissolved into the binding phase.
The dissolving small particles precipitated on the surface
of the larger particles by atom diffusion, thereby
changing the W grain shape. Later in the sintering
process, as part of pore elimination, the grains undergo
both size and shape changes by solid dissolution into the
liquid, diffusion of that dissolved solid through the liquid,
followed by reprecipitation of dissolved solid onto lower
energy solid surfaces [12,13]. Thus, spherical W grains
with increased densification were formed. The
densification of the alloy reached its maximum value of
98.43% at the sintering temperature of 1250 °C.
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Fig. 2 Relative density as function of sintering temperature for
90W—-6Ni—4Mn alloys
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3.2 X-ray diffraction analysis

Figure 3 shows the XRD patterns of the 90W—6Ni—
4Mn alloys at different sintering temperatures. The main
phase of the sintered alloys is the W phase. The W
diffraction peak position of the samples does not change
significantly at different sintering temperatures. However,
the intensity is evidently changed. The Ni and Mn phases
do not form a solid solute in the W phase during the
sintering process, thereby causing no significant changes
in the W diffraction peak position. The intensity of the W
diffraction peak gradually increased from 1100 °C to
1200 °C and reached its maximum at 1200 °C. With the
further increase in the sintering temperature, the W
diffraction = peak  significantly = decreases.  This
phenomenon is related to the degree of crystallization
and grain size. When the sintering temperature was
increased, the degree of crystallization further increased
and the grains gradually grew. At 1200 °C, the degree of
crystallization reached its maximum value, and the alloys
exhibited a large grain size. The grain size shows only a
slight change after 1200 °C. An increased amount of
current is required when sintering temperature is
increased to 1250 °C because the instantaneous current
fluctuates during sintering. The increased instantaneous
current generates high temperature, which satisfies or
exceeds the boiling points of Ni and Mn. As a result,
some Ni and Mn binding phases evaporate. The alloy is
analyzed through energy-dispersive spectroscopy (EDS)
with SEM, the results of the analysis are listed in Fig. 4.
The figure shows that the Ni and Mn contents decreased
after sintering at 1250 °C, thereby resulting in the
decrease of intensity of the Ni and Mn diffraction peaks.

3.3 Microstructure evolution of 90W—-6Ni—4Mn alloys

The surface morphology of the 90W—-6Ni—4Mn
alloys under different sintering temperatures is shown
in Fig. 5. Simultaneously, the W/W contiguity was
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Fig. 3 XRD patterns of 90W—6Ni—4Mn alloys at different

sintering temperatures
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Fig. 4 Chemical compositions of 90W—-6Ni—4Mn alloys at

different sintering temperatures

measured by using Image-Pro Plus [14] on the basis of
the SEM images of the sintered alloy. The results of the
W/W  contiguity are shown in Table 1. When the
sintering temperature was 1050 °C, numerous pores were
observed on the surface of the 90W—6Ni—4Mn alloy
(Fig. 5(a)). In addition, numerous small W grains were
present, and the shape of the W particles was not regular
spheres, the W/W contiguity was high. These results
were attributed to the sintering temperature, which did
not reach the liquid phase point, and the liquid phase
sintering of the alloy had not begun. As the sintering
temperature increased, the small particles aggregated,
and the grain size became larger under the given pressure
and temperature (Fig. 5(b)). In Ostwald ripening
mechanism, a typical indication of the completion of
liquid-phase sintering is the formation of spherical grains.
At a sintering temperature of 1100 °C, which exceeds the
alloy liquid phase temperature of 1080 °C, the W
particles are spherical, as observed in the surface
morphological characteristics of 90W—6Ni—4Mn alloys
(Fig. 5(b)). This observation indicates that the liquid-
phase sintering of the alloy is completed. The average
grain size of the alloy is 7 um and the W/W contiguity
decreases. In the previous studies [7], the grain size of
the 90W-6Ni—4Mn alloy, which was prepared by
vacuum liquid phase sintering, was larger than 10 pm.
Compared with other preparation methods, the SPS
technique has the following advantages: low sintering
temperature, rapid heating rate, and short holding time.
Thus, the SPS technique can significantly decrease the
size of W grains. When the sintering temperature was
increased to 1200 °C, the particle rearrangement and
solution—precipitation was overlapping in this stage. The
solubility in the liquid phase was related to the size of the
W particles. The powders in our experiments were mixed
without ball milling; thus, the W particles were larger.
However, few W particles are dissolved in the liquid
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Fig. 5 Surface morphologies of 90W—6Ni—4Mn alloys under different sintering temperatures: (a) 1050 °C; (b) 1100 °C; (c) 1200 °C;

(d) 1300 °C

Table 1 W/W contiguity of sintered alloys under different
sintering temperatures

Sintering temperature/°C W/W contiguity/%
1050 77.12
1100 64.33
1200 48.23
1300 50.08

phase. Then the dissolved W particles were diffused in
the liquid and re-precipitated onto lower energy solid
surfaces, thereby resulting in the W grain growth and
shape change (Fig. 5(c)). Meanwhile, the W/W
contiguity was further decreased, and the distribution of
the binding phase was uniform. With the further increase
in the temperature to 1300 °C, the number of connected
W grains simultaneously increased (Fig. 5(d)). This
phenomenon is related to the volatilization of the binding
phase.

The corresponding EDS spectra are shown in
Figs. 6(b) and (c). Figure 6(b) shows that Site 4 in Fig.
6(a) is the W phase and no Ni or Mn solid solutes were
observed in the W phase. From Fig. 6(c), Site B is the
y-(Ni, Mn,) binding phase, and the W solid solute is in
the binding phase. The largest solubility of W (8.86%) in
the y-(Ni, Mn) binding phase in our experiment is lower
than that of W (10%—20%) in the y-(Ni, Fe) binding

phase in a previous study [15], which is decreased to a
certain degree. The Ni and Mn are also not dissolved in
the W phase. The size of the W particle was large and did
not change after homogeneous mixing; thus, only a small
quantity of fine W particles was dissolved in the liquid
phase, and the content of W in the binding phase was low.
However, Ni and Mn easily form the binding phase, and
the solubility of the binder metals in W was extremely
low. Therefore, Ni and Mn were not readily dissolved
into the W phase.

3.4 Mechanical properties of 90W—6Ni—4Mn alloys
The effects of the sintering temperature on the
hardness and bending strength of the W alloys are shown
in Fig. 7. When the sintering temperature increased,
hardness and bending strength first increased and then
decreased. When the sintering temperature was increased
from 1050 °C to 1150 °C, the hardness increased from
HRA 42.6 to HRA 69.1, whereas the bending strength
significantly increased from 278.11 MPa to 1108.35 MPa.
At lower sintering temperatures, the densification of the
sintered alloys was low, and the sintering process
continuously occurred with increasing sintering
temperature, thereby increasing the densification,
hardness, and bending strength of WHAs. This finding
corresponds with the densification curve of WHAs
shown in Fig. 2. Compared with conventional liquid
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Fig. 6 Microstructure of 90W—-6Ni—4Mn alloy sintered by SPS

at 1200 °C (a) and EDS spectra (b, c) obtained from Sites 4 and

B shown in (a), respectively

phase sintering, the SPS technique for preparing the
W-Ni—Mn alloy uses a lower temperature. Thus, the W
particles can form spherical shapes, and the size of the W
grains was significantly decreased. Compared with those
formed through conventional liquid-phase sintering, the
W particles obtained in our proposed sintering method
can become spherical because of the effect of Ostwald
ripening. Their grain size also significantly decreased
because of the very short duration of the proposed
sintering (SPS). In conventional sintering, sintering time
or the soaking time of sintering is 60—90 min. By
comparison, the duration of SPS is 3 min. This result

demonstrates  that the duration of solution
re-precipitation is not sufficiently long. Consequently,
changes in the microstructure and properties (hardness
and bending strength) of the alloy were observed.
Compared with the W—Ni—Fe alloys [16], W—Ni—Mn
alloys did not demonstrate sufficient performance at
lower temperatures. The reason is that reduction of Mn
oxide in W—Ni—Mn is not easy as reduction of Fe oxide
in W—Ni—Fe alloy. Therefore, Mn oxide may exist as an
incompletely reduced defect. The densification was
lower, and the alloys had numerous pores, which could
be regarded as microcracks. These cracks cause stress
concentration, which leads to the fracture of the alloys
under low stress, thereby decreasing the hardness and
bending strength. By increasing the temperature, the
sintered W—Ni—Mn alloys demonstrated more sufficient
performance, and the densification rapidly increased.
These improvements led to the significant improvement
of the W—Ni—Mn alloy hardness, which reached similar
hardness levels as the W-Ni—Fe alloys at higher
temperatures. Further increase in the sintering
temperature to 1200 °C allowed the bending strength to
reach its maximum value of 1162.72 MPa. With
increasing temperature, Ni and Mn reached the
theoretical temperatures for the liquid points (the actual
temperature may be higher). Consequently, the binding
phase was easily formed, and the generation of the
binding phase gradually increased. When the sintering
temperature exceeded 1250 °C, the evaporation of Ni and
Mn increased, thereby reducing the Ni and Mn content,
as well as leaving pores in the products. Thus, the
hardness and bending strength were decreased.
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Fig. 7 Hardness and bending strength of 90W—6Ni—4Mn alloys
at different sintering temperatures

4 Conclusions
1) The W-Ni—Mn exhibited high

densification of 98.43% after preparation by SPS
technology at low sintering temperature.

alloys
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2) As the sintering temperature increased, the
densification of the sintered alloys first rapidly increased
then slowly further increased before it finally slightly
decreased.

3) The hardness and bending strength of the
90W-6Ni—4Mn alloys first increased and then decreased
with increasing sintering temperature. The 90W—6Ni—
4Mn alloy had the best comprehensive performance at
1200 °C; its hardness and bending strength were HRA
68.7 and 1162.72 MPa, respectively.

4) The 90W—6Ni—4Mn alloy had a small grain size
(less than 10 um). Its microstructure was homogeneous
and mainly composed of the W phase and the y-(Ni, Mn,
W) binding phase.
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