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Introduction
Tungsten is known as a high melting point (3422 ˚C) metal. It is one of the principal 

materials for high-temperature applications such as cathode ray tube, and nozzle of the rocket 
motor, due to its particular characteristics including, high-temperature strength, high creep 
resistance, high thermal conductivity, high electrical resistance, the lowest vapor pressure, 
and the lowest heat transfer coefficient [1]. Furthermore, tungsten is one the most suitable 
materials for protecting against α and γ rays due its high density i.e. 19.3gr/cm3. However, the 
production process of this metal is difficult even at temperatures higher than brittle-ductile 
transition ranges, due to its high melting point, hardness and brittleness [2]. THA is a two-
phase composite, which is composed of spherical particles of tungsten distributed in a ductile 
and low-temperature matrix such as nickel, iron, copper and cobalt. The ductile matrix is 
very effective on improving the mechanical properties of Tungsten. However, production 
of tungsten and its alloying through conventional methods is difficult due to the very high 
specific weight and high melting point. One of the most useful methods for production of 
tungsten and its alloys is powder metallurgy technique which is very remarkable nowadays. 
The biggest challenge of powder metallurgy processes of heavy metals is complex and costly 
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Abstract
The main problem in production of Tungsten Heavy Alloys (THA) is the high specific weight and melting 
point of the tungsten element. Nowadays, powder metallurgy plays a great role in production of these 
alloys. In this study, W-8Ni-2Co alloys was produced by powder metallurgy method at different condition 
and their microstructure and properties were investigated. For this purpose, one sample with the one-
stage alloying condition was produced at 1450  ̊C sintering temperature and other samples having the 
same composition, were produced at 1350, 1400 and 1450 ˚C sintering temperatures in two-stage 
alloying condition. Scanning Electron Microscope (SEM) images showed that at two-stage alloying 
condition, the microstructure is more uniform and the W-W bonding reduces. In addition, it was shown 
that increasing the sintering temperature increases the diffusion of the bond phase (Nickel-Cobalt) 
and as a result, increases microstructure uniformity. The results of densitometry and micro hardness 
tests at the same chemical composition and sintering temperature showed that density and hardness of 
sample produced by two-stage alloying technique inceases16% and 31.6% respectively in comparison to 
the sample produced by one-stage alloying technique. Also, as the sintering temperature enhances the 
density and hardness increase from 15.4 to 16.832gr/cm3 and 525.2 to 541.4 Hv, respectively.

Keywords: Tungsten Heavy Alloys (THA); One stage and two-stage alloying; Sintering; Temperature; 
Microstructure; Hardness
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powder making [3]. THA has high mechanical and sound physical 
features due to the presence of the tungsten phase with BCC lattice 
in a matrix with FCC lattice. These include high density of 16.8-
18.5gr/cm3, high strength of 1000-17000MPa, high ductility of 10-
30%, young modulus around 270-340MPa, approperiate thermal 
conductivity, and corrosion resistance. Thus, THA has potential to 
use in different applications such as counterweight and radiation 
absorbers. In addition, it is widely used in bullets and space rockets 
due to its high diffusive dynamic energy [4,5].

Currently, the main method for THA production is liquid phase 
sintering. When the sintering temperature is higher than the 
melting point of nickel (1455 ̊ C) and lower than the melting point of 
tungsten (3410 ˚C), nickel as liquid phase fills the cavities between 
tungsten particles due to capillary force [6]. Addition of Nickel and 
cobalt to tungsten enhances sintering process via enhancing the 
diameter of throat regions [7]. 

Chen et al. [8] examined the effect of two-stage alloying on 
the microstructure of W-7Ni-3Co alloy and showed that two-stage 
alloying method prevents the creation of intermetallic compounds, 
increases the microstructure homogeneity and uniformity, 
reduces the W-W bonding and therefore increases the mechanical 
properties. German et al. [9] Investigated the effect of temperature 
on the activated sintering of tungsten in the presence of different 
amounts of nickel and cobalt. They showed that increasing 
the temperature enhances the density of samples. So that, by 

increasing the temperature the rate of density increase is reducing. 
The progress of sintering procedure was also observed in samples 
containing nickel, at all temperatures and all concentrations. That 
means, for beginning the tungsten sintering, nickel has higher 
activator power than cobalt. Also, it was shown that the growth 
rate of densification in samples containing nickel was reduced due 
to the growth of tungsten grains and periodization of remained 
vacancies [9]. 

The effect of sintering temperature on microstructure and 
hardness of W-8Ni-2Co alloy had not been investigated by 
researchers till now. In this study, the influence of increasing the 
sintering temperature on the microstructure and properties of the 
alloy was studied after two-stage alloying at three temperatures of 
1350, 1400 and 1450 ˚C. Also, to compare the effect of two-stage 
alloying and one-stage alloying technique on properties, a sample 
with the same chemical composition was produced via one-stage 
alloying technique and sintering temperature of 1450 ˚C. 

Experimental Procedure
The characteristics of tungsten, nickel and cobalt powders 

for the alloying process are presented in Table 1. The alloying 
procedure was done using a planetary stainless steel ball mill. 
Initial alloying powders’ mixture having W-8Ni-2Co composition 
was produced in 30 and 70 grams’ weight via one-stage and two-
stage alloying conditions, respectively. 

Table 1: Characteristics of the produced powders for alloying.

Element Particle Size (μm) Density (gr/cm3) Purity (%)

W ~ 10 19.25 99.9

Ni ~ 10 8.91 99.8

Co ~ 10 8.90 99.8

In order to observe the morphology of initial powders, SEM 
images of powders was prepared. Tungsten, nickel and cobalt 
powders were mechanically alloyed in a planetary ball mill for 24 
hours, 360 rpm rate and balls to powder weight ratio of 1:5. This 
examines the effect of single-stage alloying on the microstructure, 
mechanical and physical properties of the produced alloy (sample 
A). At first, the sizes of balls were chosen differently to obtain 

higher efficiency. 

Two-stage alloying was performed for (B), (C) and (D) samples. 
The condition of alloying for these samples is shown in Table 2. In 
the first step, nickel and cobalt were alloyed together. Cobalt easily 
dissolves in nickel and creates a nickel-cobalt phase. In the second 
step, the created composition of the first step was alloyed with 
tungsten. 

Table 2: Conditions of two-stage alloying.

Step Speed of Alloying(rpm) Alloying Time(min) Rest Time (min) Repeat Cycle

First 260 60 10 16

Second 220 60 10 12

Following the ejection of the powders from the milling box, 
alloying powders were compressed by a cold-pressing die applying 
250MPa pressure. The mandrel having 10mm diameter and 8cm 
length was used. In order to perform the compressive operation on 
powders and improving their adhesion, a mixture of PVA binder 
and water were mixed in accordance with the following mechanism. 

Initially, 2wt% of PVA binder was added to 200mm distilled water. 
This compound was mixed on a magnetic stirrer-heater at 70 ˚C for 
6 hours to get higher homogeneity and uniformity. Then, adequate 
time for final solution was given to reach the room temperature.

Compressed samples were inserted in a tube furnace for 
sintering. During the sintering of samples, a mixture of hydrogen-
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argon gas having a 1:3 ratios was continuously blown. During the 
cooling of samples inside the furnace, 99.999 % pure argon gas was 

utilized. The properties of sintered specimens are observable in 
Table 3. 

Table 3: Properties of specimens after sintering.

Sample A B C D

Milling method Primary Secondary Secondary Secondary

Sintering temperature (˚C) 1450 1350 1400 1450

After sintering the samples, initial preparation was performed 
on the samples to examine microstructure and distribution of bond 
phase (nickel-cobalt) within the tungsten particles. The surface 
area of samples was coated with gold to increase the electrical 
conductivity and capturing proper micrographs. TESCAN-MIRA-III 
FE-SEM device was used to get micrographs and energy dispersive 
X-ray spectroscopy (EDS) analysis. The density of specimens was 
calculated by the Archimedes principle for bulk materials. After 
grinding and polishing the samples, the micro-hardness test was 
performed using a JENUS micro-hardness machine. 400gr loading 
for 20 seconds was applied for micro-hardness testing at room 
temperature and the average amount of 3 measurements were 
reported. 

Results and Discussion
If tungsten, nickel and cobalt powder particles become alloyed 

simultaneously, the creation of an intermetallic compound in the 
alloy is possible. Thus, to prevent the creation of intermetallic 
compounds, nickel and cobalt were alloyed in the first step. Since 
nickel and cobalt do not make any intermetallic compound, cobalt 
easily dissolves in nickel and nickel-cobalt phase obtains. This 
mixture does not form an intermetallic compound with tungsten 
particles. So the resulted mixture is alloyed together with tungsten 
in the second step [8,10]. Finally, the created mixture is being 
sintered following the compression. Figure 1 shows the samples A, 
B, C, and D produced after sintering. 

Figure 1: Illustration of samples A, B, C, and D after sintering.

Figure 2 depicts the result of the SEM images of initial powders. 
According to Figure 2, tungsten particles are almost spherical 

while, nickel particles have rectangle section and cobalt particles 
are quite worm shape.

Figure 2: SEM images of (A) tungsten, (B) nickel and (C) cobalt powders.



Res Dev Material Sci          Copyright © Mohammad Reza Samadi

RDMS.000889. 16(3).2022 1839

The deposition of nickel particles on the surface of powder 
particles in grain boundary areas creates nickel-rich areas as a solid 
solution phase. Tungsten atoms dissolve in this layer and reach to 

throat region due to the high diffusion rate and again dissolves in 
the throat region [11]. Figure 3 presents the SEM image and EDS 
analysis for sample A.

Figure 3: SEM image and EDS analysis for sample A. (A) SEM micrograph of the sample surface (B) EDS analysis 
for the white region (C) EDS analysis for the black region.

The SEM images of samples produced after sintering at various 
temperatures are displayed in Figure 4. According to Figure 4, 
the amount of uniformity increased after sintering. So that with 
increasing the sintering temperature, the black regions which 
are the bond phase of the nickel-cobalt system, have been well-
distributed within the white regions of tungsten particles. This 
reduces the bonding of W-W particles as well, which are weak areas 

due to the brittleness and rapid crack growth [12]. In addition, 
with changing from one-stage alloying in sample (A) to two-stage 
alloying in samples (B), (C) and (D), the uniformity of the system 
can greatly increase, respectively. Because the bonding of W-W 
particles in the sample (A) is very strong and the bond phase in 
the microstructure has not been able to diffuse within the tungsten 
particles.

Figure 4: SEM micrographs of samples following the sintering. (A) sample A, (B) sample B, (C) sample C and (D) 
sample D.
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It can be concluded that the effect of two-stage alloying on 
creating a uniform microstructure is much more compared to 
increasing the sintering temperature. Because amount of uniformity 
and distribution of bond phase increases with changing the alloying 
condition in samples (B) and (C) compared to sample (A), even in 
higher sintering temperatures. The greatest uniformity of bond 
phase distribution and accordingly, the weakest W-W bonding 
was observed in the microstructure of sample (D), produced with 
two-stage alloying and has the highest sintering temperature. The 
microstructure of W-8Ni-2Co alloy examined in present study and 
the microstructure of W-7Ni-3Co alloy examined in previous study 

[8] demonstrated the increased distribution of bond phase within 
the tungsten particles in two-stage alloying.

The results of energy dispersive X-ray spectroscopy (EDS) as 
shown in Figure 5 demonstrated the distribution of elements on 
the whole surface of samples have the same chemical composition 
of W-8Ni-2Co. In addition, the results showed that two-stage 
alloying and better distribution of bond phase (nickel-cobalt) cause 
increasing the presence of nickel and cobalt in the microstructure. 
Furthermore, increasing the sintering temperature enhances the 
diffusion of bond phase between tungsten particles which causes 
increasing the presence of nickel and cobalt in the microstructure.

Figure5: Energy dispersive X-ray spectroscopy results for (A) sample A, (B) sample B, (C) sample C and (D) sample 
D.

The results of energy dispersive X-ray spectroscopy showed 
that the samples (B) and (C) have lower sintering temperatures, the 
quantity of nickel and cobalt in their microstructure is higher than 
the sample (A) due to the two-stage alloying conditions. That means 
the effect of two-stage alloying on the uniformity and distribution 
of the bond phase in the microstructure is more than the effect of 
increasing the sintering temperature. 

The density of the samples was calculated from equation (1) 
where w is the real weight of the sample, w’ is the apparent weight 
of the sample, ρ’ is the density of utilized fluid, and ρ is the density 
of the sample. Equation (1):  

The results of densitometry, observed in Table 4, shows an 

intense increase in the density values of two-stage alloyed samples 
due to the sound distribution of the bond phase between tungsten 
particles and filling the cavities and empty rooms. In addition, 
increasing the sintering temperature and as a result, increasing 
the diffusion of the bond phase and filling the cavities of the work 
piece enhances the density. As mentioned above, the amount of 
uniformity in the microstructure and distribution of the bond phase 
increases severely through two-stage alloying. Thus, the density of 
samples (B), (C) and (D) are much more than the sample (A). 

Table 5 shows the result of surface micro-hardness testing. 
The average results of 3 measurements from different parts of the 
surface were reported.

Table 4: Result of densitometry test.

Sample A B C D

Density (gr/cm3) 14.111 15.400 16.367 16.832
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Table 5: Results of vickers micro-hardness testing.

Sample Hardness of the First Point
(HV)

Hardness of the Second Point 
(HV)

Hardness of the Third Point
(HV)

Average Hardness
(HV)

A 394.5 351.8 365.3 370.5

B 574.8 504.1 496.8 525.2

C 559.4 544.8 509.6 537.9

D 504.1 576.2 543.9 541.4

According to the results, the hardness and uniformity of 
samples have direct relationship. In such a way that, increasing 
the uniformity and appropriate distribution of tungsten particles 
(which are the hard phase in the microstructure of heavy tungsten 
alloys) on the surface of samples increases hardness in the whole 

sample as well. According to Figure 6 for increasing the hardness of 
samples, the effect of two-stage alloying and performing uniformity 
and more distribution of the tungsten phase on the surface of 
samples is more than increasing the sintering temperature. 

Figure 6: Comparing the effect of sintering temperature and alloying condition on the micro hardness of samples.

Comparing the micro-hardness values for samples with the 
same chemical composition and sintering temperature (1450 
˚C) but different alloying conditions, showed 32 % increasing in 
hardness of W-7Ni-3Co alloy and 31.6% increasing in hardness of 
W-8Ni-2Co alloy via two-stage alloying in these alloys [8]. Therefore, 
it was concluded that the effect of two-stage alloying in increasing 
the uniformity and appropriate tungsten phase distribution is 
almost the same for different compositions of heavy tungsten 
alloys. Also, it can be seen that increasing the nickel quantity (and 
thus improving sintering and reaching higher diffusion of bond 
phase between tungsten particles) in this research enhances the 
amount of hardness in W-8Ni-2Co alloy more than W-7Ni-3Co alloy. 
This increasing is 5.5% in one-stage alloying and 4.9% in two-stage 
alloying, respectively [8]. Increasing the microstructure uniformity 
of heavy tungsten alloys and suitable distribution of nickel-cobalt 
bond phase between tungsten particles improve the properties of 
the alloys. The result of this research showed that two-stage alloying 
condition and increasing the sintering temperature improve the 
uniformity of the system. Then improvement of system uniformity 
cause reduction of the W-W bonding which is brittle and reduces 
the mechanical properties of the samples. The density of samples 
increases due to the more uniform distribution of the bond phase in 
the microstructure that fills pores and closes cavities. Moreover, the 

hardness of samples increases via increasing the uniformity. And 
the proper distribution of tungsten particles in the microstructure 
as well, which are the hard phase of heavy tungsten alloys. 

Conclusion
The key results of the preset study are as below:

a) Two-stage alloying significantly increases the 
microstructure uniformity.

b) Increasing the sintering temperature from 1350 to 1450 
˚C increases the amount of bond phase (nickel-cobalt) diffusion 
in the microstructure. This increases the uniformity and proper 
distribution of the bond phase between tungsten particles.

c) Two-stage alloying enhances the density from 14.111 
to 16.832gr/cm3 where chemical composition and sintering 
temperature are the same. Moreover, increasing the sintering 
temperature causes an enhancement of density from 15.4 to 
16.832gr/cm3.

d) Applying two-stage alloying results in an addition of 
hardness of 370.5 to 541.4Hv. Also, increasing the sintering 
temperature causes hardness to increase from 525.2 to 
541.4Hv.
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e) The effect of two-stage alloying on increasing the 
microstructure uniformity and distribution of the bond phase 
is more than that for sintering temperature. Therefore, it can 
be concluded that two-stage alloying has a greater role in 
increasing the density and hardness of samples. 
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