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Ultrasonic waves with a frequency of 25 KHz were used to enhance the acidic chemical 

recycling of tungsten heavy alloy (WHA) scrap class 2 HA175 with a typical composition 

of Ni-5.25 wt%, Fe-2.25 wt%, and W-92.5 wt% to recover the tungsten powder. The exper-

iment demonstrated that the scrap sample exposed to ultrasonic waves produced a signifi-

cantly higher amount of tungsten powder with a submicron particle size. The recycled 

tungsten powder was utilized to manufacture a new tungsten heavy alloy sample class 2 

HA175 with the same alloy composition as the above. The elemental powders were mixed 

mechanically, cold compacted, and sintered at 1500◦C in a vacuum furnace. The micro-

structure, phase structure, and composition of the sintered WHAs were investigated by 

Scanning Electron Microscopy (SEM) and X-ray diffractometer (XRD). The recycled sam-

ple's density and hardness were higher than the original, in which the hardness increased 

from 312 to 340 HV, whereas the wear rate and coefficient of friction were decreased  by 

about 50%. The longitudinal (VL) and shear (VS) velocities for both samples were exam-

ined using ultrasonic (NDT). 
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1. Introduction 

Tungsten heavy alloys have attractive physical and 

mechanical qualities; thus, they are frequently utilized 

in the military (e.g., kinetic energy penetrators), nuclear 

radiation protection shields (e.g., vial shield, isotope 

container), resistance welding electrodes, and weight 

balancing [1]. Heavy alloys based on tungsten are two-

phase metal matrix composites that usually include a 

composition of nickel, iron, copper, and/or cobalt mixed 

in with 90% to 98% tungsten [2]. Three types of scrap 

are produced during the production of these alloys: 

powder, turnings, and faulty solid. Recycling from these 

wastes is crucial to meeting the demand for this strate-

gic metal since tungsten, which is expensive, makes up 

the majority of the scrap. Several methods are available 

for recovering tungsten metal from tungsten base waste 

alloys, including electro-leaching, soda roasting and 

leaching, acidic leaching, fine gravity separation, and 

high-intensity magnetic separation techniques [3]. OG 

Kuznetsova used the electrochemical process to acceler-

ate the dissolution rate to heavy tungsten alloy wastes 

(wt% W 78.8, Ni 15.2, Fe 6) and get a micro dispersed 

electrolytic sludge powder based on nickel and iron 

oxides containing up to 2wt% tungsten [4]. 

L. Luo successfully extracted tungsten and vanadium 

from a sodium tungstate solution with a concentration of 

95 g/l WO3, 0.175 g/l V, and some impurities. The solu-

tion was derived from roasting tungsten alloy scrap and 

then dissolving it in an alkali solution. The extraction 

process was divided into three stages: separating and 

purifying vanadium from tungsten, recovering vanadi-

um, and recovering tungsten. For tungsten recovery, the 

sodium salt was transformed into calcium salt following 

the purification of the sodium tungsten solution. Then, 

the CaWO4 was converted to H2WO4 using hydrochlo-

ric acid, followed by dissolving in ammonium hydrox-

ide and crystallizing APT, the yield of tungsten recov-

ered was greater than 85%. [5]. Magnetic separation is a 

common method used in the beneficiation process of 

wolframite. To achieve optimal recovery of wolframite, 

it is typically carried out in a high-intensity magnetic 

separation system. Like gravity separation, particle size 

plays a crucial role in the conventional magnetic separa-

tion process. When the particle size of wolframite is 

decreased, the magnetic force acting on the particle di-

minishes rapidly and cannot withstand hydrodynamic 

drag, resulting in the loss of the fine fraction of wolf-

ramite to the tailings [6]. S.S. Kalyan Kamal used acidic 

leaching to recover tungsten nanocrystal powder from 

heavy alloy scrap with a nominal composition (Ni-

7wt%, Fe-3wt%, and W-90%) [7]. 

In this research, a new method is used to recycle the 

scrapes of heavy tungsten alloy to obtain the largest 

yield of ultra-fine tungsten powder. This was done by 

stimulating and accelerating the chemical reaction on 

the waste using ultrasound called the sonochemistry 

method. Ultrasound with a frequency ranging from 20 

to 100 kilohertz is frequently used in chemistry to in-

duce chemical changes without directly interacting with 

molecules. Instead, the energy produced by ultrasound 

causes cavitation, leading to extreme temperatures and 

pressures in the liquid where the reaction occurs. Addi-

tionally, ultrasound can break up solids and remove 

passivating layers of inert material, thereby providing a 

larger surface area for the reaction to occur. As a result, 

the reaction becomes faster due to these effects [8, 9]. 

   The tungsten-heavy alloys correspond to class 2 grade 

HA175 according to ASTM B777-15. with a defined 

Ni/Fe ratio have been investigated in this study. The 

recycling of WHAs was done previously by a traditional 

chemical technique which consumes a large time and 

chemicals and produces a small yield. So, in this work, 

using the ultrasonic waves for the first time reduces the 

time and the economic cost and gives a high tungsten 

yield. Consequently, this paper aims to study the effect 

of ultrasonic waves in the recycling process of HA175 

tungsten heavy alloy scraps and to use the recycled 

submicron tungsten powder in the fabrication of WHA 

with the same grade of the scrap HA175 and compare 

the microstructure, physical and mechanical properties 

of both samples; the original sample (came from the 

scrap) and the recycled one.  

 

2. Experimental Work: 

2.1. Recycling of the tungsten powder from WHAs 

scrap by a chemical process with and without ul-

trasonic waves 

The scraps of Tungsten Heavy Alloy (HA175) shown 

in Fig.1 with a chemical composition of Ni-5.25 wt%, 

Fe-2.25 wt%, and W-92.5 wt% manufactured by pow-

der metallurgy route in the powder technology depart-

ment in CMRDI-Egypt were collected. To study the 

effect of ultrasonication on the yield of the tungsten 

powder recycled from 200 grams of tungsten heavy 

alloy scrapes (WHAs) were weighted and divided even-

ly into two groups each one (100gm) was immersed in 

500ml plastic beaker (due to using of HF acid in the 

recycling process in the recycling process) contains 

acidic solution, with the following composition (50 ml 

Hydrochloric acid, 20 ml Nitric acid, 10 ml Hydrofluor-

ic acid) [7]. 

The first group was placed in an Elma Transonic mul-

ti-frequency ultrasonic cleaning unit Modl (TI - H 15 

MF 2) with a frequency of 25 KHz for the coarse clean-

ing. at the same time, the second group was exposed to 

the acidic medium without the ultrasonication. The reac-

tion was left to take place in the acidic solution for one 

week while the samples were exposed to the ultrasound 

waves for only five hours per day. 

After one week the dissolved scrap was diluted with 

700 ml of deionized water to remove both Ni and Fe in 

the form of a soluble salt solution. The yellow precipi-

tate was collected through a filtration process and 

washed twice with dilute HCl to remove any traces of 

Ni and Fe. Tungsten oxide powder was obtained 

through the above process and subjected to a hydrogen 

reduction cycle in a tube furnace.  

The hydrogen-reduction cycle of WO3 showed that the 

complete reduction of tungsten oxide (WO3) to tungsten 

metal (W) was established at 800 ◦C with a holding time 

of 2 hours. An intermediate product WO 2.72 (at 520 ◦C) 

and WO (at 600 ◦C) were formed [10]. Figure 1 shows 

the transformation shapes of the WHA from scrape to 

tungsten oxide until it reaches the Recycled Tungsten 

powder. 
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The tungsten powder resulting from the reduction pro-

cess was analyzed using energy dispersive X-ray spec-

troscopy (SEM/EDX) microscope model TESCAN 

SEM VEGA3 and was investigated by x-ray diffraction 

analysis (XRD) using x-ray diffractometer model x, pert 

PRO PANalytical with cu kα radiation (λ = 0.15406 

nm) to determine its purity and the percentage of oxy-

gen in it. The recycled powders from the sound waves 

and those without the influence of ultrasonication after 

reduction were investigated by scanning electron micro-

scope to study the difference in granular size and shape 

between them. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Manufacturing of tungsten heavy alloy from recycled 

tungsten powder  

After ensuring that the recycled tungsten powder con-

tains a very small percentage of oxygen (less than 2%), 

it was used in the manufacturing of class 2 tungsten 

heavy alloy Grade HA175 which is the same grade as 

the scrap alloy. The grain size of elemental powders 

(Iron and Nickel) ranges from 2 up to 10 μm with 

99.8% purity. The chemical composition of the alloy is 

92.5% Recycled tungsten(W), 5.25% Nickel (Ni), and 

2.25% Iron (Fe). All chemicals were supplied from El-

Gomhoria Company for Chemicals - Cairo- Egypt. The 

elementary powders of the WHA were mixed in a 

planetary ball mill at 300 rpm speed for 6 hours. 1.5 wt 

% hexane was added during the mechanical milling as a 

process controlling agent (PCA) to decrease the cold-

welding effect during the milling process. The ball-to-

powder ratio was 5:1 and the milling process occurred 

under argon gas to protect the metal powders from any 

oxidation. The mixed powders were blended with 1.5 

wt% paraffin wax and cold compacted using a uni-axial 

Hydraulic press under compaction pressure of 70 bar 

with a 10mm diameter. The green compacts were sin-

tered using a liquid phase sintering cycle at a tempera-

ture of 1500°C for 1 h in a vacuum furnace there is a 

30-minute holding time at 250°C to get rid of paraffin 

wax from the samples. 

3. Characterization 

3.1 The Characterization of Reduced Recycled Powder 

The particle size-distribution of recycled tungsten 
powder with the ultrasonic wave and without ultrason-
ic wave was measured by DLS (dynamic light scattering) 
using Zetasizer Nano ZS-90 Model ZEN3600 (Malvern 
Panalytical Ltd; Spectris). Also, the shape and particle 
size were determined by the Scanning electron micro-
scope model TESCAN SEM VEGA3. The purity of the 

power was estimated by EDS (Energy-dispersive X-ray 

spectroscopy) and XRD (x-ray diffractometer model x, 
pert PRO PANalytical) 

 

 

 

3.2 Density measurements 

 

The density of the sintered specimens was measured 

by Archimedes water immersion method according to 

MPIF standards 42, 1998, The density of samples was 

calculated according to the following equation Eq .1.  

 

Density(gm/cm3) 

=
Wight of sample in air 

 (Wight of sample in air – Wight of sample in water)
       (1) 

 

3.3 Phase composition and microstructure identifi-

cation 

 

To estimate the phase structure and composition of the 

original and recycled samples were investigated by x-

ray diffraction analysis (XRD) using x-ray diffractome-

ter model x, pert PRO PANalytical with Cu kα radiation 

(λ = 0.15406 nm). For microstructure investigation, the 

surfaces of the sintered samples were prepared by grind-

ing and polishing using silicon carbide papers with dif-

ferent grits (80, 400, 600,800,100,1200, and 

20000respectively) and finally with alumina paste. The 

etching process for the sample surfaces was done by the 

etchants illustrated in Table 1. to clarify the grain 

boundaries and particle shape [11]. 

 

The metallographic structure of the sintered specimens was 

examined using the scanning electron microscope (SEM) 

model TESCAN SEM VEGA3. 

 
Table 1. Etchant parameters for the sintered samples 

Phase The etching composite Time 
Etchant for 

W-phase 

10g Potassium Ferri-cyanide 

10g NaOH 

500ml H2O 

2 Minutes 

Etchant for 

Y-phase 

10g ammonium persulfate 

100ml H2O 

4 Minutes 

 

WHA Scrape WO3 W powder 
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3.4 Mechanical properties 

3.4.1 Hardness test  

 

The hardness of both samples was measured by Vick-

ers hardness tester type LalZhou Welyl, model HV-

30MPTA, using a 5 Kg load for 20 seconds. An average 

of three hardness readings, for each specimen, was de-

termined. 

 

3.4.2 Tribological properties (Wear rate and the fric-

tion coefficient)  

 The tribological test was applied to the cylinder-

polished samples (10 mm diameter and 8mm high) us-

ing a (pin-on-disk) tester machine that works according 

to the SAE-J661 Standard Test(12). The disk is made 

from alloyed steel with a hardness of 65 HRC. The fric-

tion coefficient of the samples is detected under 20 N 

and 30N friction force, 120 rpm speed of the disc, and 

830 sliding distances. The specific wear rate was detect-

ed by using the same pin on the disk machine. It de-

pends on the sample’s weight loss with time. It was 

measured under 20N and 30N applied force on the sam-

ple and 10 min time for each sample.   

 

3.4.3 Ultrasonic measurements  
 Ultrasonic pulse-echo technique, an ultrasonic flaw 

detector (GE, USM36) connected with a 4 MHz longitu-
dinal transducer (Karl Deutsch S12 HB4) and a 2 MHz 
shear transducer (Krautkramer K2KY) was used to 
measure the ultrasonic longitudinal VL and shear VS 
velocities [13]. To calculate the elastic moduli such as 
longitudinal (L), shear (G), bulk (B), Young’s (Y), and 
Poisson’s ratio the calculated ultrasonic longitudinal VL 
and shear VS velocities were used [14] . 

 

𝐿 = 𝜌𝑉𝑙
2,                                                           (2) 

𝐺 = 𝜌𝑉𝑠
2,                                                           (3) 

𝐵 = 𝐿 − (
4𝐺

3
),                                                    (4) 

ʋ = (
(𝐿−2𝐺)

2(𝐿−𝐺)
),                                                     (5) 

𝑌 = (1 + ʋ)2𝐺,                                                (6) 

 

             

4. Results and discussions 

4.1 Characterization of the recycled tungsten powder 

with and without ultrasonic waves  

4.1.1 Estimation of the yield of tungsten powder 

 

The tungsten powder yield in grams with ultrasonic 

waves is 20 gm and without ultrasonic waves is 1.7 gm. 

This quantity results from an entire week of acids react-

ing with scrap. According to the results, the percentage 

of extracted tungsten under the effect of ultrasound 

waves is approximately nine times more than the per-

centage eliminated without the influence of ultrasound 

waves. The reason for that is the passivation of the 
tungsten in the acidic medium and the alloy stopped 
dissolving as a passivating film grows. [15]So, the oxida-

tion rate of the alloy wastes slows down. Acids are pre-

vented from penetrating the core and interacting with a 

different metal layer by this passive layer. However, 

ultrasonic waves have a significant impact on this layer 

because they break it down, which aids in the continua-

tion of the oxidation process on the waste and produces 

more powder in a shorter length of time. Figure 2 is an 

economic indicator for the recycling process of WHAs 

which indicates that this method is more economical for 

the production of the tungsten metal from its scrape. 

Where, the actual price of one kilogram of W metal is 

about 700 dollars, while the current price in the interna-

tional market ranges from 1850 to 9000 dollars accord-

ing to the particle size & purity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2 Schematic diagram for the economic study of the recycling process of WHAs 

 

4.1.2 Microstructure investigation of the recycled tung-

sten powders   

1) Comparison between tungsten powder particle size 

 Figure 3. shows the analysis of particle size distribu-

tion by DLS it indicates that the size distribution by 

intensity has one peak for each tungsten-reduced pow-

der, Figure 3 (A) recorded the peak at 1599 nm and the 

z-average was recorded as 4086 nm for the reduced 

tungsten powder that was recycled without using ultra-

sonic waves. Figure 3 (B) recorded a peak at 576.5 nm 

1Kg WO3 cost ≈ 100$ 

Current Price ≈ 960$ _ 6000$ 

≈ 1.5Kg WHA scrap 

1 L HCl ≈ 20$ 

2.5 L HNO3 ≈ 16$ 

1 L HF ≈ 60$ 

Reduced with hydrogen gas 

cost ≈ 600$ 

1Kg W metal powder cost ≈ 700 $ 

 Current price ≈ 1850 $_9000$ 
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A 

A B 

and the z-average was recorded as 1590 nm for the re-

duced tungsten powder that was recycled with the aid of 

ultrasonic waves. 

This indicates that the effect of ultrasound led to a 

significant reduction in the granular size and made it 

finer. 

 
 
 
 
 

 

 

 

 

 

 

 

        

 

 

 
Figure 3. Measurement of particle size-distribution by DLS using Zetasizer Nano for the recycled tungsten powder after reduction, A) 

without ultrasonic wave, B) with ultrasonic wave 

 Figure 4. shows the particle shape and size of the 

produced recycled tungsten powder. The W powder 

yield from the traditional chemical method has a large 

particle size ranging from 1.601μm to 2.361μm as 

shown in Figure 4 (A) while the ultrasonicated has more 

fine particles with 1.304 to 0.5797 μm. This is due to 

the effect of high vibration of the ultrasonic waves that 

helps in the breakdown of the aggregates and makes 

more grain refinement [16]. Consequently, when this 

powder is used to fabricate a new WHA, this WHA 

sample has enhanced mechanical and physical proper-

ties. 

 

2)  The EDS analysis of the reduced tungsten pow-

der 

 The EDS analysis is shown in Figure 5. reveals that the 

percentage of oxygen in the tungsten powder after the 

reduction process is less than 2%, which makes it a suit-

able powder for entering the process of manufacturing 

tungsten heavy alloys or any other alloy that contains 

tungsten in its metallic powder form. This may be at-

tributed to the good reduction parameters for the tung-

sten oxide prepared from the ultrasonic technique. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. The recycled tungsten powder after reduction, A) recycled without the effect of 

ultrasonic wave,  B) recycled under the effect of ultrasonic wave 

 
Figure 5. The EDS of the recycled tungsten powder after reduction 



Zidan  et al.    421 

421 
 

3)  XRD pattern of the reduced tungsten powder 

    The XRD pattern of the recycled ultra-sonicated 

tungsten metal powder (W) is observed in the XRD pat-

terns in Figure 6. The reflection main peaks correspond-

ing to (W) are characterized at 40.285⁰,58.278⁰, and 

73.215⁰ were achieved which are the mean fingerprint 

peaks for W. This demonstrates that the recycling and 

reduction procedure was successful and the reduction 

temperature which was 800⁰C is suitable for the total 

conversion of WO3 to W powder is free from any con-

taminants or oxidation, also the sharp peaks correspond-

ing to W refers to the high crystallinity of the prepared 

W powder.  

4.2.2 X-ray diffraction phase structure and composi-

tion 

Figure 8 shows the XRD pattern of both the original 

and the ultrasonicated recycled samples. The primary 

peaks correspond to the BCC-structured tungsten phase 

(which is in excellent agreement with the data from 

JCPDS file No. 04-0806) and very weak two peaks re-

lating to the Ni-Fe solid solution phase. This indicates 

that the recycled sample has the same chemical compo-

sition as the original one without any foreign phases or 

oxide peaks recorded for both samples. Also, this is 

attributed to the good mechanical milling and sintering 

parameters. 

4.3 Microstructure analysis 

4.3.1 The microstructure investigation by scanning 

electron microscope (SEM) 

Figure 9 shows the SEM of the sintered samples, in 

which A & B belong to the original WHA sample at 

2000x and 4000x respectively, and C&D corresponds to  

the recycled WHA sample at 2000x and 4000x respec-

tively. It is clear that the average grain size of tungsten 

particles, as their size in the original sample ranges from 

32µm to 9µm while in the recycled sample it ranged 

between 11µm to 1.5µm. This indicates that the grain 

refinement of the recycled W particles is due to the ef-

fect of ultrasonication. Also, it can be observed that Fe 

and Ni are more homogeneously distributed in the W 

matrix of the recycled sample than in the original one. It 

was noticed that the original sample had more pores 

than the recycled sample. This is related to the good 

densification of the fine particles with each other during 

the compaction and sintering processes [18]. 

4.4 Hardness measurement  

The Hardness values of the original WHA and the re-

cycled one are 312 and 340 HV respectively. The results 

show a significant increase in the hardness value of the 

recycled sample. That can be explained from three 

points of view, the first is the manufacturing of WHA 

sample from the finer recycled W metal, the presence of 

submicron powder has a good effect on the improve-

ment of the mechanical properties, especially the hard-

ness[19]. This is due to the good entrance of the nano-

particles in the voids and vacancies of the matrix which 

hinder the insertion of the hardness indenter in the sam-

ple so the hardness values increase. The second reason 

is the good mechanical milling parameters which leads 

to a homogeneous distribution of all the sample constit-

uents with each other’s. The third is the general reduc-

tion of the particle size which enhances the total hard-

ness of the sample according to the Hall-Petch equation 

which states that the hardness value is reversible with 

the particle size. 

 
Figure 6. The XRD pattern of the recycled tungsten powder 

after the reduction process 

 
Figure 7. The density of original and recycled WHA sintered 

samples 

 

 
Figure 8. The XRD pattern of original and recycled sintered 

tungsten heavy alloy (WHA) 
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4.5 Wear and friction coefficient  

4.5.1 Wear test 

Figure 10 shows the specific wear rate of both original 

and recycled samples under 20 and 30 N loads. The 

specific wear rate (k) was calculated according to Eq. 7, 

where the mass change (△m) as the pin (sample) trav-

eled divided by normal load (F), material density (ρ), 

and sliding distance(S). [20] 

 𝐤 = 
△𝑚

𝜌.𝑆.𝐹
                                                         (7) 

The results show that there is a noticeable improvement 

in the specific wear resistance, as the presence of ultra-

fine tungsten particles in the recycled sample assisted to 

improve the mechanical properties and significantly 

reduce the wear rate when compared with the original 

sample, which contains larger tungsten particles. Also, 

the increases in the wear resistance are due to the good 

interaction and diffusion of particles with each other. 

This follows the density and hardness results, in which 

the high-densified sample with a high hardness has good 

wear and friction resistance. Also, when the applied 

load increases from 20 to 30N the fracture of the parti-

cles takes place which causes more weight loss.   

4.5.2 Coefficient of friction 

        The variation in the friction coefficient with time is 

shown in Table 3. The coefficient of friction of the orig-

inal sample is higher than the recycled one. The reason 

for that is the large particle size of tungsten in this sam-

ple which can be removed from the sample surface 

more easily than the other one. The dislocated particles 

generated micro-voids, which roughened the surface 

and subsequently increased the friction. On the other 

hand, the fine grains in the recycled sample were com-

pacted strongly with each other in a good manner that 

prevents them from being removable from the surface. 

For high loads, more friction occurs and more particles 

are removed from the original sample surface which is 

considered the pin of the wear device.  

4.6 Ultrasonic waves and mechanical characteriza-

tions  

Table 4. shows the propagation of ultrasound waves 

through the original sample with low longitudinal (Vl) 

and shear (Vs) velocities, in contrast to the results of the 

produced velocities from the passage of ultrasound 

waves in the recycled sample. The recycled sample's 

high density and small grain size allow the waves to 

pass smoothly through it. 

As opposed to the original sample's large grain size 

and pores, which caused the waves to be scattered 

inside it. Therefore, the ultrasonic velocities were re-

duced [14]. 

This rise in velocities indicates an increase in the me-

chanical properties, which is evident in the higher 

elastic moduli values L, B, G, and Y. This result at-

tributed to the small size of the particles in the recy-

cled sample enhanced the mechanical properties of the 

material in terms of its compactness, rigidity, and elas-

tic behavior [21]. 

 

Figure 9. The microstructure under scanning electron micro-

scope: A, B) The original sample at 2000X & 4000Xmag., C, 

D) The recycled sample at 2000X &4000Xmag. 

 
Figure 10. The Specific Wear Rate of original and recycled 

sintered tungsten heavy alloy (WHA) 

Table 2. Coefficient of friction of original and recycled 
samples  

Samples Coefficient of 

friction at 20 N 

load 

Coefficient of 

friction at 30 N 

load 

Original 

sample 

0.425 0.552 

Recycled 

sample 

0.403 0.426 

 

Table 3. VL, VS, Poisson’s ratio (r), longitudinal modulus (L), shear modulus (G), bulk modulus (B), and young modu-

lus (Y) of both original and recycled samples. 

Samples VL [m/s] Vs [m/s] Poisson ratio[ʋ] L [G pa] G [G pa] B [G pa] Y [G pa] 

Original Sample 4.827 2.696 0.2773 383.98 119.78 224.27 305.04 

Recycled Sample 5.446 2.707 0.3356 494.62 122.20 331.67 326.51 
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5. Conclusion 

     This study has produced a novel technique for recy-

cling tungsten metal powder from WHA wastes. Under 

the impact of ultrasonic waves, a significant amount of 

submicron tungsten powder was recovered from an 

acidic leach solution of tungsten alloy scrap. The out-

come demonstrates that there was nine times as much 

tungsten powder recovered from the solution exposed to 

ultrasonic waves as there was powder recovered from 

the solution without ultrasonic waves. By using a pow-

der metallurgy process, the recovered tungsten oxide 

powder is reduced and the nano tungsten metal powder 

is used to create the WHA alloy HA175. The physical 

and mechanical properties of the alloy formed from 

recycled tungsten powder are better than the original 

alloy as it shows an increase in density and hardness 

while the specific wear rate and coefficient of friction 

decreased.  
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All data generated or analyzed during this study are 
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