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Abstract: Yttria - stabilized zirconia particles reinforced tungsten alloys were fabricated by using
azeotropic distillation process coupled with powder metallurgy techniques. The
influence of pH value of the original solution on the precursor powders’ morphology,
wear and mechanical properties of alloys were deeply studied. It showed that the
precursor’ powder synthesized under solution with pH of 2 possesses finer particles’
size. The grain sizes of tungsten reinforced alloys obtained with different pH values
varies from 2 to 6 μm, extremely smaller than that of pure tungsten. When pH value
increases from 2 to 8, more and more bonding zirconia particles are obtained. The
reinforced tungsten alloy prepared based on the solution of pH equal to 2 have a better
morphological and mechanical properties than the other two alloys prepared based on
the solution of pH values of 5 and 8, respectively. The wear resistance of the reinforced
tungsten alloy increases firstly, then decreases with the doping amount of zirconia
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particles. It is confirmed that the pH 2 value and chemical composition of the tungsten
alloy with 3.0 wt. % Zr(Y)O  2  exhibits the best wear resistance. The mechanical
properties of the particle reinforced tungsten alloy are improved with the decrease of
pH value. The ultimate compressive strength and ultimate strain value of pH 2 reach to
1009 MPa and 0.23, respectively. The evolution of the relative density and associated
porosity increases with the pH value. The abrasion mechanism was analyzed in detail.
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Abstract: Yttria - stabilized zirconia particles reinforced tungsten alloys were 

fabricated by using azeotropic distillation process coupled with powder metallurgy 

techniques. The influence of pH value of the original solution on the precursor 

powders’ morphology, wear and mechanical properties of alloys were deeply studied. 

It showed that the precursor’ powder synthesized under solution with pH of 2 

possesses finer particles’ size. The grain sizes of tungsten reinforced alloys obtained 

with different pH values varies from 2 to 6 μm, extremely smaller than that of pure 

tungsten. When pH value increases from 2 to 8, more and more bonding zirconia 

particles are obtained. The reinforced tungsten alloy prepared based on the solution of 

pH equal to 2 have a better morphological and mechanical properties than the other 

two alloys prepared based on the solution of pH values of 5 and 8, respectively. The 

wear resistance of the reinforced tungsten alloy increases firstly, then decreases with 

the doping amount of zirconia particles. It is confirmed that the pH 2 value and 

chemical composition of the tungsten alloy with 3.0 wt. % Zr(Y)O2 exhibits the best 

wear resistance. The mechanical properties of the particle reinforced tungsten alloy 

are improved with the decrease of pH value. The ultimate compressive strength and 

ultimate strain value of pH 2 reach to 1009 MPa and 0.23, respectively. The evolution 

of the relative density and associated porosity increases with the pH value. The 

abrasion mechanism was analyzed in detail. 

 

Keywords: Particle reinforced tungsten alloy; Doping zirconia; Yttria - stabilized 

zirconia; mechanical property 

 

Nomenclature 

AMT Ammonium metatungstate 

APT Ammonium paratungstate 

DBTT Ductile–brittle transition temperature 

DSC Differential scanning calorimeter  

EDS Electron dispersive spectroscopy 
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HV Vickers hardness 

HR - TEM High - resolution transmission electron microscopy 

ODS - W Oxide particles dispersion - strengthened tungsten  

L - L Liquid - liquid 

SEM Scanning electron microscope 

S - L Solid- liquid 

TGA Thermogravimetric analysis  

XRD X - ray diffraction  

 

1. Introduction 

Tungsten and its alloys are largely employed in the defense and nuclear industry 

due to their high melting point, hardness and strength at various temperatures [1-4]. It 

possesses a high ductile–brittle transition temperature (DBTT) with a low 

recrystallization temperature, which negatively influences its physical behavior [5, 6]. 

In order to enhance the tungsten alloys’ physical behavior, the research on oxide 

particle dispersion - strengthened tungsten (ODS - W) alloy, is attracted more and 

more attentions [7-9], because these oxide particles could decrease DBTT and 

increase the recrystallization temperature [10-12]. 

With the recent progress of the powder metallurgy, the morphological and 

mechanical properties of particle reinforced tungsten alloys are relied on tungsten 

powder quality [13, 14]. High - energy ball milling of the mixed powders with pure 

tungsten and oxide particles is an efficient method for fabricating ultrafine doped 

tungsten powders. Prolonged milling time may lead to introduction of detrimental 

contaminants [15], inhomogeneous distribution of oxide dispersion particles and high 

internal stresses [16]. Solid–liquid methods were selected to obtain excellent doped 

tungsten powder based on the raw materials of ammonium paratungstate (APT) and 

soluble metal salts [11, 17]. APT powder is slightly soluble and does not react with 

soluble metal salts. The reaction occurs only on the surface of APT powder particles, 

resulting in the formation of tungsten particle aggregates [11] and the heterogeneous 

distribution of oxide particles [17]. 
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Many liquid - liquid (L - L) methods were investigated to prepare the particle 

reinforced tungsten alloys [18-22]. The previous researches focus mainly on the 

tensile, compressive and torsional properties of these alloys [2]. Less research 

concerned the interactions of the precursor powders on the morphological properties 

of alloys obtained by L - L methods. Microstructural characterization of these doped 

ceramic particles affects the microstructural evaluation, strength and wear resistance 

of metal matrix composites. A. Heidarzadeh et al. [23] reported that the presence of 

nanoparticles increased the proportion of the continuous dynamic recrystallization 

compared to the discontinuous mechanism during grain structure formation. A. H. 

Monazzah et al. [24] indicated that intrinsic toughening had influence on the fracture 

resistance of composite materials based on inherent resistance of its microstructure to 

crack nucleation. The microstructure includes the morphology and size of reinforced 

phase particle. F. Xiao et al. [25] investigated the microstructure, compressive 

properties and wear resistance of W-ZrO2 alloys by different preparation techniques. 

The results indicate that the smaller the ZrO2 particle, the higher the compressive 

properties and wear resistance. 

In particle strengthened composite materials, the main topics have been 

conducted on providing uniformly dispersed hard reinforcements in matrix [26]. 

These uniformly oxide particle would result in distinguished properties caused by 

homogenous structure, high interfacial strength and uniform deformation of 

composite materials [27].  

The solutions with different acidities greatly influence on the reduced tungsten 

powders [25]. The researches concerning the effect of the solution’s pH value on 

precursor powders, physical properties of tungsten alloys have to be studied in detail. 

In this research, in order to determine the proper pH value for fabricating the 

uniform distribution of ultrafine oxide particle in tungsten matrix, the doped alloys 

fabricated with different pH values of 2, 5 and 8 were prepared. The morphologies of 

precursor powders were analyzed. The proper calcination process was determined 

through thermogravimetric analysis and differential scanning calorimetry. The 
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morphological, mechanical properties and abrasion resistance of alloys were studied 

to analyze the influence of the pH value of the solution. 

This paper is structured as follows. In Section 2, the preparation process and 

methods of measurement and analysis of pure and doped tungsten alloy are introduced 

in detail. In Section 3, the morphology of precursor powders, the calcination process 

and the reduced powders are investigated, respectively. The microstructures of 

particle reinforced materials fabricated with various pH values are investigated and 

compared. In Section 4, the relative density, the porosity, mechanical and wear 

properties of the tungsten alloys are described. The main results are concluded in 

Section 5. 

 

2. Experimental procedure 

2.1 Materials 

In the current research, different kinds of doped tungsten specimens, shown in 

Table 1, were elaborated via the azeotropic distillation process coupled with the 

powder metallurgy. The corresponding doped alloys were denoted as pH 2, pH 5 and 

pH 8. The commercial Zr(NO3)4·5H2O, Y(NO3)3·6H2O and ammonium metatungstate 

(AMT), (NH4)6H2W12O40·xH2O with high - purity (99.9%) were retained as raw 

materials.  

 

Table 1. The chemical composition of the tungsten alloy specimens (wt. %). 

Specimens Solution 

pH 

W ZrO2 Y2O3 

Pure W 2 100 0 0 

pH 2 2 96.62 3.0 0.38 

pH 5 5 96.62 3.0 0.38 

pH 8 7 96.62 3.0 0.38 

 

Fig. 1 illustrated the process flow diagram of tungsten alloys with the associated 

processing parameters. The Y(NO3)3·6H2O and Zr(NO3)4·5H2O solutions were mixed 
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under continuous stirring and heated to 90 °C until precipitates appeared. The 

(NH4)6H2W12O40·xH2O solution was added dropwise to previous solution. The pH 

value was measured using nitric acid or ammonia solution and stirring during 5 h at a 

room temperature (22 °C). The ethanol was introduced into the mixed solution as a 

dispersant. The mixture was continuously heated until the precursor powder appeared. 

The synthesized precursor powders were calcined at 550 ℃ for 4 h and reduced by 

following two reduction processes 750 ℃ × 2 h + 900 ℃ × 4 h under hydrogen 

atmosphere in order to achieve W-Zr(Y)O2 powders. 

The W-Zr(Y)O2 powders were compressed into an elastomeric mould at the 

pressure of 350 MPa during 30 minutes using cold isostatic press. The cylindrical 

specimens were obtained with 30 mm long and a diameter of 20 mm. The specimens 

were sintered in an induction furnace under hydrogen atmosphere. The pre - sintering 

was performed at 1250 °C during 2 h. The final sintering was set at 2400 °C during 4 

h. 

 

 
Fig. 1. Illustration of process flow diagram of tungsten alloys with the processing 

parameters. 

 

2.2 Methods 

The absolute density of the studied materials was determined according to 

ASTM B962-14 standard using Archimedes principle with ten repeated measurements 

in the same experimental conditions. The relative density ξ was determined by the 

following relation [20]: 

(NH4)6H2W12O40·xH2O 

Zr(NO3)4·5H2O 

Y(NO3)3·6H2O 

750 °C (2 h) 
+ 

900 °C (4 h) 

Mixed solution Precipitate 

Nitric acid/ 

  

Ammonia water 

 
pH=2, 5 or 8 

Ethanol 
Water bath  

at 90 °C 

 
Precursor 

powder 

 

Stirring (5 h) 

ZrO2, Y2O3 

WO3 powder 

Calcination 

550 °C (4 h) 

H2 reduction 
Tungsten 

alloy 

Sintering 
 
1250 °C (2 h) 

+ 

2400 °C (4 h) 

ZrO2, Y2O3 

W powder 
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 0           (1) 

 

where ρ and ρ0 are the absolute and theoretical density of material, respectively.  

The material porosity was determined as follows: 

  %1001  Ρ               (2) 

where P is the material porosity. 

Vickers hardness was measured using a micro - Vickers hardness testing 

equipment (HVS - 1000 A) with an imposed load of 200 g for 20 s according to the 

ASTM E384 test method. The Vickers hardness value was an average of 10 random 

measurements.  

Ten tests were performed using universal compression testing equipment (AG - 

I250 KN) at room temperature with a crosshead speed of 1.0 mm / min. Cylindrical 

compression specimens with a diameter and length of 6 and 10 mm. 

Based on the ASTM B328 standard, the wear property was characterized using a 

pin - on - disc wear test (ML - 100 type). The wear test was repeated ten times. 

Different grit alumina waterproof - abrasive sandpapers of 240, 360, 600 and 800, 

respectively, were imposed with 40 N. The cylindrical specimens are: diameter 6 mm 

× length 20 mm. At the end of the tests, the specimens were washed with ethanol and 

weighted using an analytical balance.  

The microstructure and chemical composition of powder and alloy specimens 

were analyzed by Scanning Electron Microscope (SEM, VEGA - SBH) according to 

the ASTM E2142-08 standard. An energy - dispersive X - ray spectrometry (EDS) 

was employed. The reaction of precursor powders was analyzed by using NETZSCH 

STA 409 PC/PG thermal analyser. Thermogravimetric analysis (TGA) was performed 

based on the ASTM EE228-11 standard. Differential scanning calorimeter (DSC) was 

effectuated according to the ASTM D3418 standard. High-resolution transmission 

electron microscopy (HR - TEM) was used to analyze the microstructure of the 

material with a Phillips FEI Titan 80–300. 
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3 Results and discussions 

3.1 Investigation of precursor powders synthesized under various pH values 

Fig. 2 shows the SEM images of powders synthesized through azeotropic 

distillation method corresponding to pH value of 2, 5 and 8. For pH 2, the particles 

possess granular structure with a size of approximately 1 - 5 μm, while several 

particles are with the shape of plate, as shown in Fig. 2 a). For pH 5, the 

microstructure of the powder is mainly in the shape of plate and block, as shown in 

Fig. 2 b). The length of the plate-like particle is less than 10 μm, the surface is smooth 

and the dispersion is well. For pH 8, the particles are mainly in the form of block with 

a size of 3 - 8 μm, as shown in Fig. 2 c). As a conclusion, the microstructure of the 

materials was significantly affected by the pH value of solution.  

The particle size increases and the morphology changed greatly with the pH 

value of the solution. Different polytungstate species were existed in solutions with 

various pH values. The reaction mechanism concerning the polytungstate species with 

H+ / OH were discussed in detail [25].  

 

  

 

(a) (b) 
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Fig. 2 SEM images of the precursor powders synthesized under: a) pH 2, b) pH 5 

and, c) pH 8. 

 

3.2 Analysis of calcined and reduced powders conducted on doped pH 2 

precursor powder 

The pH 2 precursor powder particle possesses finer particle structure according 

to the analysis in section 3.1. The TGA and DSC analyses were carried out at a 

heating rate of 1 °C/min in the temperature range of 20–900 °C. The calcination 

process was determined in an Ar atmosphere. In Fig. 3, when the temperature raised 

to 140 - 160 ℃, a small range of endothermic peak appeared caused by the 

evaporation of the adsorbed water in the material. When heated to the temperature 

range of about 240 ~ 340 °C with the peak at 308.3 ℃, there was an obvious 

exothermic peak caused by the decomposition of reaction product NH4NO3. Hunyadi 

et al. [28] described the similar phenomena that NH3 and H2O were released from 

AMT with an exothermic reaction from 240 to 340 °C. When the temperature 

increased to about 360 ℃, sharp endothermic peak appeared due to crystalline water 

loss in the reaction products. 

The exothermic peak occurring at 412.7 ℃ was attributed to the transformation 

from WO3 amorphous to WO3 crystal. When the temperature increased to 550 ℃, the 

total weight loss of the specimens was about 7.9 %. When the temperature continued 

to increase, the TGA curve in Fig. 3 showed that the weight loss was almost 

unchanged, which indicated that the precursor powder was almost completely 
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decomposed at 550 ℃. The linear decrease of the total weight loss was observed in the 

range of 100-900°C, corresponding to the calcination process.  
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Fig. 3 TGA - DSC curves of doped precursor powder synthesized under pH 2. 

 

The pH 2 specimens were analyzed by HR - TEM to quantify the particle 

morphology and phase structure. The obtained images of the powder reduced after 

750 ℃×2 h + 900 ℃ × 4 h were shown in Fig 4 a). Based on Fig. 4 a), the reduced 

powder were regularly in a small spherical particle shape and well dispersed. The size 

was about 40 nm, which belonged to nano-sized particles. The selected area A 

corresponded to Fig. 4 b). As the nanoparticle under selected area B consisted of the 

containing - Zr phase and containing - Y phase through mixing these two phases 

firstly, the selected area B corresponded to Figs. 4 c) and, d). The reduced powder 

particles were calibrated with lattice fringes, as shown in Figs. 4 b), c) and d). The 

measured spacing of lattice fringes were 0.2460 nm, 0.3227 nm and 0.3448 nm close 

to the spacing of W (200), ZrO2 (-111) and Y2O3 (202) crystal planes of PDF#47-1319, 

PDF#65-2357 and PDF#44-0399, respectively [29]. As analysis above, the reduced 

pH 2 powders were composed of tungsten and ZrO2-Y2O3 nano-sized particles. 

The formation of ZrO2-Y2O3 doped powder was related to the mechanism of 

doped powder in the hydrogen reduction process. Y and Zr atoms were always in the 
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form of oxide during high - temperature reduction. Solid tungsten oxide would 

volatilize and then formed hydroxide WO2(OH)2 with high volatility. Hydroxide 

WO2(OH)2 would deposit on the surfaces of the neighbor tungsten oxide with low 

valence states or doped Y2O3-ZrO2 particles [30]. The growth rate increase and 

"volatilization - deposition" would make particles full growth in the process [31, 32]. 

The Y2O3-ZrO2 particles provided plenty of crystal nucleus, which hindered the 

growth of tungsten particles and eventually generated the nano-sized doped tungsten 

powders. 

 

  

  

Fig. 4 HR - TEM image and diffraction fringes of reduced powders 

corresponding to test case pH 2 for doped W sample [29]: a) HR - TEM image of 

reduced powders, b) Diffraction fringes of W powder particle, c) Diffraction fringes 

of ZrO2 powder particle and, (d) Diffraction fringes of Y2O3 powder particle. 

 

3.3 Analysis of the microstructure of tungsten alloys 
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The comparison of the SEM images of pure tungsten and reinforced alloys 

obtained under various pH values is illustrated in Fig. 5. It shows that the grain size of 

pure tungsten is relatively uniform compared to the other alloys, as shown in Fig 5 a). 

The grain size of irregular particles is about 10 - 15 μm. Based on Figs. 5 (b - d), there 

are many pores among alloys mainly caused by the pressureless sintering method. The 

alloy density is much lower compare to the pure W. In these alloys, the grain size is in 

the range of 2 - 6 μm, much smaller than pure W due to the effect of grain refinement. 

Based on the SEM images, these particles are mostly located at W grain boundaries. 

When the alloy was prepared with pH 2, the Zr(Y)O2 particles were smaller in 

size and more uniformly distributed. In the case of pH 5, the occurrence of some 

bonding Zr(Y)O2 particles can be observed, as marked with an arrow A. For pH 8, 

more and more bonding particles were observed, which was not conducive to improve 

the alloy properties. Based on the EDS results, the black phase is corresponding to 

Zr(Y)O2 consisting of the elements: Zr, Y and O, as shown in Fig 5 e). 
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Fig. 5 Microstructure SEM images and of EDS patterns pure and doped tungsten  

alloys: a) Pure W, b) pH 2, c) pH 5, d) pH 8 and, e) EDS patterns of doping 

phase. 

 

XRD patterns indicate that ZrO2 particles belong to the stabilized ZrO2 phase, as 

shown in Fig. 6.  
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Fig. 6 XRD patterns of test case pH 2 for doped W sample. 

 

The stabilized ZrO2 phase among alloy was analyzed. At high temperature, 

stabilized zirconia with Zr-O8 structure consisted of a zirconium ion and eight 

equidistant oxygen ions. When the temperature decreased, according to Coordination 

Theory, due to rZr4+/rO2- = 0.564 (less than 0.732), eight - coordinate structure in 

(e) 

(a) 

Elements Wt% At% 

Zr 62.61 27.97 

Y 11.11 5.09 

O 26.27 66.93 
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ZrO2 phase would decrease the interspace between oxygen atoms. It would lead to the 

increasing of the coulomb repulsion between adjacent oxygen - oxygen ions. As a 

result, the original crystal structure would become unstable, and then promote the 

transformation from stabilized structure to monoclinic structure with Zr-O7 [33].  

As shown in Fig. 7, Y3+ as stabilizer from Y2O3 particles could replace the partial 

Zr4+ atoms in ZrO2 at high temperature, increasing the cation - anion radius ratio. 

Meanwhile, oxygen vacancies were introduced into the lattice to remain charge 

neutrality of ZrO2 phase. It would increase the interspace of oxygen - oxygen and 

reduce the repulsive forces between the local oxygen - oxygen, and then promote the 

formation of the stability of the Zr-O8 structure. 

 

Fig. 7 Schematic flowchart of the cubic yttria - stabilized zirconia. 

 

4. Mechanical behavior of W-Zr(Y)O2 alloy 

4.1 Compressive property  

The mechanical properties of pure W and reinforced W alloys elaborated under 

different pH values are compared in Fig. 8. It can be seen that the pure W possesses 

the ultimate strain of 0.45. The ultimate strain and ultimate compressive strength 

value of pH 2 reach to 0.23 and 1009 MPa, respectively. For pH 2 alloy, the ultimate 

strain is 48.8%, lower than that of pure W (ductile behaviour). It exhibits highest 

strain and ultimate compressive strength value compared to pH 5 and 8 alloys. The 

strain and the ultimate compressive strength value of the alloy increase at lower pH 

values. 
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The enrichment zone of oxide particles was generated by the high levels of oxide 

particles. It resulted in the superposition of stress field round the reinforced particles 

[25]. It lead to the fact that weakening effect on strength in alloy was greater than the 

strengthening effect due to dislocation motion. It weakened the bonding strength of 

the W - W grain boundary and the fracture strain of W alloy. 
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Fig. 8 Compressive stress - strain curves of tungsten alloys. 

 

Table 2 summarizes the evolution of relative density, porosity, micro-hardness 

and wear resistance of the pure and doped W alloys versus pH value. The relative 

density of the pure W is about 97.9 %, higher compared to pH 2 alloy (i.e. 90.9 %). 

The micro-hardness of pH 2 alloy is lower than pure W due to the pores emerging in 

the sintering process. It leads to damage the metallic continuity and reduce its 

effective area. 
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The evolution of the relative density decreases with the pH value, as shown in 

Table 2. The associated porosity increases with the pH value. The micro-hardness of 

the doped alloys decreases with the pH value.  

 

Table 2 Relative density, porosity, micro-hardness and abrasion loss of pure and 

doped W alloys. 

a* Wear resistance test was carried out using 360 grit Al2O3 waterproof - abrasive sand paper 

under the loading of 1.40 N/mm2. 

 

4.2 Wear resistance 

Based on the previous analysis, the pH 2 alloy exhibits better mechanical 

properties. In this part, the influence of zirconia content on wear resistance of pH 2 

alloy is studied, summarized in Table 2.  

Figs. 9 illustrates the effect of abrasive particle size on wear resistance properties 

of reinforced W alloys. The weight loss of the alloys decreases with the abrasive 

particle size of 240, 360, 600 and 800 by using the same loading of 1.40 N/mm2. The 

weight loss of reinforced tungsten alloys decreases with ZrO2 fraction from 0 to 3 

wt. % with the same abrasive particles size (360 grit Al2O3 waterproof - abrasive). 

Then the weight loss of reinforced tungsten alloys increases with the ZrO2 fraction 

from 3 to 10 wt. %. It proves that W-3.0%Zr(Y)O2 alloy possesses the best wear 

resistance property.  

The hardness of Zr(Y)O2 particles is higher than the pure W matrix. In the 

abrasive wear test, the abrasive particles mainly interact with the Zr(Y)O2 particles. 

Alloys Relative density (%) Porosity (%) Micro-hardness (HV) Abrasion loss (mg) a* 

Pure tungsten 

Doped alloy (pH 2) 

97.9 ± 0.1 

90.9 ± 0.1 

2.1 ± 0.1 

9.1 ± 0.1 

367 ± 15 

349 ± 30 

4292 ± 100 

3490 ± 100 

Doped alloy (pH 5) 85.9 ± 0.1 14.1 ± 0.1 259 ± 26 - 

Doped alloy (pH 8) 81.6 ± 0.1 18.4 ± 0.1 232 ± 35 - 
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The W matrix is located in the lower wear zone, which reduces the wear loss of 

tungsten matrix. More internal pores in tungsten alloys are obtained with the increase 

of Zr(Y)O2. It decreases the bonding strength between tungsten matrix and Zr(Y)O2. 

In the test, the abrasive particles are firstly contacted with the Zr(Y)O2 particles. The 

higher load results in the Zr(Y)O2 particles falling off from the W matrix. As a result, 

the Zr(Y)O2 and abrasive alumina particles aggravate the wear loss rate of alloy 

together [34].  
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Fig. 9 Effect of abrasive particle size on the wear weight loss of W-Zr(Y)O2 

alloys at 1.40 N/mm2. 

 

5. Conclusion 

1. Various precursor powders were synthesized under different pH values (2, 5 

and 8). The morphological structures of the obtained powders were compared. The 

microstructures as well as mechanical and wear properties of the tungsten alloy 

elaborated with these powders were investigated.  

2. The precursor’ powder synthesized under solution with pH value of 2 
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possesses finer particles’ structure. The effects of calcination process were 

investigated to optimize the calcination procedure through thermogravimetric analysis 

and differential scanning calorimetry. 

3. W-Zr(Y)O2 alloy, prepared under pH value of 2, has a better homogenous 

microstructure over other two alloys with pH value equal 5 and 8. It exhibits better 

physical and mechanical properties. 

4. The effects of Zr(Y)O2 particles content on the abrasive wear resistance of W 

alloy under different conditions were investigated. The abrasion mechanism was 

analyzed in details.  
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