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Corrosion Performance of W-Ni-Cu and W-Ni-Fe Alloys

Li Lu, Liu Zhu, Liu Yuxiang

University of Manchester, Manchester MB 9PL, UK

Abstract: Tungsten heavy alloys (WHAs) possess a special combination of properties, such as high density, high mechanical 

strength and good corrosion resistance. The corrosion performance of two WHAs, 90%W-6%Ni-4%Cu and 95%W-3.5%Ni-1.5%Fe 

has been investigate by immersion test and electrochemical test. The AFM results indicate the attack would be on the W phase in 

W-Ni-Cu alloy when it generates galvanic corrosion, while W-Ni-Fe alloy reveals an opposite result. Potentiodynamic polarization 

measurement shows pH value is an important factor in corrosion rate. The two types of alloys show relatively lower corrosion rates 

in DI water, as compared to 0.6 mol/L HCl solution. The corrosion mechanism involved in the release of the metallic components 

and generation of corrosion products was analyzed by SEM and EDX.
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Tungsten heavy alloys (WHAs) are the composite materials 

that consist of tungsten (85wt%~99wt%) with various 

combinations of nickel and other elements (e.g. Cu, Fe, Cr) 

making up the remaining parts. These alloys are divided into 

W-Ni-Fe, W-Ni-Cu, W-Ni-Mn among other main series 

according to the composition characteristics and appli-

cations

[1,2]

. Tungsten parts are metal matrix composites 

consisting of tungsten particles embedded in a lower melting 

point alloy. These alloys are made by a powder metallurgy 

technique, which involves liquid phase sintering process

[3]

. 

Tungsten heavy alloys achieve a special combination of 

properties, such as high density (17~18.5 g/cm

3

), low thermal 

expansion coefficient, good corrosion resistance and oxidation 

resistance, good thermal conductivity, high strength, good 

ductility and good impact toughness. These alloy properties are 

very sensitive when it comes to processing, but they become 

degraded as a result of residual porosities and impurities, as 

well as segregation and embrittlement of hydrogen, and the 

formation of intermetallic phase

[4]

. Recently, a few studies have 

found the methods to improve the strength and toughness of 

WHAs by changing materials to nano-size and nanostructure

[5,6]

. 

WHAs are now widely used in industrial and military 

applications which range from space systems to daily 

necessities. The high density components can also be used in 

radiation shielding applications. In addition, the military have 

been interested in tungsten heavy alloys since it is necessary to 

find the replacements for the depleted uranium in kinetic energy 

penetrators and lead in small arms and ammunitions because of 

environmental effect problems

[7,8]

.

Mclennan and Smithells developed W-Ni-Cu alloys for the 

first time in 1935 which were produced by powder metallurgy 

techniques involving liquid phase sintering

[9]

. These metal 

powders are milled in ball mills which are blended in the 

required ratios by weight, then compressed and sintered at 

approximately 1500 °C, which is an adequate temperature to 

melt the binder materials but not tungsten

[3]

. Quenching is then 

used to restrain the development of intermetallic compounds 

such as WCo

3

. Tungsten particles are embedded in a lower 

melting point alloy and form two different phases: the tungsten 

phase which has body centred cubic lattice and the binder phase 

which has face centred cubic lattice

[6]

. Discontinuity between 

the tungsten grains is to ensure ductility of the WHAs. 

Equilibrium phase diagrams manifest that tungsten has certain 

solubility in other metals which are used for producing alloys at 

sintering temperature. Thus, discovering tungsten in binder 

phase after cooling is expected. The composition and quantity 

of the metals constituting the binder phase determine the 

amount of tungsten in binder phase. Some studies reveal that 45

wt% is tungsten solubility in cobalt and nickel at 1480 °C and 

30 wt% is tungsten solubility in iron at this temperature

[10]

. 
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However, these metals are generally insoluble in tungsten phase 

at that temperature. In terms of copper and tungsten, both metals 

are basically insoluble in each other.

Corrosion is a common process where metals coming from 

their elemental forms or alloys are released into the 

environment as known. Studies that have been so far 

conducted with regards to the investigations of tungsten heavy 

alloys corrosion are very scanty, because it has not been 

considered an issue, and these studies made all attempts to 

predict WHAs structural failure when subjected under 

long-term storage conditions

[11-13]

. However, alloys made of 

copper were even more prone to corrosion and other alloys as 

this were also proved by Z. Abdel Hamid and H. B. Hassan

[14]

.

Therefore, in this work, the corrosion performance of two 

tungsten heavy alloys was investigated to determine the 

corrosion rate and mechanism in different aqueous solutions.

1  Experiment

1.1 Material preparation

Tungsten heavy alloy powders with composition of 90%W-

6%Ni-4%Cu and 95%W-3.5%Ni-1.5%Fe were prepared by a 

mechanical alloying method. Pure elemental powders of 

tungsten, nickel, copper and iron have been mechanically 

alloyed in a ball mill. The prepared powders were cold com-

pacted by hydraulic press and then were sintered using a liquid 

phase sintering technique in vacuum atmosphere. The sintering 

temperature of 90%W-6%Ni-4%Cu was 1410 °C and the 

sintering temperature of 95%W-3.5%Ni-1.5%Fe was 1480 °C.

1.2 Surface potential measurement

In order to measure the surface potential of tungsten phase 

and binder phase, Kelvin Probe Force microscopy (KPFM) is 

a suitable technique for measurement. For this method, 15

mm×15 mm quadrate samples were used. The samples were 

ground using silicon carbide papers up to grade level 2400#. 

After that, the samples were polished, using diamond base 3 

and 1 micron, making sure all scratches were removed as 

much as possible. Then, the samples were cleaned using 

ethanol and acetone and dried. The Dimension 3100 model 

AFM was used in this study, the scan size of the test was 

about 50 µm and the scan rate was 0.5 Hz.

1.3 Electrochemical test

Tungsten heavy alloy was used as the working electrode and 

platinum rod as the counter electrode. Before each experiment, 

the exposed area of the working electrode was polished using 

SiC papers to grade 1200#, then washed with deionized water 

and dried. Then, the sides of the samples were painted by 

lacquer, in order to avoid any reaction with these surfaces and 

the crevice’s corrosion. A saturated calomel electrode (SCE) 

was used as the reference electrode. The electrolytes were DI 

water or 0.6 mol/L HCl solution. Then, the polarisation test was 

started by first finding the open circuit potential (OCP), and 

after that by starting the cyclic sweep to find the Tafel line.

1.4 Immersion test

For the immersion test, specimens of 7.5 mm×15 mm 

rectangular were fabricated. The specimen was polished using 

SiC papers to grade 2400# without any scratch, then washed 

with deionized water and dried. The sides of the samples were 

also painted using lacquer, to ensure that there was no contact 

with the solution. The two different types of WHAs specimens 

were placed in separate beakers containing 200 mL DI water 

or 0.6 mol/L HCl solution. The setup was left for 20 d under 

the common experiment condition. In order to prevent 

evaporation of solution, the beaker was covered with a plastic 

wrap. After 20 d of immersion test, the samples were placed in 

a vacuum environment and then analysed by scanning electron 

microscopy (SEM) and energy dispersive spectroscopy (EDS). 

In addition, for the SEM and EDX analysis, a ZEISS SIGMA 

field emission scanning electron microscope fitted with an 

Oxford EDS system was used, and the acceleration voltage 

was 15 kV in this study.

2  Results and Discussion

2.1 Microstructure characteristics

Fig.1 shows the SEM images of the microstructures on the 

surface of the W-Ni-Cu alloy. This typically sintered alloy is 

characterized by spherical tungsten particles which are

embedded in Ni-Cu binder phase. The W particle size varies

from 10 µm to 50 µm, with an average size of about 30 µm. 

The particle size of tungsten varies due to the liquid phase 

sintering time, according to a study done by Shen et al

[15]

.

The high magnification of the W phase and binder phase is 

shown in Fig.1b. A perfectly joint interface is noticed between 

W phase and Ni-Cu phase, and there is no intermetallic 

precipitate at tungsten or binder phases; these results are 

similar to those by Muddle et al’s study

[16]

. Furthermore, it is 

 

Fig.1  SEM images on the surface of the W-Ni-Cu alloy
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noted that almost no small pores could be observed. At

liquid-phase sintering stage, sintering temperature factor and 

time factor determine the number and size of pores in alloys. 

Shen et al. indicated that the porosity gradually decreases with 

an increase in sintering time

[15]

. Thus, the improvement of 

sintering temperature would reduce the porosity.

Fig.2 shows the line-scan EDS result for the selected area in 

Fig.1b. A certain amount of tungsten is dissolved in the binder 

phase. In W-rich phase, the solubility of Cu/Ni is quite low 

and it can be negligible. In binder phase, the solubility of W is 

higher, especially on the right area. The solubility of W in 

binder phase depends on sintering temperature, as found in the 

study by Mondal et al.

[17]

 Elements Ni and Cu are not 

distributed evenly in binder phase, the amount of Ni is higher 

in bright right area and the amount of Cu is higher in dark left

area with a small amount of W. This is due to low solubility of 

the W in Cu. According to Mondal et al’s study

[17]

, the amount 

of W dissolving in the Cu is about 0.04 wt%, which is quite 

insignificant and could be negligible, and the solubility of W 

in Ni is around 40 wt%. The XRD result indicates that the two 

phases can be identified; the bcc structured W phase and the 

fcc structured Ni-Cu phase, as seen in Fig.3.

Fig.4 shows the SEM images on the surface of the W-Ni-Fe 

alloy. The W particles are spherical in shape and different in 

size. Compared to W-Ni-Cu alloy, distribution of tungsten

Fig.2  EDS result of the line scan (a) for selected area in Fig.1b (b)

Fig.3  XRD pattern of the W-Ni-Cu alloy

Fig.4  SEM images on the surface of the W-Ni-Fe alloy

phase is more intensive in W-Ni-Fe alloy, because of the 

higher amount of W in alloy. From Fig.4b, it is evident that no 

intermediate phase could be identified between W phase and 

Ni-Fe phase; a similar observation was made by Zhu et al

[18]

.

  Fig.5 shows line-scan EDS result for the selected area in 

Fig.4b, which indicates the amount of W and Ni-Fe dissolving 

in each phase. It is clear that the amount of either Ni or Fe in 

the W phase is quite small. On the other hand, the amount of 

W dissolving in binder phase is higher, as a similar result was 

noted by Zhu et al. where W solubility in Ni-Fe phase was 

around 22 wt%

[18]

.

In Fig.5, the amount of each element between two phases 

has a sharp change, which indicates that interfacial phase does 

not exist between the W phase and Ni-Fe phase.

According to the XRD result, there are only two phases in 

the alloy, the bcc structured W phase and the fcc structured 

Ni-Fe phase, as shown in Fig.6.

Fig.5  EDS result of the line scan (a) for selected area in Fig.4b (b)
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Fig.6  XRD pattern of the W-Ni-Fe alloy

2.2 Surface potential measurement

Fig.7 shows the surface potential map of W-Ni-Cu alloy. It 

is clear that the surface has two different regions: spherical 

regions are W phase area and the other region is binder phase 

area; the colour bar shows the difference in potential. Due to 

the difference in potentials of different phases, the WHAs 

alloys would generate galvanic corrosion in the electrolyte. 

According to the different values of potentials in different 

phases, anodic phase and cathodic phase could be identified.

Fig.8 indicates the potential line scan of W-Ni-Cu alloy for the

Fig.7  Surface potential map of W-Ni-Cu alloy

Fig.8  Potential line scan of W-Ni-Cu alloy for the selected line

in Fig.7

selected line in Fig.7. It can be seen clearly that the potential 

of W phase is lower than binder phase, thus large area of W 

phase would be anode and would cathodically protect the 

binder phase (small area) in the alloy, and corrosion would 

mostly appear on the tungsten particles. Therefore, oxide of 

tungsten will be the major corrosion product in the DI water 

with a few binder elements.

  The topography of W-Ni-Fe alloy is illustrated in Fig.9. As 

seen clearly from Fig.10 which measures the potential 

difference, W phase has higher potential than binder (Ni-Fe) 

phase. Thus, the small area of binder phase would be anode

and expected to corrode first while large area of cathodic 

tungsten phase should be little influenced. The corrosion 

products mainly consist of compounds of nickel and iron 

because the binder phase suffers attack first.

Compared to these two WHAs alloys, the attack would be 

on the W particles in the W-Ni-Cu alloy. For W-Ni-Fe alloy, 

binder phase would be corroded first when it generated 

gal vanic corrosion in solution.

2.3 Electrochemical test

Fig.11 is the polarization curves of the W-Ni-Cu and W-Ni-

Fe sample in DI water and 0.6 mol/L HCl solutions. The 

results indicate that W-Ni-Cu and W-Ni-Fe alloys suffer from 

corrosion to a certain extent at different levels of the pH value. 

It is obvious that pH value plays a significant role in determi-

Fig.9  Surface potential map of W-Ni-Fe alloy

Fig.10  Potential line scan of W-Ni-Fe alloy for the selected line

in Fig.9
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Fig.11  Polarization curves of W-Ni-Cu and W-Ni-Fe alloys in two 

different solutions (DI water and 0.6 mol/L HCl)

ning the corrosion rate of these alloys. Hydrogen ion could 

react with the surface of the alloys at the low pH value, which 

could change the corrosion rate to different levels. Both 

W-Ni-Cu and W-Ni-Fe alloys have higher corrosion rate in 0.6

mol/L HCl than in DI water, as shown in Table 1.

The following results are acquired using linear sweep 

voltammetry, as shown in Table 1. The two types of WHAs 

show the relatively lower corrosion rates in DI water. The 

corrosion performance of the WHAs in DI water is normally 

controlled by their chemical composition. It is clear that the 

corrosion rate of the W-Ni-Fe alloy is higher than that of 

W-Ni-Cu alloy, which means W-Ni-Cu alloy is less suscep-

tible to galvanic corrosion in DI water. This may be due to the 

relatively high solubility of W in Ni phase as also found in the 

study by Ogundipe et al

[19]

. When the amount of dissolving W 

in binder phase is higher, it decreases the difference in 

electrode potential between the binder phase and the W phase, 

thus reducing corrosion rate. The amount of Ni in W-Ni-Cu 

alloy is higher than that in W-Ni-Fe alloy, and thus W-Ni-Cu 

alloy has lower corrosion rate in DI water. On the other hand, Fe 

could reduce the solubility of W in binder phase

[20]

, which leads 

to a large difference in electrode potential between two phases; 

as a result, there is a higher susceptibility to galvanic corrosion. 

In 0.6 mol/L HCl solution, W-Ni-Cu alloy has higher 

Table 1  Corrosion current density, Tafel slopes and corrosion

rates for potentiodynamic polarization

logi

corr

i

corr

/×10

-7

A·cm

-2

E

corr

/V

CR/

mm·a

-1 

WNiCu-DI

water

–6.3993 3.9875 –0.1572 0.0021782

WNiFe-DI

water

–6.1208 7.5718 –0.1673 0.0040450

WNiCu-

0.6 mol/L HCl

–5.2954 50.652 –0.1773 0.0276700

WNiFe-

0.6 mol/L HCl

–5.3725 42.413 –0.2298 0.0226576

corrosion rate than W-Ni-Fe alloy, which may be due to high 

potential difference between the W phase and the Ni-Cu phase, 

and W-Ni-Cu alloy is more susceptible to galvanic corrosion. 

Therefore, W-Ni-Cu alloy has relatively high corrosion rate.

The values of anodic and cathodic Tafel slopes were 

determined using Tafel extrapolation technique. Corrosion rate 

was also calculated using the equation below:

CR=Mi/nFρ       (1)

where CR is the corrosion rate, M is the molecular mass, i is 

the current density, n is the number of lost electrons, F is the 

Farday constant, and ρ is the density of metal.

2.4 Immersion test

2.4.1 Immersion test in DI water

Fig.12 and 13 show the microstructures of W-Ni-Cu and 

W-Ni-Fe alloys, respectively after 20 d in DI water. It is 

obvious that the corrosion of W-Ni-Cu alloy begins in the W 

phase, and the surface of tungsten particle is very rough and 

binder phase is smooth, as shown in Fig.12a. This result 

corresponds to the AFM result, which indicates the W phase is 

anode and it will corrode first. Some W particles are 

completely dissolved in the solution, and binder phase area 

appears to have many small holes, where small W particles 

used to be. Moreover, the collapse occurs in the binder phase; 

this is because W particles which under the binder phase are 

dissolved in the solution, binder phase loses the hol der and 

collapses.

For W-Ni-Fe alloy, it is found that the binder phase gets 

most attack and the W phase has less effects, as seen in Fig.13. 

One interesting finding in these results is that a very thin layer 

has been observed between the W phase and the binder. 

Moreover, AFM result proves this appearance, binder phase is 

anode and tungsten phase is cathode, which indicates that

Fig.12  Microstructures of W-Ni-Cu alloy after 20 d in DI water
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Fig.13  Microstructures of W-Ni-Fe alloy after 20 d in DI water

binder would corrode first. Due to anodic reaction of the 

binder phase, the possible chemical reaction would be:

Fe→Fe

2+

+2e                 (2) 

Ni→Ni

2+

+2e                 (3) 

Fig.13b shows the high magnification of tungsten phase in 

DI water after 20 d. It is noted that some small cracks appear 

on tungsten phase, which would decrease mechanical 

properties of the material.

2.4.2 Immersion test in 0.6 mol/L HCl solution

Fig.14 illustrates the microstructure of the W-Ni-Cu alloy, 

after being immersed for 20 d in 0.6 mol/L HCl solution. It 

can be seen that the binder phase is degraded and W phase is 

not affected. This result is the opposite of the immersion test 

in DI water and is also inconsistent with AFM result.

It is clear to note that binder phase has many small particles, 

which are the products of corrosion reaction between binder

phase and HCl solution. In order to know the component of 

the particles, elemental mapping was made, as shown in 

Fig.15. It can be noticed that most oxygen is concentrated in 

Fig.14  Microstructure of W-Ni-Cu alloy after 20 d in 0.6 mol/L HCl

Fig.15  SEM image (a) and element mapping of W-Ni-Cu after 20 d 

in 0.6 mol/L HCl: (b) W, (c) Ni, (d) O and (e) Cu

the particle pile area and W is concentrated in this area and 

W-rich phase; meanwhile, the Ni and Cu hardly appear on the 

particle pile area. Therefore, these particles are tungsten oxide.

A previous study by Ogundipe et al. found that tungsten 

phase is dissolved and formed spherical crystal products 

which are converse results from this experiment when W-Cu 

alloy is attacked by HCl solution

[19]

. This may be due to 

dif ferent immersion test methods and different binder phases 

in alloy.

For W-Ni-Fe alloy, Fig.16 indicates all the binder phases 

are gone and the positions are occupied by some corrosion 

products where the binder phase used to be. Almost all the 

empty places in binder phase area are replaced by products. It 

is also found that corrosion products grow on tungsten phase.

The elemental mapping of the W-Ni-Fe alloys, after 20 d 

from immersion test in 0.6 mol/L HCl solution, is shown in 

Fig.17. It is apparent to note that binder phase is attacked and 

replaced by products. It is found that the elements Ni and Fe 

are almost gone from the binder phase. In addition, most 

Fig.16  Microstructure of W-Ni-Fe alloy after 20 d in 0.6 mol/L HCl
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Fig.17  SEM image (a) and element mapping of W-Ni-Fe after 20 d 

in 0.6 mol/L HCl: (b) W, (c) Ni, (d) O and (e) Fe

Table 2 EDS result for the point scan selected in Fig.17a (wt%)

O Fe Ni W Total

28.42 0.13 0.00 71.46 100.00

oxygen is concentrated in the corrosion products area and the 

element W also appears in this area. From Table 2, it can be 

seen that corrosion products consist of W and O, with little Fe. 

Meanwhile, the corrosion product has a similar morphology to

WO

3

, as found in the study by Aslam et al

[21]

. Thus, the 

corrosion product may be WO

3

.

  Furthermore, it indicates that binder phase is all dissolved 

in the solution. This may be due to iron reacting easily with 

hydrogen ions, as shown in the reaction equation below: 

Fe + 2H

+

�Fe

2+

 + H

2

     (4) 

Comparing the corrosion performance between two samples 

in 0.6 mol/L HCl solution, binder phase of both samples is 

corroded first. Additionally, they both have the corrosion 

products (tungsten oxide) in the binder phase area. However, 

for W-Ni-Fe alloy, binder phase is all dissolved and empty 

areas are almost fully replaced by tungsten oxide after 20 days 

immersion test. For W-Ni-Cu alloy, binder phase still exists 

after 20 d immersion test, and piles of corrosion products only 

appear in a few binder phase areas.

3  Conclusions

1) There is no intermediate phase identified between W 

phase and binder phase. The solubility of tungsten in binder 

phase is up to around 20wt%, but the solubility of Ni/Cu or 

Ni/Fe in tungsten phase is very low. The phase composition

consists of two phases, bcc W phase and fcc binder phase.

2) The tungsten phase has a lower potential value than 

binder phase in W-Ni-Cu alloy, which means tungsten phase 

would behave as an anode and binder phase as a cathode. 

However, W-Ni-Fe alloy reveals the opposite results.

3) The corrosion rate is affected by pH value. The two types 

of alloys have shown a relatively lower corrosion rate in DI 

water, as compared to 0.6 mol/L HCl solution.

4) There is an effective degradation of tungsten phase in 

W-Ni-Cu alloy when it is immersed in DI water; this is due to 

presence of Cu, which has a relatively high potential value, 

causing galvanic corrosion. For W-Ni-Fe alloy, binder phase 

suffers attack. On the other hand, binder phases of both 

samples are attacked in 0.6 mol/L HCl and they both have the 

corrosion products (tungsten oxide) in the binder phase area.
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