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A B S T R A C T   

Erosion-corrosion behaviour of pure Tantalum (Ta) was investigated using corrosive slurry solutions (pH 4, 7, 
and 10) containing 7 wt% SiC as erodent particles. Tests were carried out using an impinging jet erosion- 
corrosion apparatus with a jet velocity of 5 ms− 1 and at two impact angles (30◦ and 90◦). Under particle 
bombardment conditions, a marked reduction in corrosion resistance offered by Ta was observed amid a sig-
nificant cathodic shift in the ECorr values for all pH values investigated. Results showed that interaction between 
erosion and corrosion was higher under 30◦ impact leading to a higher rate of material removal. On the contrary, 
negative synergism was observed for experimental conditions of normal impact for pH 7 and pH 10. Scanning 
electron microscopy studies revealed typical ductile erosion mechanisms of material removal which consisted of 
dominating micro-cutting for 30◦ and plastic deformation resulting in lip formation for normal impact angle. 
These appeared to be assisted by dissolution of weakened areas and passive layer removal as corrosion mech-
anisms. Potentiostatic erosion-corrosion experiments were utilised for calculation of synergistic and antagonistic 
effects and have been presented in the paper.   

1. Introduction 

Tantalum (Ta) has a high melting point and high corrosion resistance 
owing to its ability to instantaneously grow a non-porous oxide layer, 
mainly Ta2O5, due to a high affinity towards oxygen [1]. In addition, 
with a heavy nucleus, a higher neutron yield and good solid solubility 
with Tungsten (W), it forms a commendable choice of water-cooled 
cladding that is diffusion bonded on spallation targets especially made 
from Tungsten [2–4]. Prima facie, Ta clad W spallation target design 
approach looks promising and is currently being used at ISIS (neutron 
scattering facility at STFC Rutherford Appleton Laboratory (RAL), UK). 
However, the Hot Isostatic Pressing (HIP) diffusion bonded Ta–W 
spallation target is currently experiencing a premature failure that is 
significantly reducing its operation life [5]. 

Apart from being tough and very ductile, the hardness of Ta, 
depending on the route of manufacturing, is in the range of 60–200 HV 
and compares to that of mild steel or age-hardened aluminium alloys 
[6–8]. As a consequence of irradiation, a hardness increase of up to 3 

times as compared to that of unirradiated Ta has also been reported 
[9,10]. With this backdrop, it is possible that, because of irradiation- 
induced stresses, high temperature, embrittlement and or cracking of 
the Ta–W diffusion bonded target or the protective passive oxide layers 
of Ta may occur releasing loose debris in the closed-circuit cooling water 
loop. Previous work at Rutherford Appleton Laboratory (RAL) found 
radioactive isotopes of 172 Lu, 175 Hf, 187 W and 182 Ta in the cooling 
water loop along with its pH value changes [5] suggesting that loose 
solid particles, mainly associated with the disintegration of Ta, may 
have been circulating along with the cooling water. Thus, giving rise to a 
scenario that Ta may have been subjected to aqueous slurry erosion and 
erosion-corrosion conditions. 

Aqueous slurry erosion (solid particles suspended in a liquid) of pure 
Ta, and especially of Ta manufactured via Powder Metallurgy (PM) 
route is poorly understood since very little literature on the erosion of Ta 
exists. A previous publication [8] from the authors carried out a sys-
tematic evaluation of the slurry erosion behaviour of PM-manufactured 
Ta in deionised water (in the absence of corrosion). As anticipated from 
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the hardness values, Ta exhibited a typical ductile material erosion 
response [11,12] with higher erosion rates at an oblique (30◦) impact 
angle rather than at higher impact angles in the range of 60◦ to 90◦. 
Micro-cutting and ploughing resulted in platelets/ lips formation at 
oblique impact angles whereas breakage of lips due to repeated erodent 
particle bombardment at angles close to normal impact was identified as 
the main mechanism of material removal [8]. The mechanism was also 
found to be assisted by the formation of extensive voids/cavities all over 
the eroded surface [8]. 

Aqueous slurry erosion-corrosion (henceforth termed erosion- 
corrosion in the text) can be termed a process of wear involving pro-
gressive loss of material due to the combined action of mechanical 
erosion and chemical corrosion [13]. In erosion-corrosion, there is a 
complex interplay between erosion and corrosion which results in an 
additive effect when erosion enhances corrosion or a synergistic effect 
when corrosion enhances erosion [14–16]. Literature on the slurry 
erosion-corrosion analysis of pure Ta is virtually non-existent and hence 
demands systematic laboratory studies to form the first few building 
blocks (without radiation effects) of the approach to solve the problem 
faced at RAL. This work reports the results of laboratory-based 
impinging jet erosion-corrosion tests performed on pure Ta manufac-
tured via PM route. Accelerated tests have been performed using slurries 
made of SiC abrasive particles and corrosive solutions with different pH 
values. 

2. Experimental 

2.1. Specimens 

Ta samples used in the study were manufactured through the PM 
route. They consisted of cylindrical shaped discs, 30 mm diameter and 5 
mm thick (hardness value of 89 ± 3 HV2), which represents the material 

used for the cladding albeit without the microstructure affected by 
irradiation or by the Hot Isostatic Pressing technique (HIP) used for 
diffusion bonding of Ta cladding to the W target. All samples were 
metallurgically polished to a mirror finish before being subjected to an 
impinging jet of corrosive slurry. Details of the Ta specimen polishing, 
mechanical and microstructural characterisation can be found in the 
previous publication [8]. 

2.2. Impinging jet aqueous erosion-corrosion experiments 

The accelerated slurry erosion-corrosion experiments were per-
formed with the help of an impinging jet erosion-corrosion apparatus 
based at Sheffield Hallam University. Details of the apparatus have been 
included in the previous publication [8]. Depending on the feedback 
from the previous studies, experiments were carried out at two impact 
angles; namely at 30◦ which exhibits a peak in pure slurry erosion rate 
and at 90◦, in ambient conditions (20–22 ◦C temperature). Slurry ve-
locity and concentration were maintained constant at 5 ms− 1 and 
represent an intermediate water circulation rate used for cooling the 

spallation targets at RAL. Slurries were prepared by mixing angular 
Silicon Carbide (SiC) particles of hardness in the range of 22–25 GPa and 
with an average size of 500–710 μm in buffer solutions with a 7 ± 1 wt% 
concentration. Cooling water analysis at the site (RAL) indicated pH 
value changes, from initial value of pH 7 (demineralised water) to acidic 
values with passage of time [5]. However, to gain a comprehensive view 
of the material performance in different corroding conditions, buffer 
solutions with three pH values; namely 4, 7 and 10 were chosen. Table 1 
provides the details of the buffer solutions. The design of the specimen 
holder facilitated exposing a fixed area (0.33 cm2) on a masked sample 
held in front of the exit nozzle (of 6.5 mm diameter) at a distance of 15 
mm. 

A computer-controlled potentiostat (ACM Gill AC) was used to 
maintain and monitor the corrosion response of the specimens under 
simultaneous particle bombardment. A saturated Ag/AgCl electrode was 
used as a Reference Electrode (RE) whereas a graphite rod was used as 
an Auxiliary Electrode (AE) to form a standard 3-electrode electro-
chemical cell with the exposed specimen forming the Working Electrode 
(WE) [17]. All electrochemical potentials reported in this article 
henceforth are with respect to the Ag/AgCl reference electrode. 

In order to analyse the effect of erosion on corrosion, flow corrosion 
experiments (5 ms− 1) were performed with and without particles and 
under potentiodynamic (potential sweep from -1 V to +1 V rate of 0.6 
mVs− 1) and potentiostatic conditions (representing anodic dissolution 
conditions derived from the polarisation curves). All experiments were 
performed according to ASTM G119–09 standard [18] at ambient tem-
peratures (22–24 ◦C), had a fixed duration of 1 h and were repeated 3 
times to analyse their reproducibility. After each experiment, the spec-
imens were dried and weighed using a precision balance with the least 
count of 0.0001 g. The erosion-corrosion rate (Kec) is calculated as 
follows:   

mass loss per sec,mec
(
kg s− 1) = m

/
(3600 x 1000) (1)  

mass loss rate per unit area,Kec = mec/A (2)  

where, 

sample exposed area,A = (π/4) x D2 = 0.332 cm2 (3)  

where D is the sample exposed zone diameter (6.5 mm). 
Combining Eq. 1–3 gives, 

Table 1 
Corrosive solutions used in the erosion-corrosion apparatus.  

Type of solution pH 

0.5 M Citrate Buffer (Citric Acid and Sodium Citrate Dihydrate) 4 
0.5 M Sodium Chloride 7 
0.5 M Carbonate Buffer (Sodium Carbonate and Sodium Bicarbonate) 10  

Table 2 
Operating conditions for erosion, corrosion, and erosion-corrosion tests.   

Erosion Corrosion Erosion-corrosion 

Impact angle (◦) 30, 90 30, 90 30, 90 
Impact velocity 

(ms¡1) 
5 5 5 

SiC 
concentration 
(wt%) 

7 – 7 

Test duration (h) 1 1 1 
Solution 

(0.5 M) 
Deionised 
water 

Citrate buffer, Sodium 
chloride, Carbonate 
buffer 

Citrate buffer, Sodium 
chloride, Carbonate 
buffer 

Temperature (◦C) 22–24 22–24 22–24  

sample mass loss,m (g) = initial sample mass–final sample mass (after 1 h experiment)
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Kec
(
kg m− 2 s− 1) = mec

/(
0.332× 10− 4)

= m
/(

3600× 1000× 0.332× 10− 4)

= m/119.52 

The corrosion current density was obtained from the Tafel plot by 
extrapolating anodic and cathodic branches of the potentiodynamic 
polarisation scan and determining the point of intersection [19]. Table 2 
and Table 3 shows a summary of experimental conditions used in this 
investigation. 

3. Results and discussion 

3.1. Effect of particle bombardment on polarisation curves 

It is well established that wear (mechanical damage caused by par-
ticle bombardment) has a pronounced effect on the corrosion perfor-
mance of passive metals and alloys. The most influential effect, 
depending on the impact energy of particles and properties of the sur-
face in question, is the removal of surface oxides and passive layers 
leading to the exposure of fresh surface beneath it to the corrosive liquid. 
Removal of these protective layers leads to an increment in corrosion 
rate until it repassivates again [13]. 

Fig. 1a shows the polarisation curves obtained when the specimens 
were inclined at 30◦ to the incoming jet (corrosion-only conditions). As 
observed, the pH value of the solution had a significant effect on the 
ECorr value. Among the test conditions employed in this study, the most 
noble ECorr value (− 0.064 ± 0.01 V) was observed when tested against 
Citric buffer solution (pH 4), followed by Sodium carbonate buffer so-
lution (pH 10; ECorr value of − 0.170 ± 0.01 V). The least noble ECorr 
value of − 0.358 ± 0.01 V was observed for 3.5% NaCl solution with a 
pH value of 7. 

Ta surface is characterised by the formation of protective Ta2O5 
passive layers (in the range of a few nanometres, [20]. In this case, Ta 
specimens can be visualised as one possessing a thin coating (few nm) of 
Ta2O5 on the top. Thus, ECorr and corrosion density values recorded in 
this case (corrosion under flow conditions without particles) were of the 
“coated” Ta specimens. Polarisation results suggested that in anodic 
conditions, corrosion of the specimen proceeded either by removal of 
the inherent passive layer by the flowing solution and/or dissolution of 
the passive layer/substrate. 

Fig. 1b shows the polarisation curves obtained during the impinge-
ment of corrosive slurry (impact angle of 30◦). A marked reduction in 
corrosion resistance was observed, wherein a significant cathodic shift 
in the ECorr values (in the range of 400–500 mV) was observed (Table 4) 
for all pH values. This negative shift in the ECorr values could be 
attributed to the removal of the inherent passive layer due to particle 
bombardment and is akin to the negative shift observed in OCP values 
observed for passive metals in tribocorrosive conditions [21]. As the 
anodic potentials increased from − 250 mV to +1000 mV, current den-
sities increased steadily, albeit with little difference in the shape and 
slope of the curves for different pH values. This indicated that material 
removal through particle bombardment (mechanical component) was 
dominating, and it suppressed the repassivation of the surface to a large 
extent. 

Fig. 1c and d show the polarisation curves obtained when the 

Table 3 
Operating parameters for potentiostatic experiments.   

Set potential (mV): 

Impact angle (◦) pH 4 pH 7 pH 10 

30 + 230 - 125 + 111 
90 + 60 - 80 - 35  

Fig. 1. Polarisation curves obtained for Tantalum in pH 4, pH 7, and pH 10 
solutions impinging at 5 ms− 1 velocity (a) without particles at 30◦ impact angle, 
(b) with 7 wt% SiC particles at 30◦ impact angle, (c) without particles at 90◦

impact angle, (d) with 7 wt% SiC particles at 90◦ impact angle. 
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specimens were subjected to corrosive solutions (impinging at 90◦) 
without and with the presence of abrasive particles respectively. A 
similar trend and near similar ECorr values (Fig. 1c), as observed for pure 
corrosion experiments at 30◦ impingement (Fig. 1a) was also observed 
for 90◦ impingement (pure corrosion), suggesting that the impact angle 
did not play a significant role in determining ECorr values in the absence 
of particle bombardment. When under abrasive slurry bombardment 
(Fig. 1d), a significant cathodic shift in the ECorr values (also in the range 
of about 400–500 mV) was also observed for 90◦ impact angle, however, 
the difference in their absolute values for different pH solutions was less 
apparent. Our previous work [8] demonstrated that Ta shows a ductile 
erosion behaviour wherein, the maximum erosion rate was observed at 
low impact angles (30◦) and the erosion rate decreased at higher impact 
angles. The results presented in Fig. 1d showed a clear influence of lower 
erosion rates at near-normal impact angles (for both passive layers and 
the base material) on the anodic current densities and could also be 
attributed to the mixed trends observed in the ECorr values. The results 
suggested that the interaction (synergistic/additive) between erosion 
and corrosion process of material removal due to particle bombardment 
(mechanical component) was lower as compared to 30◦ impact 
conditions. 

In the case of anodic current densities derived from Tafel slopes 
(Table 4), the trend observed was very mixed and unclear. A sharp in-
crease in anodic dissolution corrosion current densities for erosion- 
corrosion as compared to corrosion-only conditions was observed for 
pH 4 and 7 at 30◦ impact. However, at pH 10, a significant reduction of 
corrosion current density as compared to corrosion-only conditions was 
observed and remains unexplained. Similarly, in general, corrosion 

current densities at 90◦ impact (with and without particles) were higher 
for like-to-like conditions as compared to when impacted at 30◦. The 
results suggested that the test geometries may have played a significant 
role in determining corrosion current densities. In corrosion-only con-
ditions, at normal impact, the exposed specimen area would have seen 
the full brunt of the solution with a higher supply of corrosive species as 
compared to the 30◦ impact angle. 

3.2. Erosion-corrosion rate 

In order to investigate the erosion-corrosion rate (Kec) and the effect 
of erosion on corrosion and vice versa, slurry erosion-corrosion as well 
as pure corrosion experiments were also performed at potentiostatic 
conditions (see Table 3) which represented passivating potentials 
(derived from the polarisation curves obtained for different pH values 
and impact angles, see Fig. 1). Pure erosion rates were derived from 
slurry erosion experiments performed in deionised water. 

Fig. 2 shows the total erosion-corrosion rate (Kec) obtained as a 
function of pH value and impact angles. As anticipated, Kec values show 
a clear and strong dependency on impact angles, wherein an impact 
angle of 30◦ resulted in a higher Kec rate as compared to the normal 
impact angle, and was in agreement with the ductile erosion behaviour 
of the same material (Ta manufactured through PM route) reported 
earlier [8]. The results for the 30◦ impact angle also exhibited a de-
pendency on the pH value. The Kec values for pH 7 and 10 were found to 
be lower as compared to pH 4. The significant rise in Kec value (Kec =

3.47 ± 0.2 × 10− 5) for pH 4 is noticeable, especially when under pure 
corrosion conditions, this pH value had the most noble ECorr value 
(Fig. 1a). However, under passivating conditions, it also exhibited 
higher current densities under particle bombardment (potentials of 230 
mV, Fig. 1b). These results indicate that the passive layer(s) formed in 
the potentials (range of − 150 mV to 250 mV employed in this study) for 
pH 4 was inadequate in providing enough corrosion protection; was 
either porous or mechanically weak and was easily removed by particle 
bombardment. The Kec value for pH 7 and pH 10 were in a similar range 
(Kec = 2.27 ± 0.1 × 10− 5 and 1.98 ± 0.1 × 10− 5) suggesting that passive 
layers formed under these conditions had similar electrochemical and 
physiomechanical properties. As a comparison, the mass loss due to 
erosion-corrosion was 3.3 times higher for pH 4, 2.2 times higher for pH 
7 and 1.9 times higher for pH 10 than for pure slurry erosion conditions 
(mass loss values derived from the previous work conducted and pre-
sented in [8]). 

The dependency of Kec on pH for a 90◦ impact angle was less pro-
nounced. At low impact angles (< 45◦) the cutting mechanism domi-
nates which results in higher removal of the material. For higher and 

Table 4 
Mean corrosion potentials and current densities obtained from polarisation 
curves at different pH and impact angles.  

Operating parameters pH Corrosion potential 
Ecorr (V) 

Corrosion current density 
icorr (μA cm− 2) 

30◦, No SiC 
4 − 0.064 ± 0.01 9 ± 1.70 
7 − 0.358 ± 0.03 17 ± 1.99 
10 − 0.170 ± 0.01 163 ± 0.91 

30◦, 7 wt% SiC 
4 − 0.593 ± 0.08 23 ± 2.49 
7 − 0.780 ± 0.01 57 ± 4.99 
10 − 0.871 ± 0.01 36 ± 2.94 

90◦, No SiC 
4 − 0.127 ± 0.03 24 ± 1.89 
7 − 0.376 ± 0.02 66 ± 0.80 
10 − 0.260 ± 0.02 116 ± 2.45 

90◦, 7 wt% SiC 
4 − 0.680 ± 0.01 33 ± 1.70 
7 − 0.763 ± 0.01 60 ± 5.35 
10 − 0.709 ± 0.02 15 ± 2.05  

Fig. 2. Variation of Ta erosion-corrosion rate with various pH solutions at oblique and normal impact.  
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normal impact angles plastic deformation dominates, wherein repeated 
impacts are needed to dislodge material eventually by fatigue or fracture 
[11,22,23]. Also, a large amount of impact energy transfer could have 
led to a work-hardening effect [24]. Thus, the results from this study 
suggested that erosion of the surface layer(s), which includes any pas-
sive layers formed, was more efficient at a 30◦ impact angle than at 90◦. 
Accordingly, Kec values at 90◦ indicated a low dependency on pH value 
and that, damage induced by the bombarding particles was insufficient 
to remove the surface layers proficiently, thus reducing the interaction 
between erosion and corrosion. The results of potentiostatic experiments 
corresponded well with the polarisation experiments (Fig. 1). Unlike 
observed for 30◦ impact, the erosion-corrosion rate measured was 
almost similar to pure slurry erosion conditions for all respective pH 
values. 

3.3. Erosion-corrosion mechanisms 

The Fig. 3 shows SEM images of the wear scars after erosion- 
corrosion experiments when bombarded at 30◦ and 90◦ impact angles 
for the three pH solution slurries. Fig. 3a (pH 4), 3c (pH 7) and 3e (pH 
10) show that scars were created when the particle impact angle was 30◦

whereas Figs. 3b (pH 4), 3d (pH 7) and 3f (pH 10) were created when the 
surface was impinged at 90◦. 

As a general consensus, the surface features observed on the wear 
scars were similar to those reported earlier for pure erosion of Ta [8] and 
frequently reported for ductile materials. No large scale grain 
dislodgement due to erosion or erosion assisted corrosion or vice versa 
and features associated with macro scale pitting was observed under any 
experimental set of conditions. As anticipated, the wear scars at 30◦

impact angles consisted of features such as extruded lips formed as a 

Fig. 3. SEM images of Ta after erosion-corrosion from various pH solution slurries (7 wt% SiC) at a jet velocity of 5 ms− 1 at (a) 30◦ impact, pH 4 (b) 90◦ impact, pH 4 
(c) 30◦ impact, pH 7 (d) 90◦ impact, pH 7 (e) 30◦ impact, pH 10 (f) 90◦ impact, pH 10. 
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result of ploughing action, as well as marks resembling Type-1 and Type- 
2 micro-cutting action [7]. The scars also exhibited extensive micro- 
sized voids and micro pitting resulting from the grain boundary 
sliding usually associated with lower strain rates [8]. Coalescence of 
these voids, lip fracture due to repeated particle impacts as well as grain 
dislodgement appeared to be the dominant material removal mechanism 
as far as the mechanical component was involved [8]. The pH value did 
not have a significant effect on these fundamentally, however, the wear 
scar for pH 4 (Fig. 3a) appeared a lot smoother compared to scars of pH 7 
and 10 (both had near similar roughness, Fig. 3c and e respectively). 
Thus, an accelerated dissolution of the already weakened areas may 
have assisted the mechanical action of bombarding particles in dis-
lodging the strained feature leading to a smoother finish (electro-
polishing effect). 

At 90◦ of impact angle, the wear scars showed typical features such 
as hills and valleys formed due to plastic deformation and breakage of 
extruded lips as reported earlier for Ta [8] and ductile type erosion of 
materials. The appearance of wear scar (roughness and extent of fea-
tures) did not show any correlation with the pH value of the solutions. 
Extensive and ubiquitous micro-voids and pitting as was observed at 30◦

impact angle, were also visible for scars created at 90◦ of impact. Since 
the number, shape and sizes of the microvoids and pits formed in the 
wear scar were similar to those observed for pure erosion [8], for both 
impact angles and all solutions, the role of corrosion in their formation is 
very unclear. 

3.4. Synergy 

As a result of these effects between the mechanisms of erosion and 
corrosion, the total material loss can be higher than the sum of material 
loss due to each mechanism acting separately [16,25–27]. The synergy 
(ΔKec), which represents the enhanced wear rate of the material due to 
the unified action between erosion and corrosion [15], can be derived 
numerically using Eq. (4): 

ΔKec = Kec–(Keo +Kco) (4)  

where Kec is the total wear rate due to erosion-corrosion, Keo is the 
erosion rate due to pure erosion (i.e. with no corrosion contribution), Kco 
is the wear rate due to pure corrosion (i.e. with no erosion contribution). 

The wear rate (synergy) ΔKec can be positive [24,28–30] or negative 
[31–33] and it is represented further using Eq. (5): 

ΔKec = ΔKe +ΔKc (5)  

where ΔKe is the corrosion enhanced erosion rate (synergistic effect) and 
ΔKc is the erosion enhanced corrosion rate (additive effect). 

The Fig. 4 shows the synergy rate (ΔKec) calculated from eq. (4) for 
30◦ and 90◦ impacts of various corrosive solutions. A significant positive 
synergy rate (expressed as kg m− 2 s− 1) was observed for an impact angle 
of 30◦ at pH 4 (2.44 × 10− 5) which dropped for pH 7 (1.23 × 10− 5) 
followed by a further reduction for pH 10 (8.89 × 10− 6). In comparison, 
the synergy rate was an order of magnitude lower for a 90◦ impact angle 
for pH 4 (3.19 × 10− 6) and two orders of magnitude lower for pH 10 
(− 1.10 × 10− 6). For both pH 7 and pH 10, the corrosion appeared to 
have an antagonistic effect with negative synergy rates of − 1.78 × 10− 7 

and − 1.10 × 10− 6 respectively. 
The previous studies suggested that in an acidic solution the oxide 

film forms on the Ta surface according to the following electrochemical 
reaction [34–36], 

2 Ta+ 5 H2O➔Ta2O5 + 10 H+ + 10 e− (6) 

In alkaline solutions, on the Ta surface, the oxide layer formation 
takes place due to the following electrochemical reaction [34,37,38], 

2 Ta+ 10 OH− ➔Ta2O5 + 5 H2O+ 10 e− (7) 

This Tantalum pentoxide (Ta2O5) layer provides passivity to the Ta 
surface under various electrode potentials [34]. Under pH 7 and pH 10, 
at an impact angle and velocity of 90◦ and 5 ms− 1 respectively, these 
results suggest that the impact energy of the particles and the erosion 
mechanisms involved were insufficient to remove the protective layers 
present/formed on the Ta surface and that the rate of formation of this 
layer was higher than its rate of removal. As such, this oxide layer could 
have provided resistance to erosion by the impinging particles to some 
extent. In sharp contrast to the negative synergies of pH 7 and pH 10 
solutions, a relatively high positive synergy rate at pH 4 suggested a 
weaker surface protection. 

Fig. 5 and Fig. 6 show erosion enhanced corrosion rate and corrosion 
enhanced erosion rate respectively for various pH solutions at oblique 
and normal impact. The results suggested that for normal impact, the 
erosion enhanced corrosion rate (ΔKc) values were higher than the 
corrosion enhanced erosion rate (ΔKe) values in various pH solutions. At 
oblique impact, ΔKe values were considerably higher than ΔKc values in 
all solutions. In Fig. 5 the additive effect (erosion enhanced corrosion 
rate, ΔKc) decreased as the solution became more alkaline at both 30◦

and 90◦ impact angles. The suppressed erosion enhanced corrosion rate 
is due to the formation of protective surface layers on Ta in alkaline 
solutions as discussed earlier due to the quick repassivation of the 
freshly exposed areas (and thickening of undisturbed passive layers). 
Under both impact angles, the synergistic effect, or the corrosion 
enhanced erosion rate (ΔKe) follows a similar trend as that of variation 
in synergy rate (Fig. 4) of decrease in value as the solution became more 
alkaline from pH 4 to pH 10. 

2.44E-05

1.23E-05

8.89E-06

3.19E-06

-1.78E-07 -1.10E-06

-3.0E-06

2.0E-06

7.0E-06

1.2E-05

1.7E-05

2.2E-05

2.7E-05

Fig. 4. Effect of synergy in Ta erosion-corrosion with various pH solutions at oblique and normal impact.  
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Based on the overall synergy rate (ΔKec) and its contribution through 
additive effect (ΔKc) and synergistic effect (ΔKe), a brief table summa-
rising the dominant contributor of synergy rate in the erosion-corrosion 
of Ta is shown in Table 5. 

4. Conclusions 

The effect of pH and impact angles on the slurry erosion-corrosion 
behaviour of pure Tantalum (manufactured through PM route) was 
studied in various corrosive solutions and the following conclusions can 
be drawn:  

1. A marked diminution in the ECorr values (in the range of 400–500 
mV) and hence in the corrosion resistance of Ta was observed under 
the conditions of particle bombardment.  

2. Irrespective of the type of corrosive solution (employed in this 
study), erosion-corrosion rate obtained at 30◦ impact angle was more 
than two times than at 90◦ impact angle. Erosion-corrosion rate was 
higher at pH 4 as compared to that at pH 7 and pH 10.  

3. The erosion-corrosion mechanisms observed consisted of dominating 
micro-cutting at 30◦ impact angle. For normal impact angle, plastic 
deformation leading to lip formation followed by their removal by 
further particle impacts was found dominating. The corrosion 
mechanisms included dissolution of the weakened areas due to 

Fig. 5. Ta erosion enhanced corrosion rate in various pH solutions at oblique and normal impact.  

Fig. 6. Ta corrosion enhanced erosion rate in various pH solutions at oblique and normal impact.  

Table 5 
Summary of calculated mean erosion-corrosion parameters and major contributors of synergy rate (ΔKec).  

Impact angle 
(◦) 

pH Kec 

(kg m− 2 s− 1) 
x 10− 5 

ΔKec 

(kg m− 2 s− 1) 
x 10− 5 

ΔKc 

(kg m− 2 s− 1) 
x 10− 5 

ΔKe 

(kg m− 2 s− 1) 
x 10− 5 

Major 
Contributor 
(ΔKc or ΔKe) 

30 4 3.47 ± 0.2 2.44 1.03 ± 0.2 1.41 Synergistic effect (ΔKe) 

7 2.27 ± 0.08 1.24 0.32 ± 0.04 0.92 
Synergistic 
effect (ΔKe) 

10 1.98 ± 0.1 0.89 0.07 ± 0.004 0.82 
Synergistic 
effect (ΔKe)  

90 

4 1.22 ± 0.2 0.32 0.20 ± 0.01 0.12 Additive 
effect (ΔKc) 

7 0.90 ± 0.06 − 0.02 0.05 ± 0.005 − 0.07 Antagonistic effect (− ΔKe) 
10 0.83 ± 0.03 − 0.11 0.03 ± 0.003 − 0.14 Antagonistic effect (− ΔKe)  
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plastic deformation in anodic potentials and a continuous removal/ 
formation of passive layers in the passivating potentials.  

4. An additive effect (erosion enhanced corrosion rate) was evident at 
normal impact for pH 4. The antagonistic effect (impairment of 
erosion by corrosion) was observed for normal impact in pH 7 and 
pH 10 solutions. The synergistic effect (corrosion enhanced erosion 
rate) was evident at 30◦ impact irrespective of pH value. 
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