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A B S T R A C T   

Frequent premature failure of the ISIS spallation neutron source target prompted the investigation of previously 
unexplored aqueous slurry erosion response of pure tantalum (Ta) with an overarching aim to improve the 
service life of the target; hence, reducing the disposal of radioactive waste. Understanding such response of Ta is 
highly significant to many other applications such as nuclear and chemical processing. 

In this study, powder-metallurgically manufactured pure Ta was investigated with the help of an impinging jet 
aqueous slurry erosion apparatus using silicon carbide particles at a range of concentration, impact velocity, and 
incident angle. Results revealed a unique material removal mechanism consisting formation of extensive voids/ 
cavities all over the eroded surface. These mechanisms are discussed considering the theories of solid particle 
erosion and the grain boundary sliding behaviour of Ta under localised indentation loading.   

1. Introduction 

1.1. Background and relevance 

Tantalum (Ta) is a refractory metal with a high density of 16.67 
gcm− 3, room temperature ductility (more than 20% tensile elongation) 
and extremely high corrosion resistance [1,2]. Approximately 900,000 
kg of Ta is consumed annually worldwide in applications such as elec-
tronics, high-temperature ballistics, chemical processing, nuclear and 
biomedical [3]. Pure Ta is also used for manufacturing Ta cladded 
tungsten (W) neutron spallation source targets used by many neutron 
scattering facilities worldwide, including the ISIS facilities at Rutherford 
Appleton Laboratory (RAL) [4–8]. The Ta used in this application is 
manufactured via the powder metallurgy (PM) route, and it is bonded to 
the W target core by hot isostatic pressing [4,7]. The high melting point, 
high corrosion resistance and heavy nucleus make it one of the most 
popular choices for this application. 

In many of the above applications, Ta may experience surface 
degradation and wear due to abrasive slurries. At RAL, the deionised 
water loop of the ISIS spallation target has been reported to experience a 
change in pH and contamination from radioactive isotopes of Ta/W (and 
many other transmuted isotopes) during its operation [9]. It is 

speculated that these contaminants, generated due to a combination of 
corrosion, erosion, and erosion-corrosion phenomena, lead to further 
degradation of the Ta cladding. This vicious cycle, eventually, is sus-
pected to be responsible for the target premature failure under 2 years 
compared to its estimated lifetime of around 5 years. The operating 
condition makes the target radioactive; thereby leads to a further 
problem associated with target decommissioning and radioactive waste 
disposal. This demanded a thorough investigation of the erosion, 
corrosion and erosion-corrosion response of powder metallurgically 
manufactured Ta, which currently is less understood. 

Solid particle erosion, under both aqueous slurry and dry conditions, 
has been extensively studied for most ductile and brittle materials 
[10–12]. However, aqueous slurry erosion response of Ta has not been 
explored sufficiently except for a publication available on water erosion 
[13]. Additionally, published erosion data is primarily available for 
metals synthesised via the melting and casting route, which may not 
relate to pure Ta manufactured via PM route. Components manufac-
tured via PM route, depending on the powder size, compacting pres-
sures, and sintering temperatures, may have non-uniform 
microstructures, differing grain sizes and porosity resulting in aniso-
tropic mechanical properties [14,15]. As a result, it’s response to slurry 
erosion (that involved microscopic events such as plastic deformation, 
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fracture, and cracking) may show a variation as compared to the 
microstructure of components manufactured via the melting and casting 
route. 

1.2. Solid particle erosion 

It is now well known that solid particle erosion resistance is not an 
intrinsic material property; it depends on the operating conditions used. 
Process parameters, such as erodent shape and size, impact velocity, 
slurry concentration and impingement angle, are known to influence 
erosion rate significantly [16,17]. 

Material removal mechanism in solid particle erosion has been 
extensively studied for ductile and brittle materials in various operating 
conditions, including at different impingement angles [11,18]. At 
normal impact angles, solid particle erosion of ductile material is caused 
by local plastic deformation of the substrate and eventual removal of the 
deformed material by repeated erodent impacts [19–21]. One of the 
well-perceived theories for the material removal mechanism at normal 
impact angles is based on the removal of extruded ‘‘lips” of the deformed 
substrate in the form of platelets [20–22]. Each indenting erodent will 
cause a localised plastically deformed zone which, depending on the 
contact conditions, can lead to the formation of a crater with extruded 
lips all along its rim. These lips are removed by the subsequent erodent 
impacts sufficient to meet the failure strain requirement [21]. In 
contrast, at oblique impact angles, the mechanism has been well 
accepted to be based on ploughing and cutting, and the cutting mech-
anism can be of Type-1 and Type-2 [17]. 

1.3. Present work 

Due to virtually no published data, this study aimed to systematically 
investigate the slurry erosion behaviour of pure Ta manufactured via PM 
route. As the slurry consisted of deionised water and SiC particles, 
corrosion effects have not been considered in this study. 

The objectives of the study were to investigate the rate of erosion as a 
function of different process parameters, i.e., slurry concentration, 
particle geometry, velocity, and impact angle. The objectives also 
included a detailed wear scar analysis to understand the material 
removal mechanism for normal and oblique impact erosion. This in-
formation would be crucial for accurate modelling of the complex 
erosion process. In addition, this study will feed forward into the suc-
cessive investigation to be conducted on the aqueous erosion-corrosion 
behaviour of the Ta (under more aggressive medium with different pH 
values). 

2. Experimentation 

2.1. Materials and characterisation 

The tantalum (Ta) specimens of 30 mm diameter and 5 mm thick 
used in this study were obtained from Rutherford Appleton Laboratory 
(RAL), UK. These samples were 99.9% pure Ta manufactured via PM 
route. The samples were cut from an unused ISIS spallation target made 
of hot isostatically pressed pure Ta cladded to a tungsten (W) core; the 
design and manufacturing of the tantalum-clad tungsten spallation 
target have been presented elsewhere [4]. 

The Ta microstructural grain size, see Table 2, was measured by the 
linear intercept method using Image J software according to ASTM 
E112-12 [23]. 

X-Ray Diffraction (XRD) studies (Fig. 4) were performed using an 
Empyrean X-ray diffractometer (Malvern Panalytical, the Netherlands) 
using a Co-Kα X-ray source (λ = 1.79 Å). The voltage and current were 
40 kV and 30 mA, respectively. The samples were scanned using a Bragg- 
Brentano geometry (2θ = 20◦-120◦) with a step size of 0.013 (◦2θ) and 
step time of 34.17s. The crystallite sizes within the grains, see Table 2, 
were calculated by the Scherrer equation by measuring the peak 

broadening at half the maximum intensity (FWHM) using the X’Pert 
Highscore Plus software. 

The hardness of the Ta test sample, see Table 2, was measured using a 
Vickers micro-hardness tester (Duramin Struers-40 AC3, Struers LLC, 
United States). A matrix of 25 indents (area of 25 mm × 25 mm) was 
utilised to measure the hardness value. The Young’s modulus of the Ta 
sample was measured in a nano indentation tester (CSM Instruments SA) 
using Berkovich indenter, and the value is shown in Table 2. 

The density of the Ta specimen was measured using the displacement 
method in distilled water, and the value obtained was 16.65 gcm− 3. This 
value is 99.9% of the theoretical density of Ta, 16.67 gcm− 3 [24]. 

The test specimens were metallographically polished involving 
grinding using SiC emery papers up to 2500 grit, followed by fine pol-
ishing using colloidal silica suspension fluid to obtain a mirror like 
finish. These polished samples were then etched using etchant (30% 
HNO3 of 48% strength + 70% HF of 48% strength) through the im-
mersion process (45 s To 2 min) to reveal the microstructure. An optical 
microscope (Olympus BX51 M, Japan) was used to image surfaces 
appropriately, whereas Scanning Electron Microscope (SEM) imaging 
was performed using Quanta 650 and NOVA-NANOSEM (FEI, The 
Netherlands) electron microscopes. Erosion experiments were per-
formed on the mirror-like finish polished surfaces. An electronic mi-
crobalance (Ohaus PA114C, Fisher Scientific, UK) having the least count 
of 0.0001 mg was used to measure the mass loss of eroded samples in 
each experiment. 

For comparison, aqueous slurry erosion studies were also performed 
on Aluminium (Al) (99.9% pure) specimens of 30 mm diameter by 5 mm 
thick. Pure Al was chosen as it is one of the most researched metals from 
the erosion point of view, with a greater consensus on its performance 
and erosion mechanisms. The Al samples were manufactured via the 
melting and casting route with a measured density of 2.7 gm. cc− 1 and a 
hardness of 100 HV5. 

2.2. Slurry erosion testing 

The slurry erosion testing was conducted on an impinging jet 
aqueous erosion-corrosion apparatus developed at the National HIPIMS 
Technology Centre based at Sheffield Hallam University, UK. The 
apparatus is based on the principle of an impinging jet system reported 
by Zu et al. [25] and Purandare et al. [26]. The schematic of the 
impinging jet erosion-corrosion test apparatus is shown in Fig. 1. The rig 
consists of a slurry chamber (inner tank consisting of abrasive erodent 
particles with test solution) and an outer tank referred to as the solution 
chamber. Due to the Venturi effect, slurry from the slurry chamber is 
syphoned into the ejector, which then mixes with the test solution 
entering the ejector through the inlet nozzle. This mixture is then forced 
out through the ejector and bombarded the specimen placed directly in 
front of the exit nozzle. After striking the specimen, the erodent particles 
return to the ‘fluidised’ slurry chamber whereas the excess solution is 
returned to the solution chamber and then to the pumps after passing 
through a series of mesh filters. Thus, a consistent velocity (±5% of the 
set value) and concentration of particles in the slurry (±2 wt% of the 
desired value) can be maintained throughout the stipulated test time. A 
dedicated specimen holder, which can be rotated around its horizontal 
axis facilitates exposure of a selected area of the specimen surface to the 
impinging jet at different angles ranging from 20◦ to 90◦. 

2.3. Experimental matrix and its description 

In order to thoroughly investigate the erosion behaviour of the Ta 
specimens, a large experimental matrix consisting of different impact 
angles, slurry concentration and impact velocity was chosen. Table 1 
provides these experimental parameters in detail. The diameter of the 
exit nozzle was 6.5 mm and the distance between the specimen surface 
and the exit nozzle was maintained at 15 mm, whereas the solution was 
at ambient temperatures (22–24 ◦C) for all the experiments. 
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Three sets of experiments were conducted for slurry erosion of the Ta 
specimens. In Set-1, using the SiC slurry concentration of 10 wt% and 
impact velocity of 5 ms− 1, the erosion rates of Ta were measured at 
different particle impact angles of 20◦, 30◦, 45◦, 60◦, and 90◦; it revealed 
a peak erosion rate at 30◦ impact angles. In Set-2, using impact velocity 
of 5 ms− 1, the erosion rates of Ta were measured using different SiC 
slurry concentrations (wt. % - 3, 5, 7, and 10%) at both 30◦and 90◦

impact angles; it revealed a peak erosion rate at 7 wt% slurry concen-
tration. In Set-3, using the SiC slurry concentration of 7 wt%, the erosion 
rates of Ta were measured at different velocities (5, 4, and 3 ms− 1) at 
both 30◦and 90◦ impact angles. For comparison, the erosion rates of Al 
samples were measured at 30◦ and 90◦ impact angles using the SiC slurry 
concentration of 7 wt% and impact velocity of 5 ms− 1. 

For each experiment, specimens were carefully washed with Indus-
trial Methylated Spirit (IMS), followed by deionised water and then hot 
air dried (using a handheld drier) before being measured on the elec-
tronic balance. Each erosion experiment lasted for 1 h and experiment at 
the particular condition was repeated three times for measuring the 
repeatability. An average of 4 mass loss readings was considered from a 
total of 6 measurements - first and last readings were ignored to achieve 
data consistency. The erosion rate (gg− 1), the ratio of target material 
mass removal rate (gs− 1) to the slurry particle mass flow rate (gs− 1), was 
calculated from the corresponding mass loss values, and an average 
erosion rate from three experimental repetitions was considered for this 
study. 

The erodent used in this test was angular SiC particles (supplied by 
Hodge Clemco, UK) with 98.5% purity and particle sizes ranging from 
500 to 710 μm. The density and hardness of the particles are 3100 kg 
m− 3 and 25,500 MPa respectively. An SEM image of these erodent 

particles is shown in Fig. 2. 

2.4. Selection of test conditions 

A high number of pilot experiments were conducted to identify a 
suitable test condition that provides a measurable wear rate of Ta within 
the 1-h test duration. Based on the pilot results, the erodent size 
(500–710 μm), impact velocity (3,4 and 5 ms− 1) and concentrations (3, 
5,7 and 10 wt%) were chosen for this study. 

Being radioactive in nature, the contaminants in the deionised 
cooling water loop of the ISIS target were not analysed; it is speculated 
that the contaminants are very fine in size and in the order of few tens to 
hundreds of micrometres. This study aims to understand the slurry 
erosion response of Ta with special emphasis on identifying the erosion 
mechanism, which is previously unreported. The understanding gained 
in this preliminary study will be used by RAL for formulating further 
studies to achieve their overall aim to improve the service life of their 
ISIS spallation neutron source target. 

2.5. Predicting mechanism of erosion 

In the process of slurry erosion, the material removal mechanism 
depends upon the properties of erodent particles and target material 

Fig. 1. Impinging jet aqueous erosion apparatus schematic.  

Table 1 
Test matrix* detailing different set of experiments.  

Experimental Set Impact Angle (deg.) Impact Velocity (ms− 1) SiC Concentration (wt.%) 

20 30 45 60 90 3 4 5 3 5 7 10 

1 ✓ ✓ ✓ ✓ ✓   ✓    ✓ 
2  ✓   ✓   ✓ ✓ ✓ ✓ ✓ 
3  ✓   ✓ ✓ ✓ ✓   ✓  

*SiC particle size of 500–710 μm, Velocity ± 5%, Concentration ± 2 wt%. 

Table 2 
Summary of the tantalum characterisation results.  

Material Grain Size 
(μm) 

Crystallite 
Size (Å) 

Hardness 
(HV2) 

Young’s 
Modulus (MPa) 

Pure Tantalum 
(100%) 

65 ± 15 402 ± 112 89 ± 3 195 ± 6  

Fig. 2. SEM micrograph of SiC sand (500–710 μm) with different shapes of the 
particles (secondary imaging x47). 
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[27–29]. Therefore, in the present study, an effort was made to unravel 
the erosion mechanisms at oblique impact at 30◦ and at normal impact 
at 90◦ angles by analysing the SEM images of the erosion scar in detail. 

3. Results 

3.1. Material characterisation 

Table 2 summarises the mechanical properties, grain size, and 
crystalline size, for the Ta specimens used in this work. Fig. 3 shows a 
typical optical microstructure of the etched Ta specimen; it reveals a 
non-uniform grain distribution with an average grain size of around 65 
μm. It also shows the grain structure consisting of both low and high- 
angle grain boundaries. As the Ta specimens were manufactured via 
the PM route, the presence of these low and high angle grain boundaries 
is expected, and these were found to influence the overall erosion 
mechanism identified for the Ta specimens (as discussed in section 4). 

In addition, as seen in the image (Fig. 3), the microstructure was free 
of any signs of porosity; this is consistent with the Ta specimens having a 
density of 16.65 gcm− 3, which is 99.9% of its theoretical density (16.67 
gcm− 3 [24]). 

The XRD diffractogram of the Ta specimen is shown in Fig. 4. 
Through comparison of the powder diffraction file (PDF Card 4–788), it 
confirms that the Ta specimen is body centred cubic (BCC) crystal 
structure of 100% tantalum. The diffractogram shows a dominating and 
near similar contributions of (110), (200) orientation and a strong 
contribution of (211) orientation. Peak angles very closely resembled to 
those of an unstressed compacted powder (PDF card Ref 00-004-0788). 

3.2. Distilled water slurry erosion 

3.2.1. Effect of impact angle 
Fig. 5 shows erosion rate versus impact angle plot for Ta specimens. 

As stated earlier, in this study erosion rate (gg− 1) were calculated as the 
ratio of target material mass removal rate (gs− 1) to the slurry particle 
mass flow rate (gs− 1). As observed in Fig. 5, among all the impact angles 
tested of 20◦, 30◦,45◦, 60◦, and 90◦ respectively, the erosion rate was 
maximum at 30◦ and then reduced to less than one-half of the maximum 
erosion rate at normal impact angles. This is consistent with the pub-
lished data for the erosion of most ductile metals under dry particulate 
erosion conditions [17,31], which typically show a maximum erosion 
rate at an impact angle between 20◦ and 30◦, and that falls to one-half to 
one-third of the peak erosion rate at normal impact angles. 

3.2.2. Effect of particle concentration 
Fig. 6 shows erosion rate for Ta specimens as a function of slurry 

concentration at both 30◦ and 90◦ impact angles. A very similar trend 
was found for both the impact angles. Among all the concentrations 

tested (i.e. 3, 5, 7, and 10% SiC in deionised water), the erosion rate 
initially increased up to an intermediate concentration of 7 wt% fol-
lowed by a decrease as the concentration reached 10 wt%. Albeit erosion 
rate is expected to increase with slurry concentration [27,32], the 
reduced erosion observed at the higher slurry concentrations of 10 wt% 
was likely due to the combination of the test geometry effects [29, 
33–35] and/or the shielding effect [34]. Albeit not verified in this study, 
it is expected that despite the increase in solution particles concentration 
and the fixed sample distance of 15 mm from the exit nozzle (with a 6.5 
mm diameter), not all the particles will be able to establish contact with 
the sample surface. At a given moment, particles impacting the surface 
will shield the same surface from the impacts of the subsequent particles. 
This shielding effect, along with some interaction among the particles 
(that increases with particle concentration) may be responsible for the 
drop in erosion [33]. At lower impact angles of 20◦ or less, the test ge-
ometry results in a pronounced sliding action of the particles rather than 
a full-fledged surface particle interaction and could explain the drop in 

Fig. 3. Optical micrographs of the etched tantalum specimen at different magnifications: (a) x50 (b) x500 showing high angle grain boundaries.  

Fig. 4. X-ray diffraction (XRD) pattern of tantalum.  

Fig. 5. Erosion rate versus impact angle for tantalum (velocity 5 ms− 1; SiC 
slurry concentration 10 wt%). 
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the erosion rate as well as a larger error margins in these conditions. 

3.2.3. Effect of impact velocity 
The effect of impact velocity on the erosion for Ta specimens was 

investigated by subjecting the specimens to a jet velocity of 3 ms− 1, 4 
ms− 1, and 5 ms− 1. The slurry concentration in these cases was main-
tained at 7 wt% as it emerged as the most damaging (for the conditions 
chosen in this study). Fig. 7 shows erosion rate as a function of impact 
velocity at 30◦ and 90◦ impact angles. As estimated, irrespective of the 
impact angle, the erosion rate increased linearly with impact velocity - 
an exception was observed at 3 ms− 1 for 30◦ impact. 

Unlike dry erosion tests, which generally happen at a high strain rate, 
temperature-induced deformation of the substrate was not expected in 
slurry erosion, especially in the velocity range up to 5 ms− 1 considered 
in this study [36,37]. Therefore, the slurry erosion mechanism was 
purely dominated by the local mechanical deformation at the impact 
site, and the severity of the deformation increased with particle impact 
velocity. Under such conditions, erosion loss is expected to have a linear 
relationship with impact velocity; hence, the trend observed in Fig. 7. 

The results at 3 ms− 1, for both 30◦ and 90◦ impact angles show a 
variation from the general trend, as shown in Fig. 7. In these situations, 
the specimens may have a few broken particles embedded in the matrix 
or trapped underneath the plastically deformed materials and voids, 
resulting in an artificial mass gain. This could well explain the large 
error margins for these test results. The mass gain was significantly 
higher at the lower impact velocity of 3 ms− 1 for oblique impact of 30◦

and could be related to the unique erosion mechanism observed for the 
Ta specimens. The results also show that the severity of the erosion loss 
is higher at 30◦ than that at 90◦ impact. 

3.2.4. Comparison with the reference Al sample 
Fig. 8 shows erosion rate of the Ta specimen compared to the Al 

specimen at 30◦ and 90◦ impact angles. Both the materials were tested 
under the same conditions, which included the impact velocity of 5 ms− 1 

and the SiC slurry concentration of 7 wt%. 
The erosion rate of the Ta was significantly higher than the Al at both 

the impact angles tested, see Fig. 8. At 90◦ impact angles, the difference 
was by a factor of 5, whereas at 30◦ was by a factor of 1.5. 

As Ta has a significantly higher density than Al (2.7 gcm− 3), a 
comparison of the volumetric erosion rates (cm3g− 1) may also be of 
interest to many researchers working in the field; those values are as 
follows: at 90◦, the volumetric erosion rate of Ta and Al were 0.1785 and 
0.2143 (cm3g− 1) respectively, whereas at 30◦ that of Ta and Al were 
0.2064 and 0.7961 (cm3g− 1). Note that the volumetric erosion rates 
(cm3g− 1) of the specimens were calculated as the ratio of the measured 
gravimetric erosion rate (gg− 1) to its density (gcm− 3). As expected, the 
volumetric erosion rates of the Ta and Al specimens show a reverse trend 
than that observed for the gravimetric erosion rates of the specimens. 

3.3. Wear scar analysis – effect of impact angles 

Fig. 9 shows the SEM micrographs of the eroded surface (wear scars) 
for the Ta specimens formed at 90◦ impact angles, 5 ms− 1 impact ve-
locity, and 7 wt% SiC concentration. For comparison, the SEM images 
for the reference Al specimens (tested under the same conditions) are 
also shown (Fig. 9c and d). The wear scars on Ta specimens (Fig. 9a and 
b) contained the following typical features: (1) a hill-and-valley topol-
ogy all over the surface, (2) grain boundary cracks (arrow A), (3) lip 
breakage contributing to the overall erosion loss of the material (arrow 
B), (4) fragmented erodent (SiC) particles embedded in the wear scar 
(arrow C), (5) abundance of voids/cavities (appearance of black spots or 
blemishes) all over the surface covering both the hills and valleys (bright 
contrast areas in the images resulting due to sharp edges). These features 
are discussed in detail in subsequent sections. 

In contrast, the wear scars on Al specimens (Fig. 9c and d) consisted 
of a hills-and-valley topology, extruded lip breakage, and evidence of 
fragmented erodent particles embedded in the wear scars. This is 
consistent with the published erosion mechanism for most ductile ma-
terials at normal impact angles [38,39]. In addition, unlike the Ta, the 
voids/cavities were not present in the wear scars formed on the Al. 

Fig. 10 shows the SEM micrographs of the wear scars formed on the 
Ta specimens at 30◦ impact angles, 5 ms− 1, and 7 wt% SiC concentration 
(Fig. 10a and b); for comparison, the SEM images for the Al specimen 
tested under the same conditions are also shown (Fig. 10c and d). 

Wear scars at 30◦ impact angles were, as expected, dominated by the 

Fig. 6. Erosion rate versus SiC slurry concentration for tantalum (impact ve-
locity 5 ms− 1). 

Fig. 7. Erosion rate versus impact velocity for tantalum (SiC slurry concen-
tration 7 wt%). 

Fig. 8. Comparison of the erosion rate of the tantalum and the reference 
aluminium sample (Impact velocity 5 ms− 1; slurry concentration 7 wt%). 
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cutting and ploughing mechanisms [17]. However, grain boundary 
cracks and an abundance of voids/cavities were also evident for 30◦

impact (Fig. 10a and b). The cutting mechanism was found to be as the 

Type-1 and Type-2. In Type-1, erodent particles roll forward, indenting 
the surface and pushing material into a raised lip. In contrast, in Type-2, 
erodent particles roll backwards and cut chips away from the surface 
[17]. Fig. 10 shows the Type-1 (evidence of raised lips) and the Type-2 
cutting along the erodent impingement path (arrowed). 

In contrast, the Al specimen (Fig. 10c and d) showed evidence of 
cutting (or micromachining) and ploughing at 30◦ impact angles; 
however, no evidence of voids/cavities were found. 

3.4. Wear scar analysis – effect of slurry concentration 

Fig. 11 shows the SEM images of the wear scars formed on Ta 
specimens at 5 wt% SiC concentration for 90◦, see Fig. 11a and b, and 
30◦ impact, see Fig. 11c and d; the test conditions included the impact 
velocity of 5 ms− 1. 

To assess the effect of slurry concentration, the wear scars obtained 
at 5 wt%, as shown in Fig. 11c and d, should be compared with those at 
7 wt%, as displayed in Fig. 10a and b. At 90◦ impact angles, increasing 
the SiC concentration from 5 wt%, see Fig. 11a and b, to 7 wt%, see 
Fig. 9a and b, showed the same hill-and-valley topology with an abun-
dance of voids/cavities. However, at higher concentrations (7 wt%), the 
wear scars appeared comparatively smother due to excessive lip 
breakages, see Fig. 9b. The excessive lip breakage was also responsible 
for the high erosion loss observed at 7 wt% compared to 5 wt% (Fig. 6). 
In addition, the grain boundary cracks appeared to be more pronounced 
at 7 wt% compared to 5 wt% for 90◦ impact. 

The effect of slurry concentration at 30◦ impact angles was similarly 
found to be more pronounced (in terms of the severity of lip breakage) as 
the SiC concentration was increased from 5 wt% (Fig. 11c and d) to 7 wt 
% (Fig. 10a and b). As expected, the wear scars formed under both 
concentrations showed similar cutting and ploughing dominated 
mechanisms with an abundance of voids/cavities. However, along the 
cutting/ploughing path, more extruded lips were evident at a lower 
concentration of 5 wt%, see Fig. 11c and d, than at 7 wt%, see Fig. 10a 
and b; this implies the severity of lip breakage increased with SiC con-
centration. As a result, the higher mass loss was obtained at 7 wt% 
compared to 5 wt% for 30◦ impact angles. 

Fig. 9. Typical SEM images of the wear scars of the specimens tested at 90◦

impact angles (impact velocity 5 ms− 1; slurry concentration 7 wt%): (a) Ta 
(x2500), (b) Ta (x7000), (c) Al (x2500), (d) Al (x7000), (e) EDX spectrum of 
one of the embedded particles as shown by arrow marker C in Fig. 9(b). 

Fig. 10. Typical SEM images of the wear scars of the specimens tested at 30◦

impact angles (impact velocity 5 ms− 1; slurry concentration 7 wt%): (a) Ta 
(x2500), (b) Ta (x7000), (c) Al (x2500), (d) Al (x8000). 

Fig. 11. Typical SEM images of the wear scars formed on Ta specimens at 5 wt 
% SiC concentration (impact velocity 5 ms− 1) for (a) 90◦ impact (x2500), (b) 
90◦ impact (x7000), (c) 30◦ impact (x2500), (d) 30◦ impact (x5500). 
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4. Discussion 

4.1. Role of erosion parameters 

The Ta specimens used in this study had a hardness of 89 HV2, and a 
density close to its theoretical density (16.67 gcm− 3). Consequently, the 
Ta exhibited a typical ductile material erosion response under the 
various slurry erosion conditions tested [27,31,34,36], with a few 
exceptions. 

The Ta specimens, as expected, showed a higher erosion mass at 
oblique impact angles (peak at 30◦), and the mass loss increased with 
impact velocity [17]. However, the effect of concentration was found to 
initially increase up to an intermediate concentration (peak at 7 wt%) 
and then decrease beyond 7 wt%. This is due to the test geometry effect 
and/or the shielding effect, as described earlier in the results section 
(section 3 of this report). 

The Ta specimens exhibited more erosion mass loss than the refer-
ence Al specimen, which was by a factor of 5 at 90◦ impact angles and 
1.5 at 30◦ impact angles. This may be because the Al hardness was 
significantly higher than the Ta (by a factor of 1.1); hence the Al is ex-
pected to show higher erosion resistance. However, the underlying 
erosion mechanisms (as described in subsequent sections) was also 
responsible for the high erosion loss recorded for the Ta specimens. 

4.2. Erosion mechanisms 

SEM micrographs of the wear scars on Ta specimens (Figs. 9–11) 
revealed the following features: (1) voids/cavities all over the surface, 
(2) a hill-and-valley topology at 90◦ impact angles, (3) cutting and 
ploughing mechanisms at 30◦ impact angles, (4) fragmented erodent 
embedment (albeit in limited quantities) into the subsurface. These 
features are discussed below using the underlying theories of ductile 
material erosion. 

4.2.1. The formation of voids/cavities 
As erodent impacts cause localised indentation deformation of the 

substrate, the Ta specimens was assessed under various static Vickers 
hardness loads. Fig. 12 shows the optical micrographs (generated using 
the inbuilt image acquisition capability of Duramin Struers-40 AC3) of 
the Vickers indents on the Ta specimens at 1, 3, and 5 kgf loads. 

Under slurry erosion, especially at the lower velocities (up to 5 
ms− 1), the particle rebound effect is expected to be high [40]. Therefore, 
the slurry erosion process is expected to involve a low strain rate leading 
to a condition close to quasi-static indentation similar to that observed 
under the Vickers hardness tests (Fig. 12). 

Fig. 12 shows clear evidence of grain boundary sliding, which 
increased as the indentation load was increased from 1 kgf to 5 kgf. The 
grain boundary sliding was due to the movement of high angle grain 
boundaries present in the Ta microstructure (Fig. 3). The formation of 
voids/cavities due to grain boundary sliding has been extensively 
studied before; it has been suggested to be operative only under a low 
strain rate condition [41]. In this study, as the test conditions involved a 

low strain rate associated with the slurry impact velocity only up to 5 
ms− 1, the grain boundary sliding is recommended to be the dominant 
mechanism for forming most voids/cavities at both normal and oblique 
impact angles. 

Evidence of void growth and coalescence due to repeated slurry 
impacts was also apparent, especially at the location where dislodge-
ment of a complete grain was evident at higher magnification SEM 
micrographs (arrowed in Fig. 13). The dislodged grain areas also looked 
like cavities at a lower magnification (Fig. 11a and b). The growth and 
coalescence of the voids were also responsible for the large grain 
boundary cracks observed in the SEM images (Fig. 9a). The grain 
dislodgement significantly contributed to the overall erosion loss of the 
Ta specimens investigated here (further discussed in subsequent 
sections). 

Further scrutiny of the high magnification SEM images (Fig. 13) 
revealed these voids/cavities were almost all over the eroded surface, 
including the hills (or extruded lips) and the valleys (or impact craters) 
at both normal and oblique impact angles. This suggests that some of 
these voids remained at a microscopic size under the test conditions and 
could not grow enough to cause void-coalesce and eventual grain 
dislodgement. The direct effect of ‘lip weakening’ due to these voids and 
its removal due to subsequent impacts is difficult to quantify. 

It is also known that voids/cavities in deformed metals can also form 
due to low angle grain boundary movement, especially at the triple point 
[42]. However, this mechanism is generally operative at high strain 
rates, significantly higher than that available for slurry erosion; hence is 
not expected under the slurry erosion conditions used in this study. 

4.2.2. Material removal mechanisms 
The primary material removal mechanisms from the Ta surface were 

plastic deformation at normal impact angles, whereas cutting and 
ploughing at oblique impact angles. In addition, grain dislodgement due 
to void coalescence (as stated earlier) was also a major material removal 
mechanism at both the impact angles. However, the contribution from 
the individual mechanism was not quantifiable in this study. 

As observed from the SEM images of Figs. 9–13, the plastic defor-
mation at normal impact angles was responsible for the hill-and-valley 
surface topology for the Ta specimens, see Fig. 9a and b; this was 
similar to the classical ductile material erosion mechanism observed for 
the reference Al specimen, see Fig. 9c and d. However, the voids/cavities 
were an additional feature found only for the Ta specimens. Material 
removal under normal impact can happen through a number of well- 
accepted theories [19–21]. However, the major mechanism of material 
removal from the Ta specimens was found to be through lip breakage 
from the “hills” region. This was particularly evident when the SiC 
concentration increased from 5 wt%, see Fig. 11a and b, to 7 wt%, see 
Fig. 9a and b. However, material removal from the “valleys” is also 
possible, but evidence of this was not very clear in this study. In addi-
tion, material loss through complete gain dislodgement was also evident 
at normal impact angles, see Fig. 13a; this was due to void nucleation 
and coalescence, especially at the high angle grain boundary. 

At oblique impact angles, the mechanism was cutting and ploughing, 

Fig. 12. Optical micrographs of Vickers indentations on the unattached polished Ta under various loads: (a) 1 kgf, (b) 3 kgf, and (c) 5 kgf.  
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as evident in the SEM images for the Ta specimen, see Fig. 10a and b. 
This is similar to the typical ductile material erosion, as observed for the 
reference Al specimen, see Fig. 10c and d [43]. However, the voids/-
cavities were once again found to be an additional, prominent feature 
for the Ta at oblique impact angles, see Fig. 13b. Types of all the 
mechanisms that prevailed at oblique impact angles are described in 
detail in the results section (section 3 of this report). 

4.2.3. Erodent embedment in the substrate 
The Ta specimens used in this study had a hardness of 873 MPa, 

whereas that of the SiC particles, was 25,500 MPa. Hence the effect of 
particle impact on the particle breakage is speculated to be very low. 
Despite this, fragmented erodent particles, albeit in small quantities and 
sizes of a few hundred nanometres in dimensions, were found to be 
embedded in the target, which resulted in mass gain by the specimen at 
some test conditions, see Fig. 7. Few other researchers have also re-
ported mass gain due to erodent embedment [42,44]. In this study, 
fragmented SiC erodents were found to be locked in the grain boundary 
cavities/voids, see Fig. 9b. Considering the size of voids of around 1–2 
μm, compared to that of the erodent of 500–710 μm, the embedded 
particles were fragmented erodent particles, which were generated due 
to particle interactions within the rig. The fragmented erodents can also 
get embedded inside the subsurface of a healthy grain (considering the 
hardness difference between the two) [42]. It was not possible to 
identify any such entrapment of sharp and minuscule particles in this 
study. 

5. Conclusions 

The study leads to the following conclusions.  

1. The Ta specimens displayed a typical ductile material erosion 
response with higher erosion mass loss at oblique impact angles 
(peak at 30◦), which increased with increasing velocity.  

2. For the current set of conditions (velocities, particle type, shape and 
size), the erosion mass loss for the Ta specimens increased with slurry 
concentrations up to an intermediate concentration (7 wt%) and 
then reduced. The increased particle interaction at higher concen-
trations is suggested to be the reason for the reduced mass loss at 
higher concentrations. 

3. SEM micrographs revealed an abundance of voids/cavities distrib-
uted all over the eroded surface of the Ta specimens. These were 
suggested to be formed mainly due to the high angle grain boundary 
sliding. The high angle grain boundary was a characteristic micro-
structural feature of the Ta specimens manufactured via PM route. 

4. Wear scar analysis from the Ta specimens also revealed a macro-
scopic hill-and-valley surface topology at 90◦ impact angles, whereas 
a cutting/ploughing topology at 30◦ impact angles.  

5. The material removal mechanism for the Ta specimens was found to 
be supported by (i) lip breakage due to repeated erodent impacts at 
normal impact angles, (ii) micro-cutting and ploughing at oblique 
impact angles, and (iii) dislodgement of grains due to grain boundary 
void coalescence at both 90◦ and 30◦ impact angles. 
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