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Abstract: Cavitation erosion is a specific case of wear, primarily affecting elements exposed to a watery environment, 
e.g. elements of pumps, valves and compression-ignition engines. Nickel-based alloys are regarded as materials of 
potentially high cavitation erosion resistance. The study discussed in the article involved the examination of cavitation 
erosion resistance of hardfacing layers made of NiCrBSi and NiCrBSi + 35 % wt. WC, deposited using the PPTAW 
method. Resistance to cavitation erosion was tested in accordance with the ASTM G-32 standard. The test results 
were subsequently compared with those obtained in relation to layers made of powders, the composition of which 
corresponded to stainless steel X5CrNiMo17-12-2 (used as a reference material). The results revealed that both nickel-
based materials were characterised by significantly higher erosion resistance than that of the reference steel. The 
mean depth of the reference erosion of overlay welds made using X5CrNiMo17-12-2 amounted to 28.72 μm, whereas 
the depth of erosion in the hardfacing layers made of NiCrBSi and NiCrBSi + 35 % wt. WC amounted to 7.19 μm and 
6.92 μm respectively. The above-presented differences resulted from the significantly higher hardness and plastic strain 
resistance of the nickel-based overlay welds than those of the steel overlay weld. It was also observed that, in spite 
of their higher hardness, the layers made of NiCrBSi + 35 % wt. WC were characterised by lower cavitation erosion 
resistance than the layers made of NiCrBSi (which could be ascribed to the chipping of the hardening phase).
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1. Introduction

Cavitation erosion is a specific case of wear, resulting
from the formation of gas pores in the event of a local 
drop in liquid pressure and their subsequent implosion 
[1]. Elements exposed to this type of wear include, among 
other things, water turbines, marine screw propellers or 
fixtures used in the chemical and petrochemical industries 
[2]. Resistance to cavitation erosion is usually correlated 
with material hardness [3, 4] but also with other mechani-
cal properties [5, 6] as well as with structure or grain size  
[7, 8]. The proper adjustment of surface layer (SL) proper-
ties significantly improves the operational properties of 
structural elements (e.g. wear resistance). 

One of the methods enabling the modification of the 
surface layer aimed at its extended service life is hardfa-
cing, i.e. the making of a surface layer using a material 
different from that of the substrate and, while doing so, ap-
plying welding technologies [9]. The most commonly used 
hardfacing-related welding methods include gas metal arc 
welding (GMAW), manual metal arc welding (MMAW) and 
flux-cored arc welding (FCAW) [10–12]. However, methods 
enjoying growing popularity are characterised by high 
energy concentration, e.g. laser or plasma hardfacing. In 
comparison with the previously enumerated welding-ba-
sed hardfacing methods, laser and plasma hardfacing is 
characterised by higher efficiency and lower dilution [13]. 

In terms of hardfacing involving the use of powder pla-
sma transferred arc welding (PPTAW), heat needed for 

melting the filler metal and partly melting the base ma-
terial is generated by plasma arc, generated through the 
mechanical constraint (narrowing) of electric arc [14]. The 
above-named method is commonly used in industry both 
in the fabrication and refurbishment of damaged machi-
nery elements. Industrial sectors where PPTAW-based 
hardfacing layers are particularly commonly used include 
the excavation, petrochemical, metallurgical and maritime 
industries [13–17]. In turn, materials most commonly used 
as coatings include cermets [18]. 

Some of the most common materials used in the fabri-
cation of hydraulic elements are stainless austenitic steels, 
owing their popularity to high corrosion resistance in an 
aqueous environment and high resistance to cavitation 
erosion [13, 14]. However, the above-named steels are also 
characterised by relatively low abrasive wear resistance, 
necessitating a search for solutions remedying the afore-
said disadvantage [21]. One of such solutions includes the 
use of nickel-based alloys, such as NiCrBSi, characterised 
by high corrosion resistance and wear resistance, additio-
nally improvable by using tungsten carbide additions (WC) 
[22–24]. The cavitation erosion resistance of NiCrBSi alloys 
is described, among other things, in publications [8, 25, 
26]. The objective of the study discussed in this article was 
the assessment of cavitation erosion resistance of nickel-
-based overlay welds (e.g. NiCrBSi and NiCrBSi+35% WC)
as well as steel-based overlay welds (e.g. X5CrNiMo17-12-2) 
made using the PPTAW method.
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Fig. 2. Microhardness measurements

2. Test materials and methods 

The materials used in the making of deposited layers 
were commercially available powders NiCrBSi and NiCrB-
Si containing a 35% (wt.) addition of FTC-type WC (fused 
tungsten carbide). The tests also involved the deposition 
of layers made of steel X5CrNiMo17-12-2, treated as the 
reference material. The chemical compositions and de-
signations of the filler metals used in the remainder of 
the article are presented in Table 1. The substrate was a 
10 mm thick plate made of structural steel S235JR, the 
chemical composition of which (consistent with standard 
[27]) is presented in Table 2.  

The powders presented in Table 1 were subjected to 
microscopic examination (SEM), aimed to identify the-
ir morphology. The observations were performed using 
a Tescan VEGA 3 microscope and secondary electron con-
trast. The grain-size analysis was performed using an An-
ton Paar PSA 1190 particle size analyser.

The hardfacing process was performed using a EuTro-
nic Gap 3511 DC Synergic system (Castolin Eutectic, Gli-
wice, Poland). The identification of layer deposition pa-
rameters required the performance of hardfacing tests 
involving the making of single runs followed by measu-
rements and observations aimed to selected a set of para-
meters for each material separately. The assessment was 
concerned with the presence of welding imperfections (if 
any), dilution and hardness. The values of variable para-
meters along with corresponding specimen numbers are 
presented in Table 3. The average value of voltage amo-
unted to 45 V. The shielding gas was the mixture of argon 
with a 5% addition of hydrogen (R1-ArH-5, in accordance 
with standard [28]); the shielding gas flow rate was 10 l/
min. The plasma gas used in the process was high-purity 
Argon 5.0 [28]; the gas flow rate amounted to 2 l/min. The 
same gas was used as powder-carrying gas (carrier gas); 
the gas flow rate being 3 l/min. The powder feed rates de-
pended on the properties of the filler metals (A, B and C) 
and amounted to 8.98 g/min 11.15 g/min and 9.68 g/min 
respectively. 

The specimens were subjected to visual tests (by the 
unaided eye), macroscopic observations, dilution-related 
measurements and hardness tests. The visual tests were 
performed directly after hardfacing. The macroscopic ob-
servations, involving cross-sectional specimens previously 
subjected to etching, were performed using a Keyence 
VHX6000 optical microscope. The specimens were etched 
in a 3 % solution of hydrochloric and nitric acids (3:1). The 
visual and macroscopic tests aimed to detect welding im-
perfections (if any). The dilution (D) of the base material 
in the overlay weld material was identified in accordance 
with the diagram presented in Figure 1.   

Vickers microhardness tests (Sinowon Innovation Me-
trology), involving a load of 0.98 N (HV0.1), were perfor-
med in accordance with standard [29]. The measurements 
were performed as presented in Figure 2.

Table 1. Chemical compositions and designations of filler metals 

Designation Powder type Commercial name Producer

A NiCrBSi Durmat 456 Durum Wear Protection GMBH, Willich, Germany

B NiCrBSi + 35 wt. % WC Durmat 349 Durum Wear Protection GMBH, Willich, Germany

C X5CrNiMo17-12-2 EuTroLoy 16316 Castolin Eutectic, Gliwice, Poland

Table 2. Chemical composition of steel S235JR [wt. %] in 
accordance with standard [27]

C Mn P S Cu N Fe

0.17 1.4 0.0355 0.035 0.55 0.012 Balance

Table 3. Variable hardfacing parameters used in relation to all 
the powders used in the tests

Current, I

80 A 100 A 120 A

Rate, v

1.6 mm/s Specimen 1 Specimen 4 Specimen 7

1.2 mm/s Specimen 2 Specimen 5 Specimen 8

0.8 mm/s Specimen 3 Specimen 6 Specimen 9

Fig. 1. Determination of dilution

The subsequent stage involved the determination of 
parameters to be used when making deposited layers. The 
criteria governing the adjustment of parameters included 
the lack of welding imperfections, preferably low dilution 
and as high the hardness of overlay welds as possible. The 
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width of the layers amounted to 80 mm, whereas their 
length was 100 mm. Plates made of steel S235JR (100 mm 
× 160 mm × 10 mm) were used as the substrate. Prior to 
hardfacing, the plate surface was subjected to grinding 
and, directly before making runs, cleaned using ethanol. 
The value of voltage, filler metal powder feed rate, gas 
mixtures and gas flow rates remained unchanged in 
relation to conditions accompanying the making of runs. 
The overlap (of individual runs), dependent on the width of 
a single run and identified during previous tests, amounted 
to 30 % of the run width in terms of material B and to 40 % 
of the run width as regards the remaining materials (A and 
C). The hardfacing process was performed maintaining 
a constant interpass temperature of 100 °C.   

The measurements of layer hardness required surface 
preparation performed using a magnetic grinding machi-
ne. Hardness was determined using the Vickers hardness 
test and a maximum load of 9.81 N. The performance of 
cavitation erosion resistance tests was preceded by the 
cutting of specimens (22 mm × 22 mm) using a CNC PROFI 
300S router carving machine. Cavitation erosion resistan-
ce was tested in accordance with the ASTM G-32 standard 
[30]. The sonotrode diameter amounted to 15.9 mm. The 
frequency and amplitude of sonotrode vibration amoun-
ted to 20 kHz and 50 μm respectively. The distance betwe-
en the specimen surface and the sonotrode amounted to 
0.5 mm ± 0.05 mm. The working liquid was distilled water 
having a temperature of 25 ± 2 °C. The total time of expo-
sure to cavitation amounted to 6 hours. The schematic 
diagram of the testing equipment is presented in Figure 3.

The profile of specimen roughness was measured using 
a Dektak 150 profile measurement gauge (Veeco Instru-
ments Inc., Plainview, NY, USA) and a 0.8 mm Gaussian 
filter.

3. Test results and analysis

The morphology of the powders used in the tests is pre-
sented in microscopic photographs (SEM) (see Fig. 4). The 
results of granulometric measurements are presented in 
Table 4. In all cases, powder particles were characterised 
by the regular and spheroidal shape and similar sizes. Ho-
wever, tungsten carbide particles present in material B 
were different as (because of the fabrication process (cru-
shed carbide)) they were characterised by irregular shapes 
and varying, sometimes significantly, sizes. In cases of 
spheroidal particles of metallic powders, it was also possi-
ble to notice particles of significantly smaller diameters 
“clung” to the surface of larger particles (see Fig. 4).

The macroscopic observations of the single-run over-
lay welds revealed the presence of welding imperfections 
(incomplete fusion) in most of the overlay welds obtained 
using a current of 80 A, which was particularly visible in 
relation to material B (Fig. 5). In addition, clearly visible 
wider runs were obtained in relation to the lower value of 
hardfacing rate. The average run width was restricted wi-
thin the range of 5.86 mm (overlay weld B-1) to 14.24 mm 
(overlay weld B-6).

All the overlay welds were characterised by relatively 
high dilution (Table 5). The lowest dilution amounted to 
12% (specimens C-3 and C-2), whereas the highest value 
of dilution amounted to 46% (specimens B-4 and B-6). The 
relatively high value of dilution was not favourable and 
could be ascribed to the powder feed method, i.e. paral-
lel to arc. In the above-presented configuration, arc rested 
directly on the base material, which led to greater penetra-
tion depth and, consequently, increased dilution [11]. Re-
gardless of the material, the lowest degree of dilution was 
observed in the overlay welds made using the parameters 
of set no. 2.  

The results of hardness measurements are presented in 
Figure 6. As expected, the highest hardness was characte-
ristic of the layers obtained using the composite material 
(overlay B) and amounted to between 496 HV0.1 ± 55 HV0.1 
(specimen B-1) and 737 HV0.1 ± 131 HV0.1 (specimen B-3). 
The hardness of material A did not exceed 517 HV0.1 ± 
69 HV0.1 (overlay weld A-1). The above-named value was 
similar to that presented in publications concerning co-
atings made of powders NiCrBSi [8, 31]. The hardness of 
the layers made of material C was significantly lower and 
amounted to 208 ± 19 HV0.1, which also corresponded to 
the expected hardness of coatings made of steel Cr-Ni [32].

The results of metallographic tests and hardness measu-
rements of the single-run overlay welds were used to iden-
tify hardfacing parameters applied in the making of layers 
using material A (set 4), material B (set 2) and material C 

Table 4. Results of powder grain-size analysis 

Material d10 [μm] d50 [μm] d90 [μm] Mean value  [μm]

A 59.61 ± 0.28 82.59 ± 1.56 117.98 ± 2.13 89.07 ± 1.43

B 54.32 ± 0.44 73.07 ± 0.93 99.57 ± 1.38 78.25 ± 0.88

C 68,31 ± 0,67 96,13 ± 2,61 136,03 ± 7,38 102,79 ± 3,52

Fig. 3. Cavitation erosion resistance test 

The resistance of the deposited layers to cavitation ero-
sion was described by determining curves of mean depth 
erosion (MDE) and those of mean depth of penetration rate 
(MDPR). The mean depth of erosion is expressed as a mass 
decrement referred to material density and an area affec-
ted by cavitation (equal to the sonotrode diameter), where-
as the maximum erosion rate indicates the largest change 
in the volumetric decrement of the material in time. 

After the cavitation erosion resistance tests, the speci-
mens were subjected to microscopic observations (SEM). 
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Table 6. Parameters selected in the making of hardfacing layers 

Material Parameter 
set no.

Current I  
[A]

Hardfacing rate v 
[mm/s]

A 4 80 0.8

B 2 100 1.6

C 5 100 0.8

(set 5). The exact values of variable parameters of the abo-
ve-named sets are presented in Table 6.

The microstructures of the hardfacing layers are presen-
ted in Fig 7. In terms of material A it was possible to iden-
tify hard phase precipitates (carbides, carboborides and  

Fig. 4. Photographs (SEM) of metallic powders: a) material A, b) material B and c) material C; mag. 500×, contrast SE

Table 5. Dilution [%]

1 2 3 4 5 6 7 8 9

A 42 26 13 26 45 22 32 43 31

B 28 8 26 46 21 46 44 38 41

C 21 12 12 39 40 26 40 33 28

Fig. 5. Macroscopic photographs of single runs: a) overlay weld B-1, improper geometry and b) overlay weld B-3, proper geometry

Fig. 6. Hardness measurement results obtained in relation to overlay welds A, B and C

borides) deposited in the nickel-based matrix. In compari-
son with that of coating A, the microstructure of material 
B was additionally reinforced with particles of tungsten 
carbide (WC). The structure of overlay welds A and B cor-
responded to phase constituents identified in nickel-based 
matrixes described in publications [33, 34]. The structure 
of overlay weld C was dendritic, i.e. typical of hardfacing 
layers made of, e.g. steel Cr-Ni.  

The results of cavitation tests, presented in Fig. 8, con-
firmed the greater reference erosion depth of steel over-
lay weld C in comparison with that of nickel-based over-
lay welds A and B, clearly indicating the lower cavitation 
erosion resistance of the former. After 6 hours following 
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the start of the test, the value of erosion depth in relation 
to material C amounted to 28.72 μm and was nearly four-
-fold higher than that observed in material A (7.19 μm) 
and material B (6.92 μm).

Layer C was characterised by nearly three-fold higher 
maximum depth of penetration rate (5.28 μm/h) than that 
of overlay welds A and B (1.60 μm/h and 1.62 μm/h respec-
tively), characterised by higher erosion resistance.   

The photographs (SEM) of eroded surfaces are presented 
in Fig. 9. The erosion of nickel-based coatings was initia-
ted on the boundary of the nickel matrix and hard phase 
precipitates, leading to the formation of cracks and the re-
moval of the material. The cavitation pits present on the 

surface of material A were smaller than those identified in 
overlay weld B. In addition, the SEM-based surface analy-
sis revealed that the cavitation load triggered the chipping 
of tungsten carbide particles from the matrix, which co-
uld additionally translate into the higher value of wear in 
comparison with that of the carbide-free nickel layer. The 
surface of material C was characterised by significant ir-
regularities and numerous cavitation pits. The eroded sur-
face also contained plastically deformed areas, where the 
removal of material was of fatigue nature. 

The roughness values measured in the area w eroded 
surfaces (parameters Ra and Rz) are presented in Fig. 10. 
As expected, the greatest roughness was observed in the 

Fig. 7. Microstructure of the layers in the fusion line area: a) material A, b) material B and c) material C; etched specimens, mag. 200×

Fig. 8. Results of cavitation erosion resistance tests: a) mean depth of erosion, [μm], b) maximum depth of penetration rate, [μm/h] 
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Fig. 9. Microscopic observations (SEM) of the surfaces subjected to cavitation erosion resistance tests: a) overlay weld A, b) overlay 
weld B and c) overlay weld C 
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material of the eroded area of specimen C, whereas the 
smallest was noticed in material A (characterised by the 
smallest loss). The values of roughness parameters Ra and 
Rz correlated with those of cavitation wear. Similar results 
were obtained in publication [8] in relation to steel AISI 
304, deposited coatings NiCrBSi and cast iron. It should be 
emphasized that the highest roughness (designated using 
parameter Ra) was obtained in reference overlay weld C, 
whereas the values of parameters Ra and Rz related to co-
atings A and B were comparable. 

4. Concluding remarks 

The test results justified the formulation of the following 
conclusions: 
1. Both overlay weld A (NiCrBSi) and cermet overlay weld 

B (NiCrBSi/WC) were characterised by significantly hi-
gher cavitation erosion resistance than that of the refe-
rence overlay weld made of stainless austenitic steel. 
The mean depth erosion of overlay welds A, B and C 
amounted to 7.19 μm, 6.92 μm and 28.72 μm respecti-
vely. 

2. The depth of erosion pits observed on the surface of 
the steel reference overlay weld was significantly hi-
gher than that of the nickel-based overlay welds. Values 
Ra and Rz of eroded overlay weld C were nearly three-
-fold higher than those of overlay weld A. In relation 
materials A, B and C, value Ra of the test overlay welds 
amounted to 2.8 μm, 2.9 μm and 8.1 μm, whereas va-
lue Rz amounted to 17.6 μm, 24.3 μm and 44.6 μm for 
respectively.

3. Overlay weld A was characterised by the lower loss of 
material and lower average roughness than those of 
overlay B, which could be ascribed to the chipping of 
reinforcing phase particles. The removal of tungsten 
carbide (WC) from overlay weld B was responsible for 
a significant increase in the roughness of the eroded 
layer. 

4. Overlay welds A and B were characterised by signifi-
cantly higher hardness (i.e. 420 HV0.1 ± 41 HV0.1 and 
594 HV0.1 ± 54 HV0.1 respectively) than that of layer 
C, the average value of which amounted to 208 HV0.1 ± 
19 HV0.1. The high hardness of the nickel-based over-
lay welds and their plastic strain resistance were fac-
tors favouring resistance to cavitation erosion. 
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