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ABSTRACT 

This article establishes the incidence of the leached liquor in the wear, by cavitation, of impellers of a centrifugal 

pump. The impeller blades, manufactured from the Hastelloy C-276 superalloy, were analyzed. Eight samples 

which were sectioned from the upper end of the blade, less affected, to the tip of the blade, more damaged. Through 

scanning electron microscopy (SEM), pitting, rupture of the passive layer, crumbling of the structure, as well as 

intercrystalline corrosion were evidenced on the surface. It was observed, in diffractograms, the presence of 

chlorine (Cl), chemical element that forms chloride ions, which prevents the formation of stable layers of oxides. 

As a result of this phenomenon, the hardness increased from 225 HV to 270 HV, after the analyzed impellers were 

removed from service.  

Keywords: cavitation, blades, wear, leached liquor, Hastelloy C-276 

 

INTRODUCCIÓN 

Among the difficulties encountered in the transport of the fluid in the mining industry are the effects on the 

resistance of the materials used in the manufacture of impellers for centrifugal pumps, so that it can cope with the 

phenomenon of cavitation. The nickel-based superalloy Hastelloy C-276 has been frequently used to guarantee 

the durability of operation in these turbomachines, however, due to the particularities of the leached liquor, a 

multi-component mixture, liquid composed of gases, vapors and solids, which damages the entire system, making 

transfer difficult, due to the implosion effect of the bubbles on the impellers and the volute (Reyes-Cruz et al., 

2019). 

Material wear is a problem in different industries and in most cases, it is mainly due to the abrasion and erosion 

caused by the sand present in the fluid. Several mechanisms of erosive wear and semi-empirical equations have 

been proposed to model the rate of wear, these equations contain in their expression two constants characteristics 

of the material: its fracture toughness and its hardness (Meng and Ludema, 1995; Durán-Martínez and Fernández-

Columbié, 2018). 

Of the studies carried out on cavitation in centrifugal pumps, those of Friedrichs and Kosyna (2002); Reyes (2007) 

stand out, which show that the pressure and flow rate fluctuations are created by the blades as they pass through 

the spiral chamber tab during the occurrence of the cavitation phenomenon. In addition to the instabilities created 

by opening or closing valves during the operation of pumps, difficulties related to transmission lines appear. 

Shi et al. (2013); Xiao et al. (2016) explain that the fluctuations in pressure and flow are caused by an oscillation 

of the dynamics of cavitation, within the cavitation and, that this occurs when the flow varies abruptly. The 

mentioned  above fluctuations produce a flow that causes the formation of bubbles separated from the liquid and 

which collapse together, providing instability to the fluid. They conclude that the phenomenon of cavitation 

involves the formation and presence of bubbles, a product of the change of phase of the substance from its liquid 

state to the state of vapor.  

Reyes (2007) and Reyes (2010) propose that, there are agents that intervene in the presence of cavitation 

phenomenon and generalize it in different fundamental factors related to the fluid: temperature, vapor pressure, 

fluid density, physical-mechanical properties, gas concentrations, chemical composition, solid phase 

concentrations and pH. 

Mechanism of wear caused by cavitation 

In the study of the cavitation phenomenon, several materials and thermal, thermomechanical and thermochemical 

treatments have been used in the search for the improvement of the resistance to this type of wear. On the side of 

the alloys, the most varied families have also been tested, such as iron castings, nickel and cobalt based alloys, 

stainless steels, nonferrous alloys (Guo et al., 2016). 
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According to Alcantara et al. (2016), wear, together with corrosion and fatigue, are the three main processes that 

limit or degrade the life of engineering products, which causes the loss of performance of the part or mechanical 

systems. The C-276 Hastelloy super alloy has been designed to resist these phenomena under both oxidizing and 

reducing conditions. It is used to manufacture mechanical elements used in the mining industry. 

Stechmann et al. (2015) and Reyes (2015), state that as a consequence of the formation, growth and implosion of 

bubbles, erosion and detachment of impeller blade material can occur on the surface. The size of the bubbles 

varies constantly, oscillates in time before their disappearance and the pressure suffers rapid variations. 

DEVELOPMENT 

The chemical composition of the Hastelloy C-276 super alloy is shown in table 1. It was determined in a quantum 

mass spectrometer, according to the standards established for this purpose. 

Table 1. Hastelloy C-276 alloy chemical composition, % by mass 

Mo Cr Fe W Co Mn C V Ni 

15,0 16,0 4,0 3,8 2,5 0,9 0,01 0,35 57,44 

In the nickel-based super alloys the secondary phase forming chemicals Cr, Mo, W, Nb. The added carbon in the 

range of 0.05 - 0.2 %, combines with reactive and refractory elements such as titanium, tantalum and hafnium, to 

form carbides such as M23C6 and M6C, which tend to accumulate at the grain boundary during heat treatment or 

operation at high temperatures. 

Metallographic preparation of the samples 

The cutting operation was carried out in a vertical milling machine, taking into account that the samples used were 

excessively large, as shown in figure 1, it was necessary to reduce them to a size that allowed its handling (15 x 

15 x 32 mm), (ASTM E 92 Standard). This cut was made in such a way that an analysis could be made in all the 

areas affected by the fluid and then, from these areas, the mechanical metallurgical variations that arise in them 

could be established. After polishing, the samples were chemically attacked with 10 % mixture of nitric and 

hydrochloric acids. 

 
Figure 1. Cut made to a blade of selected samples. 

In order to determine the standard microstructure of the blades (Hastelloy C-276), a binocular optical microscope 

brand NOVEL model NIM-100 was used, equipped with a camera that allows obtaining photos of the 

microstructure. Figure 2 (samples under conditions of 27 and 34 % of leached liquor) shows a matrix structure 

with the ferrite in the grain edge and austenite, which is of the dendritic type, which is indicative of a previous 

treatment to obtain it. These characteristic phases are developed during the smelting process, because the dendrite 

appears as a result of temperature gradients and originates in the direction of such gradient. 

 
Figure 2. Pump blades structure. 

Scanning Electron Microscopy was performed under vacuum (LV-5600). The anode acceleration voltage was 20 

kV, with secondary electron imaging (SEI) modes in "High-Vac" type up to 3.5 nm and by backscattered electrons. 

Area of the blade cut 
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To determine the hardness, 4 blades were finned, as shown in figure 3. These areas were considered, taking into 

account the incidence of the fluid on them. Of the 8 samples cut, No. 1; 4; 6, were 8 also selected for hardness 

scanning. These were chosen because, when the bubbles implode, the effect on the blades is not homogeneous. 

 
Figure 3. Hardness measurement in the different selected areas 

Discussion and analysis of results 

Microstructural analysis of impeller blade cavities   

When the cavities is analyzing in the pump blades, it can be seen that, for a liquor concentration of 27 % (figures 

4(a) and (b)), the cavitation phenomenon starts with small holes and cracks on the surface, leaving it susceptible 

due to the effect of the components present in the fluid. While, for a concentration of 34 % (Figures 5(a) and (b)), 

this defect increases with greater intensity, in the matrix the holes and cracks occur all along the grain boundaries. 

As the liquor concentrate increases, so do the cavities in the impeller blades, leading to deterioration of the 

crystalline structure of the alloy. 

 
Figure 4(a) and (b). Blade surface cavities for 27 % concentration. 

 
Figure 5(a) and (b). Blade surface cavities for 34% concentrations. 

The onset of cavitation is due to points of fluid breakage on the surface of the alloy called cavities. These points 

are the tension necessary to break or fracture the liquid, i.e. overcome the intermolecular cohesion forces and start 

the formation of flaws or discontinuities on the surface of the alloy. 

Evaluation of the damage on the passive layer 

The behavior obtained, by means of SEM, figures 6(a) and (b), correspond to a 27% concentration on the surface 

of the Hastelloy C-276 super alloy, which shows a lower incidence of cavitation. Regardless of this condition, 

there is a damaged structure with the formation of pitting and the breaking of the passive layer, with the presence 

of carbides. The fluid has caused a widespread attack by the effect of intercrystalline corrosion, with the presence 

of cracks along the grain boundary. There is a line of grains that show crumbling, which weakens the passive layer 

and the mechanical resistance of the material. 
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Figure 6(a). Sample 1. Figure 6(b). Sample 2. 

  

  
Figure 6(c). Sample 1. Figure 6(d). Sample 2. 

For 34 % concentration in the fluid (figures 6(c) and (d)), the material shows a more deteriorated surface with the 

presence of pores, cracks and carbides, there is a deformation of the dendritic phase and a non-textured matrix. 

The formation of the dark shade present on the surface, can be associated with the incrustations of the liquor in 

the grain boundaries, which leaves it susceptible to superalloy, giving rise to the phenomenon of cavitation. 

As there is a greater implosion of the bubbles, more deformation is introduced in the surface of the material, the 

tensional state is uniaxial with homogeneous distribution of the tensions, the plastic flow is confined in this zone, 

remaining in a state of plastic load, where radial and circumferential tensions appear, which give rise to a state of 

compound tensional on the material, criterion that has been reported by authors like Barzdaitis et al.  

The SEM standards obtained in the different samples (Figure 7(a)), correspond to 27% of concentration and 7(b) 

to 34 %. An angle of 45.51o was used to obtain the diffractograms. It is observed that, there is a variation in the 

chemical elements, as the fluid interacts with the surface of the Hastelloy C-276 superalloy, the components of 

this hydro mixture leave the material susceptible to the phenomenon of cavitation, the bubbles influence the 

durability of the impeller. The presence of oxidizing or reducing substances, traces of CO2 and organic substances 

in the solution can change this character and make the steels active or passive. There is a surface hardening as a 

result of the successive impacts of the shock waves that produce the appearance and implosion of the vapor 

bubbles generated by the cavitation process, which favors localized transformation with low levels of effort 

(Mittag and Gabi, 2015). 

 
Figure 7(a). SEM for 27 % solids concentration in the fluid. 
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Figure 7(b). SEM for 34 % solids concentration in the fluid. 

The diffractograms show the predominant elements in the Hastelloy C-276 super alloy, nickel, iron, chromium 

are elements that characterize it, which increase the hardening capacity of the alloy. The mechanical properties of 

this material, such as its hardness, toughness and elastic limit, make it exhibit characteristics with resistance to 

abrasive wear and plastic deformation. 

Microhardness in the different zones of the blades  

When evaluating the hardness behavior in relation to the thickness in one of the worn-out blades removed from 

service (figure 8), it can be seen that, for an initial value of 217 HV, in the Hastelloy C-276 superalloy, it increased 

to 225 HV at the upper end of said blade, a matter that is little affected by the effect of the implosion of the 

bubbles, however, as it approaches the lower end, this property increases until it reaches HV 270.  

 
Figure 8. Hardness vs. thickness behavior. 

There is an inverse relationship between hardness and thickness, the latter being reduced by the effect of fluid 

friction on the surface and causing a decrease in grain size due to the effect of pungency. 

It could be determined that, during the cavitation phenomenon, which affects the impeller, there is a slide in the 

grains of the crystalline net, which are produced by the cutting efforts that are manifested in the direction of the 

flowing crystalline planes, while its magnitude is higher than the characteristic resistance of the crystal. Behaviors 

that have as a final consequence the formation of dislocation cells by annihilation or recombination and reduction 

of the energy of the system, giving rise to a structure of sub-grains, within the original grain, therefore, a decrease 

in the effective size of the crystalline coherence zone. 

CONCLUSIONS 

1. The incidence of the leached liquor on the surface of the blade, manufactured from the Hastelloy C-276 

superalloy, causes the formation of pitting, the breakage of the passive layer, crumbling of the structure, as 

well as intercrystalline corrosion, a defect promoted by the phenomenon of cavitation. 

2. At a concentration of leached liquor of 27%, cavitation begins with small holes and cracks on the surface of 

the blades, while at 34%, the defects are distributed over the matrix and along the grain boundaries, leaving 

the surface susceptible to the Hastelloy C-276 superalloy. 

3. The hardness increases to 225 HV at the upper end of the blade, an effect that is little affected by the implosion 

of the bubbles, however, as it approaches the lower end, values of up to 270 HV are obtained. 
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