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In this work, the morphology of the cavitation damage to centrifugally cast austenitic stainless alloys of the HP type was 

investigated. All specimens subjected to cavitation underwent detailed morphological analyses using light microscopy 

(LM) and scanning electron microscopy (SEM). The phase composition and lattice parameter verification were further 

analyzed by energy-dispersive x-ray spectroscopy (EDS) and x-ray diffraction spectroscopy (XRD). The mechanical 

properties of the material were evaluated by using tensile test, impact test, and macro and micro hardness measurements. 

The initial results indicate that the material microstructure consists of an austenitic matrix, accompanied by a continuous 

network of primary eutectic carbides. These carbides come in two types: one with a high concentration of Nb (visible as 

bright particles) and the other rich in Cr (seen as dark particles). The carbides are of the MC type, where M represents Nb, 

and of the complex M7C3 type, where M stands for Cr, Ni, and Fe. Carbides located within the inter-dendritic boundaries 

exhibit either lamellar or skeleton-like structures. The cavitation resistance of the centrifugally cast heat-resistant  

alloy – HP40 Nb, is primarily influenced by the morphology of the carbides and the mechanical characteristics of the 

austenitic matrix. 
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1. INTRODUCTION 

The phenomenon of cavitation, which is characterized 

by the formation and subsequent collapse of vapor 

structures within a liquid, is a common occurrence in 

various components of hydraulic machinery [1, 2]. The 

emission of shock waves and microjets during the collapse 

of vapor structures can interact with nearby solid surfaces, 

potentially leading to material damage [3 – 6]. Despite 

comprehensive investigations carried out so far, the problem 

of estimating material degradation due to cavitation has not 

been completely resolved. 

In previous studies, the cavitation resistance of 

conventional materials, such as ferrous alloys frequently 

used in the fabrication of hydraulic machinery parts, 

depends on their mechanical properties, (such as hardness 

and tensile strength), as well as their microstructure [7, 8]. 

Most researchers 9 – 12 have correlated the cavitation 

erosion resistance of materials with microstructure, 

hardness, work-hardening ability, superelasticity and 

superplasticity, strain- or stress-induced phase 

transformation, etc. The cavitation resistance of Fe-Cr-Ni-C 

alloys is influenced by a range of factors. Cuppari et al. 13 

found that the addition of 1 wt.% Ni to Fe-Cr-C-Si alloys 

significantly improved cavitation erosion resistance, while 

higher Ni concentrations had a detrimental effect. Wujun et 

al. 14 found that the introduction of Fe and Mo can 
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decrease this resistance, while Park et al. 15 observed that 

the resistance decreases with increasing Ni concentration 

but improves with increasing Mn concentration. 

The literature review indicates that while there is 

considerable scientific research on stainless steels, there is a 

lack of studies on centrifugally cast Fe-Cr-Ni-C alloys 

[10, 12, 15]. 

Centrifugally cast austenitic stainless-steel alloys of the 

HP type are widely used in the petrochemical industry to 

manufacture reformer furnace tubes, for operating at 

temperatures higher than 1123 K. These alloys have 

replaced the traditional super-alloys with a substantial 

reduction of cost and have equivalent properties under 

conditions of creep, with excellent resistances to high-

temperature corrosion and carburization 16. The 

microstructure of the alloy is multiphase and it consists of 

the supersaturated solid solution γ-Fe-Cr-Ni, as well as of 

the chromium and niobium carbides (CrxCy and NbxCy) 

16, 17. Literature reports [13 – 18] establish that erosion 

behavior is significantly influenced by the morphology of 

carbides, specifically their type, shape, size, volume, and 

distribution. Cuppari and al. [13] concluded that the 

cavitation resistance of materials, specifically those with an 

austenitic matrix and carbides, is determined by the 

morphology of the carbides and the mechanical 

characteristics of the matrix phase. Their findings indicated 



that the initial attack occurred at the carbide phase in the 

chromium alloys (comprising 25 % chromium) that 

exhibited carbides with a coarse morphology (M7C3). On the 

other hand, in alloys containing 35 % chromium and 

exhibiting finer morphology carbides (M23C6), the initiation 

of damage occurs at the interface between the carbide and 

the matrix [13]. A review of the literature reveals that 

despite extensive scientific studies on vanadium carbide in 

ledeburitic Cr-V steels and high-speed steels, there has been 

no observed enhancement in their erosion resistance, even 

with their high hardness [19]. The study by Seetharamu et 

al. [20] has shown that fine carbides in a matrix of austenite 

and martensite were found to impart a considerable amount 

of erosion resistance to high chromium irons. Similarly, the 

study of Chauhan et al. 21 showed that the erosion 

resistance of cast 21-4-N (21 %Cr-4 %Ni-0.4%N) steel is 

better, compared to that of 13/4 (13 %Cr-4 %Ni) martensitic 

steel due to the distribution of hard carbides in the matrix of 

stabilized austenite. In the other study, Chauhan et al. 

21, 22 further showed that the stabilized austenite matrix 

of hot rolled 21-4-N steel is less prone to erosion damages 

as compared to the as-cast microstructure of 21-4-N and to 

stressed and untempered martensitic matrix of 13/4 steel, 

due to strain hardening. Gadhikar et al. [23] noted that in 23-

8-N nitronic steel (composed of 23 % Cr, 8 % Ni, and 

0.3 % N), the presence of carbides in band-like formations 

was found to increase the erosion rate. In contrast, larger 

carbides led to a reduction in carbon within the austenite 

matrix, negatively impacting the material’s ability to harden 

under strain and subsequently reducing the erosion 

resistance of the overall material. However, they also 

observed that the erosion resistance of 23-8-N nitronic steel 

improved when carbides dissolved in the austenitic matrix 

following solution annealing [23]. 

The cavitation resistance of HP40 alloy in centrifugal 

casting was influenced by various parameters. Bampton et 

al. 24 found that damage, including cavitation porosity, in 

a superplastic aluminium alloy was dependent on the 

maximum principal stress. This suggests that stress-related 

factors, such as those controlled by centrifugal casting 

parameters, could affect cavitation resistance. The dominant 

production technology for HP40 tubes is centrifugal casting. 

The technological parameters such as mould material, 

mould rotation speed, casting temperature, chemical 

composition and casting dimension influence the product 

properties involved 25. Espitia et al. 26 also highlight the 

role of microstructure and surface topography in cavitation 

resistance. 

Therefore, in this paper the cavitation behavior of the 

heat-resistant centrifugal HP40 Nb alloy with respect to 

microstructural features was studied to confirm that this 

material can be used in conditions where cavitation erosion 

resistance is expected, considering the facts given above. 

The presented research aimed to establish the surface 

damage morphology of HP40 Nb alloy affected by 

cavitation. 

2. MATERIALS AND METHODS 

The chemical composition of the investigated alloy 

HP40 Nb in as-cast condition is given in Table 1. To 

establish the initial mechanical properties of the evaluated 

HP40 Nb alloys, tensile, hardness, and impact tests were 

performed. The tensile testing was performed according to 

ISO 6892-1 procedures on a hydraulic testing machine 

Schenk Hydropuls PSB250 (Darmstadt, Germany). 

Table 1. Chemical composition of the HP40 Nb alloy (mass %) 

C Mn Si P 

0.45 – 0.5 max 1.5 1.5 – 2.0 max 0.03 

Ni Cr Nb Fe 

33.0 – 36.0 24.0 – 27.0 0.5 – 1.5 balance 

Three specimens with a round cross-section, each 

having a gauge length of 30 mm and a diameter of 6 mm 

were used. The Vickers hardness measurement HV30 was 

conducted in compliance with ISO 6507 using a WEB HPO 

250 machine (Leipzig, Germany), with a test load of 

294.2 N (30 kgf) and a dwell time of 15 seconds. 

Additionally, the microhardness measurement HV0.1 was 

performed on a Wilson Tukon 1102 machine (Buehler, IL, 

USA) with a test load of 0.9807 N (0.1 kgf) and a dwell time 

of 15 seconds. The reported hardness value was the average 

of five measurements. The macro hardness HV30 included 

both the austenitic matrix and carbides, while the 

microhardness was measured between carbides to reduce 

their impact. The impact energy (KV2) was calculated for 

three samples as per the ISO 148-1 standard at room 

temperature using a TE Forcespeed Corporation JWT-450 

machine (Jinan, China). 

The standard procedure for preparing metallographic 

samples was employed before conducting a light 

microscopy examination. This process involved grinding 

with SiC papers (ranging from 180 to 2400), followed by 

polishing using diamond suspensions of varying particle 

sizes (6, 3, 1, and 1/4 μm). The sample was then etched with 

a solution composed of 15 ml HCl, 10 ml Glycerol, and 5 ml 

HNO3.  

Ultrasonic cavitation tests were done on a Branson 

Ultrasonics (Danbury, USA) JP40022A device, in 

accordance with the ASTM G32 standard [27]. The device 

operated at a vibration frequency of 20 ± 0.5 kHz and a 

peak-to-peak displacement amplitude of 50 μm. The 

specimens and the horn tip were separated by a distance of 

0.5 mm. The tests were performed at a temperature of 

25 ± 0.5 °C in water. The specimen had a diameter of 

16 mm, a thickness of 6 mm, and a central aperture of 2 mm. 

The specimens were attached to the test rig using an 8 mm 

long screwed spigot. Before testing, the surfaces of the 

samples were prepared using metallography up to a 1 μm 

diamond paste. The mass loss of the test specimens was 

determined using an analytical balance with an accuracy of 

0.1 mg, after the specimens were rinsed in alcohol and air-

dried. Measurements were done at 15, 30, 45, and 

60 minutes of cavitation exposure. Each reported mass loss 

point represents the average of three cavitation damage 

tests. 

Microstructural and cavitated surfaces were observed 

by a Leitz Orthoplan light microscope (LM) from Wetzlar, 

Germany. Additionally, scanning electron microscopes 

(SEM) were used, specifically the JEOL JSM 6460LV 

(Tokyo, Japan), which is equipped with an EDS system 

INCA Oxford Instruments (High Wycombe, UK), and the 

JEOL JSM 5800, both operating at 20 kV. 



3. RESULTS AND DISCUSSION 

3.1. As-cast material 

The LM and SEM micrographs of the alloy 

microstructure are given in Fig. 1a-b. The microstructure of 

HP40 Nb alloy at the initial state, in the as-cast condition, 

consists of an austenitic matrix and a skeletal-shaped 

primary eutectic carbides network. As can be seen, there are 

two types of morphologies for interdendritic eutectic-like 

primary carbides. 

 

a 

 

b 

Fig. 1. The as-cast HP40 Nb alloy’s microstructure is as follows: 

a – light microscopy (LM), 200×; b – scanning electron 

microscopy (SEM), 1000× 

To investigate the intradendritic and interdendritic 

precipitates in as-cast HP40 Nb alloy, SEM observations 

were conducted in backscattered electron (BSE) mode with 

elemental mapping technique, Fig. 2. As illustrated in 

Fig. 1 b, and Fig. 2, two types of carbides could be 

distinguished, which exhibit darker and brighter contrast. In 

other words, the microstructure comprises an austenitic 

matrix (Spec. 5) and a continuous network of primary 

eutectic carbides. These carbides appeared in two varieties: 

one enriched with Nb (visible as bright particles in Fig. 2, 

Spec. 2 and Spec. 3) and the other enriched with Cr (visible 

as dark particles in Fig. 2, Spec. 1 and Spec. 4). These 

carbides are of the MC type, mainly NbC (bright), with 

additions of Cr, Fe, Ni, Ti; and of the M23C6 or/and M7C3 

types, mainly Cr-C (dark grey), also with the addition of Fe 

and Ni. 

Literature reveals that carbides, when present in the 

inter-dendritic boundaries, appear as lamellar or skeleton-

form structures [28]. In addition, carbides with a high 

concentration of niobium have been found to maintain 

stability more effectively at elevated temperatures than 

secondary chromium carbides [29]. 

 

Fig. 2. SEM BSE micrograph of a cross-section of the HP40 Nb 

alloy – EDS point analysis 

Table 2. The mass percentage of the chemical composition of the 

participate phases in the HP40 Nb alloy, corresponds to 

Fig. 2 

Specimen C Si Ti Cr Mn Fe Ni Nb 

Spec. 1 37.04   54.19  7.05 1.73  

Spec. 2 43.00 0.98 0.60   9.47 8.45 27.41 

Spec. 3 43.60  3.84 5.62  3.45 2.71 40.78 

Spec. 4 17.04 2.52  44.41  19.40 16.64  

Spec. 5 14.68 2.99  22.29 0.97 30.75 28.32  

To further confirm the atomic structure of carbides, an 

XRD analysis is performed, Fig. 3. The lower section of 

Fig. 3 uses vertical lines to denote the reflection positions 

for the previously mentioned standard crystal types. These 

are derived from the PDF database and are accompanied by 

the numbers of their corresponding cards. 

 

Fig. 3. The XRD patterns of the HP40 Nb alloy as cast are shown in red before cavitation 



The initial row, highlighted in blue, signifies the 

reflection position of γ-Fe. The subsequent row, shown in 

pink, demonstrates the reflection position of M23C6. The 

tertiary row, indicated in green, exhibits the reflection 

positions of M7C3. Finally, the fourth row, highlighted in 

lilac, shows the reflection positions of Nb3Ni2Si. 

In the HP40 Nb alloy sample, several crystal phases 

have been detected: γ-Fe, whose diffraction pattern, which 

aligns with the standard PDF # 01-081-8770, Cr23C6 that 

matches the standard PDF # 03-065-3132, Cr7C3 whose 

diffraction pattern corresponding to the standard PDF # 01-

071-3789, and Nb3Ni2Si that fits the standard PDF # 01-072-

2171 (PDF-2 Release 2016 RDB). 

The chemical analysis results suggest potential atomic 

substitutions in the aforementioned crystal structures. 

This substitution includes the MC type (where M 

primarily represents Nb, supplemented by Cr, Fe, Ni, Ti), 

and the M23C6 or/and M7C3 types (where M primarily 

signifies Cr, supplemented by Fe and Ni). The provided 

crystal phase formulas should be viewed as approximate 

chemical formulas 28. 

The starting mechanical properties of as-cast HP40 Nb 

alloy material are given in Table 3. The material has an 

average level of strength, lower hardness, and high 

brittleness compared to the other HP Nb alloys. 

Table 3. Mechanical properties of the HP40 Nb alloy 

Material 
Rp0.2, 

MPa 

Rm,  

MPa 
A, % HV30 

Impact 

energy, J 

HP40 Nb  240 450 10 215 7.9 

3.2. Cavitation damage of the material surface 

3.2.1. Damage after 15 min 

During the initial stages of cavitation testing, the 

austenite matrix, rather than the carbides, was the first to 

exhibit damage. As illustrated in Fig. 4, the austenite matrix, 

which is slightly attacked by the detachment of weakly 

bonded particles, is primarily where the damage unfolds. It 

could be assumed that this alteration is due to the disparity 

in hardness between the matrix and the carbides. 

 

Fig. 4. SEM micrograph of HP40 Nb alloy after cavitation testing 

15min 

3.2.2. Damage after 30 min 

After 30 minutes of cavitation testing, it might be 

noticed an increased extent of damage compared to the 

initial testing stage, as illustrated in Fig. 5 a. The carbides in 

some regions become partially fragmented (B – Fig. 5 b). At 

this stage, MC type Nb carbide becomes separated from the 

austenite matrix. Furthermore, it should be noted that the 

slip lines appear in austenite grains (C – Fig. 5 b). As shown 

in Fig. 5 c, the austenitic matrix, being softer than carbides, 

undergoes plastic deformation. The portion remaining after 

the carbides removal has the form of pits with notches with 

high-stress concentration and representing favorable 

locations for cavitation erosion. This finding is similar to the 

results of other researchers 10, 13, 14 who believed that 

the continuous effect of cavitation leads to material 

separation and pit formation. Plastic deformations occur in 

the austenitic matrix, i.e. the pushed-out part of the material 

appears near carbides. 

 

a 

 

b 

 

c 

Fig. 5. SEM micrograph of cavitation damage after 30 min: a – the 

cavitated surface; b – B- the partially fragmented MC 

carbides of Nb, C-slip line; c – cavitation pit in the 

austenitic matrix 

3.2.3. Cavitation damage after 60 min 

Following 60 minutes of cavitation testing, one might 

notice further significant damage, as shown in Fig. 6. 

Surface deformations with an increasing number of cavities 



and pitting were observed on the attacked areas of the 

specimen after 60 min of testing (Fig. 6). As the cavitation 

damage progresses, an increase in slip lines within the 

austenite grains can be observed. Material from these slip 

lines in the austenite grains is then eliminated by ductile 

fracture mode, as shown in Fig. 6 b. As the testing duration 

extended, cavitation caused the separation dislodgement of 

carbides, particularly primary ones, from the austenite 

matrix, resulting in the formation of new pits (Fig. 6 b and 

c). Higher magnification (Fig. 6 c) shows a characteristic 

detail where greater loss of metal, characterized by the 

removal of carbide phases with coarse morphology (M7C3), 

could be observed. 

 

a 

 

b 

 

c 

Fig. 6. SEM micrograph of cavitation damage after 60 min: 

a – surface overview; b – slip lines in austenite; c – removal 

of carbide phases 

3.2.4. Cavitation erosion as a function of time 

The diagram in Fig. 7 depicts the correlation between 

the loss of mass and cavitation duration. This relationship 

can be represented by a straight line, derived using the least-

square method. The slope of the straight line represents the 

cavitation rate. The calculated slope for HP40 Nb alloy 

corresponds to the cavitation rate of 0.004 mg/min. 

 

Fig. 7. Cavitation damage as a function of time 

The results of the cavitation resistance examination of 

the test specimens are given in Fig. 7, which shows a linear 

relationship between the mass loss and testing time. 

In summary, the initiation of cavitation damage in the 

HP40 Nb alloy occurs both at austenite grain boundaries and 

at the carbide-austenite interfaces [14]. In this type of alloy, 

M23C6 carbides have a finer morphology than that of M7C3 

carbides. According to literary texts [13, 15], for alloys with 

finer carbides, the initiation of mass loss occurs at the 

interface between the carbide and the matrix. 

Furthermore, also according to literature data [13] the 

coarser morphology of the M7C3 carbides is responsible for 

the increased mass loss of the alloys with 25 % chromium. 

The cavity surface is due to the dendritic casting 

microstructure, characterized by micro segregations of the 

alloying elements, which is consistent with the previous 

investigations about Fe-Cr-Ni based alloys [13, 14]. 

3.3. XRD analysis after cavitation 

X-ray diffraction (XRD) patterns of the HP40 Nb alloy 

after cavitation are shown in Fig. 8. 

 

Fig. 8. XRD patterns for the HP40 Nb alloy after cavitation: 

a – 15 min; b – 30 min; c – 45 min; d – 60 min 



The initial phase composition shows a precipitated 

carbide type M23C6 along with austenite. After 15 min of 

exposure to cavitation testing, the peaks at 2 of 43.431(7), 

50.514(10), 74.532(14) correspond to (111), (200), (220) 

confirming the face-centred cubic (fcc) crystal austenite. 

Following a 30-minute cavitation test, -martensite was 

detected along with austenite and M23C6 carbide 

precipitates. After 30 min cavitation, the γ-peaks 

(representing austenite) decrease, indicating a 

transformation of the austenite into martensite. 

With increasing time of cavitation, the change in the 

austenite amount is visible from the X-ray diffractogram. 

The peak intensities of the austenite (111γ and 200γ) are 

quite high during the first 15 min cavitation, while they are 

reduced after cavitation. This is because of the 

transformation of the face-centered cubic austenite to body-

centered tetragonal martensite. It means that the formation 

 – martensite occurred in the already work-hardened 

austenite of this alloy. 

Martensitic transformation significantly affects wear 

resistance and incubation time by steadily absorbing the 

cavity collapse energy. 

According to Park et al. 34 in HP40 Nb alloy, an 

increase in the volume fraction of transformed -martensite 

during cavitation leads to an increase in the cavitation 

erosion resistance of Fe-Cr-Ni-C austenitic steel. 

3.4. Microhardness changes 

Fig. 9 shows the variation in microhardness in the cross-

section of the examined HP40 Nb alloy before and after a 

cavitation test lasting between 15 and 60 minutes. 

The variations of micro-hardness of the as-cast alloy 

(line 1#) and the alloy after 60 min cavitation process 

(line 2#) are shown in Fig. 9. For the as-cast alloy (line 1#), 

the micro-hardness is 219 HV0.1 and the value is lower 

compared to the surface hardness after 60 min cavitation 

process (line 2#). The Vickers micro-hardness (HV0.1) of 

the HP40 Nb alloy showed non-uniform values, and this is 

due to the difference in hardness between the austenite 

matrix and carbide particles. 

 

Fig. 9. Profile of microhardness vs. depth on a cross-section of the 

samples: 1 – as-cast; and U1 after 15 min, U2 after 30 min, 

U3 after 45 min; 2 – after 60 min cavitation damage 

The Vickers micro-hardness (HV0.1) tests conducted 

on the cross-sections of the cavitated specimens are 

illustrated in Fig. 10. 

In the area beneath the cavitated surface (up to 75 μm) 

a hardness increases to 277 HV0.1 is present for line 2#, in 

contrast to 219 HV0.1 for line 1# (in the as-cast state). The 

observed increase in micro-hardness verifies the previously 

mentioned XRD results of a transformation in the 

microstructure (formation of martensite) during cavitation, 

as well as the presence of work-hardened layers [30, 31]. 

This work hardening of the surface is due to microjets 

impacts during cavitation. The increase in microhardness 

with longer cavitation exposure time is observed. Based on 

the work hardening during cavitation, the microhardness 

increases as the cavitation exposure time lengthens, but it 

decreases due to peeling [30 – 33]. 

 

 a b 

 

 c d 

Fig. 10. LM cross-section and cavitated surface micrographs, 

respectively: a, b – as-cast condition, line 1#; c, d – after 

60 min cavitation process, line 2# 

The increase in microhardness with increased exposure 

time to cavitation of HP40 alloy can be attributed to several 

factors. Hu et al. 35 found that the size of craters and the 

thickness of the modified layer, both of which contribute to 

increased microhardness, increased with the number of high 

current pulsed electron beam (HCPEB) pulses. Similarly, 

Bai et al. 36 observed a significant improvement in 

microhardness at the end of the incubation period during 

ultrasonic cavitation peening. This suggests that prolonged 

exposure to cavitation can lead to increased microhardness. 

Additionally, the formation of extended graded structures 

and the non-uniform hardening of the alloy, as reported by 

Hu et al. 35, may also contribute to the increase in 

microhardness. 

It is interesting to note that the level of the micro-

hardness of as-cast alloy remained constant between 200 to 

220 HV0.1. 

5. CONCLUSIONS 

According to the results obtained the following 

cavitation damage mechanism in centrifugally cast heat-

resistant alloy – HP40 Nb could be established. 

In the initial stage of testing, due to differences in the 

hardness of the matrix and carbide, the cavitation damage 

starts at the austenitic matrix (the austenitic matrix is softer 

than carbides). Primary eutectic carbides become separated 



from the austenite matrix in the form of pits. During 

cavitation damage, slip lines form within the austenite 

grains. Material is subsequently removed from these slip 

lines in the austenite grains through a process known as 

ductile fracture. With the increased time of exposure to the 

effect of cavitation, damage develops along the grain 

boundaries. Followed by the destruction of the carbide types 

along the grain boundaries and the joining of the resulting 

holes and the formation of cracks.  

It was determined on the cavitated sample cross-section 

that in the subsurface layer (up to 75 µm) the microhardness 

increases with time of exposure to cavitation, due to the 

work hardening effect induced by microjet impacts. 

According to the obtained results, it can be summarized 

that the cavitation resistance primarily depends on the 

microstructure, corresponding hardness, and stress-induced 

phase transformation during cavitation. 
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