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A B S T R A C T   

Cavitation erosion is a common damage form of hydraulic components. Constructing a cavitation-erosion- 
resistant layer on the surface of hydrodynamic components can effectively prolong the service life of the 
equipment. In this study, 304 austenitic stainless steel was machined by a diamond blade under specific pro-
cessing parameters, and a nanocrystalline layer (304-Nano) was formed by the work hardening during the 
machining process. The machining process also allowed strain-induced martensitic transformation, creating 
martensite in the nanocrystalline layer. The nanocrystalline layer had an average grain size of approximately 
34.7 nm, showing a Vickers hardness of 600 ± 30 Hv, which was much higher than that of the original 304 
austenitic stainless steel (230 ± 14 Hv). After the 15-h cavitation erosion test, the cavitation erosion rate of the 
304-Nano sample was only 19.4 % that of the original ordinary 304 stainless steel, showing that the 304-Nano 
sample has excellent cavitation erosion resistance. Furthermore, the in-situ SEM results showed that the 304- 
Nano sample could significantly inhibit crack propagation, which was probably attributed to its high density 
of grain boundaries and ultrahigh hardness. The excellent cavitation erosion resistance of the nanocrystalline 
layer is expected to be used as a protective material for anti-cavitation erosion applications.   

1. Introduction 

During the operation of hydraulic components, a high-velocity fluid 
can create a low-pressure zone on the component surface and cause the 
formation of vapour-filled bubbles, which are cavitation bubbles [1,2]. 
The implosion of some cavitation bubbles can apply repeated impacts, 
whose pressure can range from several MPa to 103 MPa or even 10 GPa 
according to experiments and numerical studies [3–5], to the compo-
nent surface nearby, causing plastic deformation and rupture of the 
material. The wear caused by cavitation is termed cavitation erosion, 
which is a common failure mode of hydrodynamic components such as 
propellers, impellers, pumps, and valves [6–8]. Since cavitation erosion 
damages the surface of materials, applying protective coatings is a 
common and feasible method to protect hydraulic components against 
cavitation erosion. Recent studies have reported that coatings with 
nanocrystalline structures possess good cavitation erosion resistance. 

Hong et al. deposited near-nanostructured WC-10Co4Cr coatings onto 
1Cr18Ni9Ti stainless steel using high-velocity oxygen-fuel (HVOF) 
spraying, and the erosion of the former was 78 % that of the latter after 
the exposure to cavitation for 10 h [9]. Qiao et al. prepared an HVOF- 
sprayed Fe-based amorphous/nanocrystalline coating, whose erosion 
was only 1/6 that of A321 stainless steel [10]. Other studies also showed 
that the coatings with nanocrystalline structure exhibited good cavita-
tion erosion resistance [11–14]. Additionally, it is worth mentioning 
that the cavitation erosion resistance of the coatings is material- 
dependent. For example, Nowakowska et al. showed that nano Al2O3- 
TiO2 coating did not grant enhancement in cavitation erosion resistance 
[15]. 

Apart from the deposition of coatings, the surface engineering 
techniques without introducing other materials can effectively improve 
the cavitation erosion resistance. For example, friction-stir processing 
(FSP) could refine the grains in a material by plastic deformation and 
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enhance cavitation erosion resistance [16–19]. Selvam et al. refined the 
surface of 316 L stainless steel to an average grain size of about 600 nm 
by FSP, and the FSP stainless steel exhibited cavitation erosion resis-
tance that was about 4–6 times that of the original 316 L stainless steel 
[16]. Escobar et al. refined the grain size of S32205 duplex stainless steel 
from about 6 μm to about 1–3 μm and enhanced cavitation erosion 
resistance [17]. However, there are very few studies on the cavitation 
erosion resistance of the material whose microstructure is refined by 
strain-induced methods other than FSP. Meanwhile, nanocrystalline 
materials (grain size less than 100 nm) have outstanding mechanical 
properties [20], which are beneficial to resisting cavitation erosion. 
Nevertheless, the materials treated by FSP usually cannot achieve such a 
refined microstructure, but mechanical grinding may introduce a 
nanocrystalline layer to the ground material [21]. 

This work aims to refine the microstructure of the 304 stainless steel 
via a machining process. The microstructure, mechanical properties, 
and cavitation erosion resistance of the processed 304 stainless steel 
were investigated, and the failure mechanism of the materials exposed 
to cavitation erosion in deionized water was further explored. 

2. Materials and methods 

2.1. Sample preparation 

This work used a bar of AISI 304 stainless steel whose diameter was 
20 mm. The chemical composition of the stainless steel was tabulated in 
Table 1. The stainless steel bar was cut into cylinders with a thickness of 
10 mm in a cutting machine (Brillant, ATM, Germany), and a diamond 
blade (Dongguan Kechuang Grinding Materials Ltd., China) with a 
diameter of 125 mm was used. During the cutting, the rotation speed of 
the blade was 3800 rpm, the feed rate was 0.04 mm/s, and the blade was 

continuously hosed down with tap water. Then, a group of the stainless 
steel cylinders were ground on 240-, 400-, 800-, 1200-, and 2000-grit 
SiC paper and polished by 50 nm SiO2 suspension, which were deno-
ted as the 304 samples. The other group of the cylinders were polished 
by 50 nm SiO2 suspension only without grinding, denoted as the 304- 
Nano samples. It took 1 min of wet grinding for each grade of SiC 
paper, and the polishing process lasted 10 min. 

2.2. Material characterisations 

The phase composition of the samples was confirmed by X-ray 
diffraction (XRD, D8 ADVANCE, Bruker, Germany) with a copper anode 
at 40 kV and 40 mA scanning at 0.03◦/s in a range of 35◦ to 95◦. The 
calculation of the content of martensite and austenite phase was carried 
out according to a previous report [22]. Transmission electron micro-
scopy (TEM, Talos F200x, ThemoFisher, USA) was used to characterize 
the microstructure of the samples. For the TEM characterisation, the 
specimens were cut from the polished surface of a 304-Nano sample by 
focused ion beam (FIB, Auriga, Carl Zeiss, Germany). Electron back-
scattered diffraction (EBSD, e− FlashHD detector, Bruker, Germany) was 
carried out at 20 kV and 1 μm step size to characterize the cross-section 
of the 304 sample. The FIBed 304-Nano sample was also characterized 
by EBSD using transmission Kikuchi diffraction apparatus at 20 kV and 
4 nm step size. For the nano-indentation test, five randomly selected 
locations on the sample surface were indented by a diamond indenter 
(Nano Indenter G200, MTS, USA). For the microhardness test (Wilson 
VH3300, Buehler, Germany), five random sites on the sample surface 
were indented under a load of 0.1 kgf. The tested samples were also 
observed by scanning electron microscopy (SEM, Quanta FEG 250, FEI, 
USA) to analyse the morphology of the indented regions. 

The cavitation erosion resistance of the samples was tested in 
deionized water using ultrasonic vibratory apparatus (GBS-SCT 20 A, 
Guobiao Ultrasonic Equipment Co., Ltd., Hangzhou, China) as per a 
modified version of ASTM G32 standard using stationary sample 
method, and the detailed parameters were described in a previous study 
[13]. Specifically, the solution temperature was kept at 25 ± 1 ◦C, the 
peak-to-peak amplitude of the sonotrode was 50 μm, the gap between 
the sonotrode tip and sample surface was 1 mm, and the diameter of the 

Table 1 
Chemical composition of the AISI 304 stainless steel (according to the specifi-
cation from the supplier).  

Elements C Cr Ni Mn Si P S Fe 

wt% 0.08 18 8.01 1.95 1.00 0.033 0.028 Bal.  

Fig. 1. XRD pattern of the 304 and 304-Nano samples.  
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Fig. 2. EBSD mappings for the counting of grain size distribution. A-1 and B-1, SEM images of the mapped regions in the 304 and the 304-Nano samples; A-2 and B-2, 
invers pole figures showing the grains. A-3 and B-3, grain size distributions. 

Fig. 3. TEM characterisation of the 304-Nano sample. A-1 and A-2, TEM images of specimen cut by FIB; A-3, the dark field of A-2; B-1, image near the sample 
surface; B-2, the corresponding selected area electron diffraction (SAED) patterns; B-3, high-resolution TEM image. 
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sonotrode tip was 25 mm, which was greater than that of the sample. At 
each test interval of 1 h, the mass loss of the sample was weighed by an 
electronic analytical balance (METTLER 220, TOLEDO Instruments Co., 
Ltd., Shanghai, China). The erosion and the erosion rate were converted 
to the mean depth of erosion (MDE) and the rate of MDE (MDER) ac-
cording to ASTM G32 [23], as demonstrated in the equations below, 

where the Vloss, A, mloss, and ρ are the volume loss of the specimen, mass 
loss of the specimen, area of the specimen exposed to cavitation, and 
density of the specimen, respectively. The eroded surface of the samples 
after 15 h of cavitation erosion test were characterized by a 3D profil-
ometer (UP-Lambda, Rtec-Instruments Ltd., USA). Moreover, SEM was 
also used to investigate the behaviour of the samples exposed to 

Fig. 4. Mechanical properties of the samples. A, load-displacement plot; B, indentation hardness and indentation modulus; C, Vickers hardness; D, indentation 
morphology of the 304 and 304-Nano samples after Vickers hardness test. 

Fig. 5. Cumulative MDE (A) and MDER (B) of the 304 and the 304-Nano samples exposed to cavitation erosion in deionized water for 15 h.  
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cavitation erosion. 

MDE =
Vloss

A
=

mloss

ρ • A
(1)  

MDER =
ΔMDE

Δt
(2)  

3. Results and discussion 

Fig. 1 shows the XRD pattern of the 304 and 304-Nano samples. From 
the XRD results of the 304 sample in Fig. 1, it can be seen that it is a 
single-phase austenitic stainless steel (γ phase), and the diffraction peaks 
at 44◦, 52◦ and 75◦ correspond to (111), (200) and (220) crystals, 
respectively. The result is consistent with previous reports [24–26]. As 
for the 304-Nano sample, it not only contains the γ-austenite phase but 
also contains the α’martensite phase. The presented ά martensite phase 
was likely formed by the in-situ transformation of γ austenite phase. It is 

worth noting that the γ(200) and γ(220) diffraction peaks of the 304- 
Nano sample are significantly shifted to the left compared with those 
of the original 304 sample, which reflects stress in the austenite phase in 
the 304-Nano sample. Furthermore, according to the Bragg formula 
(2d⋅sinθ = n⋅λ, n = 1, 2, 3, ⋅⋅⋅), when the diffraction angle (θ) is smaller, 
the interplanar spacing (d) is larger [27], which indicates that there is 
tensile stress in the austenite phase of the 304-Nano sample. Based on 
the XRD pattern, the content of the γ-austenite phase and the α’ 
martensite phase in the 304-Nano sample was calculated, and the con-
tent of the two phases is 35 % and 65 %, respectively. Generally, there 
would be a ε phase during the transformation from γ austenite to α’ 
martensite [22,28]. However, no diffraction peaks related to the ε phase 
were observed in the 304-Nano sample. A similar result was also re-
ported by K.Emurlaev et al. [29]. The authors used synchrotron radia-
tion to investigate the phase transition behaviour of austenitic stainless 
steel during the friction process. The results showed that the ε phase was 
only detected at the initial stage of the friction cycle. With the increased 

Fig. 6. Optical microscope topography (− 1), 3D surfaces topography (− 2) and depth distribution on the eroded surface (− 3) of the 304 sample (A) and 304-Nano 
sample (B) after cavitation erosion in deionized water for 15 h. 
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friction cycles, the ε intermediate phase rapidly reduced. When the 
number of friction cycles increased to 69, the ε phase on the surface of 
the sample completely disappeared, and the composition of the sample 
surface was mainly ά martensite phase. Hence, the ε phase was likely to 
exist during the preparation process of the 304-Nano sample in this 
study, but due to the repeated friction caused by the high-speed rotation 
of the saw blade (3800 rpm), the ε phase disappeared rapidly, resulting 
in no detection of ε phase in the XRD pattern of the 304-Nano sample. 
Besides, it should be pointed out that the corresponding diffraction 
peaks can only be detected when the content of the corresponding phase 
in the sample reaches a mass fraction of more than 3 %, and it is difficult 
to detect when the mass fraction is below 3 %. Therefore, the absence of 
ε phase in the XRD of the 304-Nano sample may be also because of its 
low content. 

Fig. 2 shows EBSD mappings of the 304 and 304-Nano samples. The 
index rate of the 304 sample was 98.7 %. The phase composition of the 
304 sample was almost fully austenite with the martensite less than 0.6 
%, and the average grain size was 8.5 μm. As for the 304-Nano sample, 
the index rate was 91.2 %, whose decrease was attributed to the stress 
accumulation during the mechanical cutting process. The average grain 
size was significantly refined to 34.7 nm (more than 95 % of the grains 
were less than 100 nm), and 91.9 % of the mapped region was 
martensite. According to the calculation based on the previous XRD 

result, the martensite in the 304-Nano sample was about 65 %, which 
was lower than the EBSD result. This difference indicates that the 
affected region by the cutting process was very thin. 

Fig. 3 shows the TEM characterisation of the 304-Nano sample. It can 
be seen that the grain size of the specimen in Fig. 3A-1 becomes smaller 
as it is closer to the specimen surface. Furthermore, the 304-Nano 
sample is mainly composed of ά martensite phase. The selected area 
diffraction signal of γ austenite phase is not obvious (Fig. 3A-2), only a 
small amount of γ-austenite was evenly distributed in the sample 
(Fig. 3A-3). The content of the γ austenite is approximately 8 %, and the 
content of the α’ martensite phase is approximately 92 %, consistent 
with the EBSD result. Fig. 3B-1 shows many dislocations inside the 
grains in the sample. According to the corresponding selected area 
electron diffraction (SAED) pattern, the grains were martensitic nano-
crystals (Fig. 3B-2). The interplanar spacing measured by inverse 
Fourier transform is 0.203 nm (Fig. 3B-3), corresponding to the (110) 
crystal plane of α’martensite. Thus, based on the TEM results (Fig. 3) and 
the EBSD result (Fig. 2), a layer of nanocrystals mainly composed of the 
α’ martensitic phase has been successfully constructed on the 304 
sample, whose grain size is significantly smaller than that of the original 
304 austenitic stainless steel. 

Due to the cavitation erosion resistance of the material being 
determined by its surface mechanical properties, nano-indentation and 

Fig. 7. Surface profiles (A, B) and linear profiles (C, D) of the 304 sample (A, C) and 304-Nano sample (B, D) after cavitation erosion in deionized water for 15 h.  
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Vickers hardness tests were conducted, and the results are shown in 
Fig. 4. It can be seen that a larger area is enclosed by the load- 
displacement curve and the X-axis for the 304 sample, which indicates 
higher plastic deformation energy absorption (Fig. 4A). Nevertheless, 
compared with the 304 sample, the nano-indentation hardness and 
elastic modulus of the 304-Nano sample increased by 106 % and 10.3 %, 
respectively (Fig. 4B). As for the Vickers hardness (Fig. 4C), the 304 
sample showed a value of 230 ± 14 Hv, and the 304-Nano sample 
exhibited a value of 600 ± 30 Hv. Compared with the 304 sample, the 
Vickers hardness of the 304-Nano sample increased by 161 %. Similar 
results were also reported by Selvam et al. [16]. The largest Vickers 
hardness (420 Hv) of the austenitic stainless steel was obtained by using 
friction stir welding to refine the surface grains of the material [16], 
which is significantly smaller than that in this study (600 ± 30 Hv). The 
Vickers hardness of the 304-Nano sample can be attributed to the 
following two reasons. First of all, the grain refinement structure pre-
pared by Selvam et al. was mainly composed of austenite [16], while the 

nanocrystalline layer prepared in this study was mainly composed of 
martensite (Fig. 1). Generally, the hardness of martensite is greater than 
that of austenite [30,31]. Secondly, the grain size of the grain-refined 
structure prepared by Selvam et al. was higher than 600 nm, which is 
much higher than that in this study (34.7 nm). It is known that the 
smaller the grain, the harder the material will be [32,33]. Fig. 4D shows 
the Vickers hardness indentation morphology of the 304 and the 304- 
Nano samples. There were no cracks around the indentation 
morphology of the two samples. The results show that although the 
hardness of the 304-Nano sample was up to 600 ± 30 Hv, it still 
exhibited good toughness. The microjet and shock wave generated 
during the cavitation erosion process can inflict heavy impacts on the 
sample surface. Thus, improving mechanical properties such as hardness 
will have a positive significance in resisting cavitation erosion. 

Fig. 5 shows the cumulative MDE and MDER of the 304 and the 304- 
Nano samples exposed to cavitation erosion in deionized water for 15 h. 
After 15 h of cavitation erosion, the cumulative MDE of the 304 samples 

Fig. 8. SEM images showing the surface of the 304 (A) and the 304-Nano sample (B) after cavitation erosion in deionized water for 15 h.  
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is 11.37 ± 0.23 μm, while that of the 304-Nano samples is only 1.59 ±
0.15 μm. The cavitation erosion rates of the samples in terms of MDER 
are plotted in Fig. 5B. The 304 sample reached the stable maximum 
erosion rate of 0.98 μm/h after the exposure to cavitation for 5 h, while 
the 304-Nano sample reached the stable maximum erosion rate of 0.19 
μm/h at the 12th h. At the maximum erosion rate stage, the erosion rate 
of the 304-Nano sample was 19.4 % that of the 304 sample, showing that 
the 304-Nano sample was much more resistant to cavitation erosion 
than the 304 sample. 

The morphological changes of the 304 and 304-Nano samples 
exposed to cavitation erosion in deionized water for 15 h are presented 
in Fig. 6. A large number of eroded sites were formed on the surface of 
the 304 sample after cavitation erosion for 15 h (Fig. 6A-1), while the 
surface morphology of the eroded 304-Nano sample (Fig. 6B-1) is rela-
tively smoother than that of the 304 sample. Before the exposure to 
cavitation, both samples exhibited similar surface roughness. The sur-
face roughness (in terms of Sa) of the 304 sample was 12.25 nm, while 
that of the 304-Nano sample was 9.51 nm (Fig. S1 & Fig. S2). After the 
exposure to cavitation erosion, their Sa values increased and were very 

different. The Sa value of the 304-Nano sample after cavitation erosion 
was 1.47 ± 0.30 μm (Fig. 6B-2), which is only 29.3 % that of the 304 
sample (Fig. 6A-2). Generally, a rougher surface after cavitation erosion 
means more damage during cavitation erosion. The greater surface 
roughness of the 304 sample indicates that its anti-cavitation erosion 
performance was worse than that of the 304-Nano sample. In addition, 
statistics for the depth of the eroded sites are also shown in Fig. 6A-3 and 
B-3. The result shows that the depth distribution of the eroded sites on 
the 304 sample after cavitation erosion ranged from 0 to 41.6 μm and 
nearly fit the normal distribution (Fig. 6A-3). For the 304-Nano sample, 
the depth distribution after cavitation erosion ranged from 0 to 16.5 μm 
but did not fit the normal distribution. The results indirectly indicate 
that the downward growth of the eroded sites on the 304-Nano sample 
was inhibited, resulting in better cavitation erosion resistance. Fig. 7A-B 
shows the contour of the 304 and the 304-Nano samples after cavitation 
erosion. The number and size of the eroded sites on the 304-Nano 
sample were significantly lower than those of the 304 sample, indi-
cating that the erosion on the 304-Nano sample was significantly lower 
than the 304 sample. The linear roughness (Ra) of the 304 and the 304- 

Fig. 9. SEM images showing the cross-section of the 304 (A) and the 304-Nano sample (B) after cavitation erosion in deionized water for 15 h. The black arrows 
indicate the severely eroded sites. 
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Nano samples after 15 h cavitation erosion were 2.25 ± 0.28 μm and 
1.03 ± 0.14 μm, respectively (Fig. 7C-D). The Ra of the 304 sample was 
significantly greater than that of the 304-Nano sample, which is 
consistent with the Sa values (Fig. 6A-2 and B-2). The surface profile 
results indicate that the ability of the 304-Nano sample to resist the 
growth of the eroded sites was significantly stronger than that of the 304 
sample. These results are consistent with Fig. 5. 

Fig. 8 shows the surface morphology of the 304 and the 304-Nano 
samples after cavitation erosion in deionized water for 15 h. It can be 
seen that the original morphology of the 304 sample surface (Fig. 8A-1) 
was completely eroded. As for the 304-Nano sample (Fig. 8B-1), a part of 
the original surface remained undamaged after cavitation erosion 
(highlighted by the red dotted boxes). Furthermore, a large eroded site 
was observed on the surface of the 304 sample (Fig. 8A-2 and A-3), and 
there is a large crack around the eroded site with a length of approxi-
mately 4.5 μm. However, for the 304-Nano sample, it can be seen that 
more small cracks formed on the surface, but the cracks were dispersed 
(Fig. 8B-2 and B-3). In general, dispersed and smaller cracks show a 
greater ability to inhibit crack propagation, resulting in less mass loss 
and excellent anti-cavitation erosion performance of the 304-Nano 
sample. 

The cross-sections of the 304 and the 304-Nano samples after the 
exposure to cavitation for 15 h are presented in Fig. 9. At the low 
magnification (Fig. 9A-1 and B-1), the 304 sample showed a much more 
jagged surface and larger eroded sites than the 304-Nano sample. The 
magnified images (Fig. 9A-2 and B-2) show that the eroded site at the 
304-Nano sample was much shallower than the eroded site at the 304 
sample. According to the further magnified images (Fig. 9A-3 and B-3), 
microcracks propagated into the 304 sample, while the microcracks in 
the 304-Nano sample only slightly propagated transversely and could 
not grow to the deep. Meanwhile, the length of the microcrack in the 
304-Nano sample was much shorter than the 304 sample. The results 
from these cross-sectional SEM images suggest that the 304-Nano sam-
ple could inhibit the growth of microcracks but the 304 sample could 
not, which is in agreement with the results from the SEM images of the 
surface (Fig. 8). 

Fig. 10 presents the XRD pattern of the samples after 15 h of cavi-
tation erosion test. It can be clearly seen from Fig. 9 that austenite and 

martensite existed in both samples after cavitation erosion. Similar re-
sults have been found in other studies [27,34]. The intensity of the 
austenite peaks ((111)γ, (200)γ, (220)γ) and martensite peaks ((110)α, 
(200)α), (211)α)) were different, which means the contents of austenite 
and martensite phases were different in the samples. Further calculation 
shows that the martensite content of the 304 sample after cavitation 
erosion was 38 %. Nevertheless, the martensite content of the 304-Nano 
sample after cavitation erosion increased from 65 % to 94 %, which was 
significantly higher than the that of the 304 sample. According to the 
previous study of the 304 stainless steel [35], the content of the trans-
formed martensite reached a maximum before the erosion rate was 
stabilized. Then, the content would decrease as further exposure to 
cavitation when the erosion rate became stable. Surprisingly, the 304- 
Nano sample could preserve the transformed martensite. As a result, 
the significant difference in the martensite contents of the samples led to 
a significant difference in the failure mechanism (Fig. 8 and Fig. 9). 

Fig. 11 shows the in-situ SEM observation of the cavitation erosion 
behaviour of the 304 and 304-Nano sample tested in deionized water. 
Before exposed to cavitation erosion (0 min), the surface of the 304 
sample is complete and no cracks are seen (Fig. 11A-1). After 15 min of 
cavitation erosion, significant deformation was found from the surface 
of the 304 sample (indicated by the black arrow in Fig. 11A-2). With the 
extension of the cavitation erosion times (Fig. 11A-2 to A-4), the 
deformation increased rapidly, showing the accumulation of stress. 
Meanwhile, deformation twins were observed (Fig. 11A-3). After 90 min 
of cavitation erosion, the deformations began to evolve into small 
cavitation pits (highlighted by the red dashed rectangles in Fig. 11A-5). 
When the cavitation erosion time was 120 min (Fig. 11A-6), the material 
at the cracks peeled off, forming a cavitation crater with a length of 
approximately 20 μm. The evolution process of cracks on the surface of 
the 304 sample into cavitation craters is similar to the previous report 
[27]. For the 304-Nano sample, the surface was almost intact without 
any defects such as cracks and pores before cavitation erosion (Fig. 11B- 
1). After 20 min of cavitation erosion (Fig. 11B-2), cavitation pits 
(highlighted by the red dashed box) were formed on the sample surface. 
Some repeated impacts of microjets and shock waves during cavitation 
erosion were applied on the surface, resulting in the generation of these 
initial cavitation pits [3]. With the increase of the erosion time to 120 

Fig. 10. XRD pattern of the 304 and the 304-Nano samples after 15 h of cavitation erosion.  
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min (Fig. 11B-2 to B-4), the cavitation pits on the 304-Nano sample 
surface expanded from 2.4 μm to 2.7 μm. After 160 min of cavitation 
erosion (Fig. 11B-5), cracks (highlighted by the black arrows) appeared 
on the surface of the 304-Nano sample. With a further increase of the 
erosion time to 200 min (Fig. 11B-7), the cavitation pit and cracks 
further increased and expanded. After 220 min of cavitation erosion 
(Fig. 11B-8), the cavitation pits integrated together, forming a severely 
eroded site with a length of approximately 6.2 μm. When eroded for 240 

min (Fig. 11B-9), new cracks appeared, and the deformation at the crack 
(indicated by the black arrow) was more severe, showing more stress 
accumulation. From the in-situ SEM observation results (Fig. 11), it can 
be seen that the ability of the 304 sample to inhibit crack initiation and 
propagation was significantly lower than that of the 304-Nano sample, 
which was probably attributed to their microstructure. First, the 304 
sample is a single-phase fcc austenitic stainless steel, while the 304-Nano 
sample is mainly composed of bcc martensitic phase. In general, the 

Fig. 11. In-situ observation (at the same observation point) showing the microstructural evolution of the 304 (A) and the 304-Nano sample (B) during cavitation 
erosion in deionized water. 
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hardness of the martensite phase is greater than that of the austenite 
phase [30,31], and higher hardness is beneficial for resisting cavitation 
damage [36]. Second, there is a huge difference in grain size between 
the 304 and the 304-Nano sample. The 304-Nano sample has smaller 
grains and higher grain boundary density, and the high-density grain 
boundaries can significantly increase the hardness of the material, 
resulting in more effective resistance to cavitation erosion [16]. In 
addition, the high-density grain boundaries are likely to inhibit the 
expansion of cracks, thereby delaying the formation of cavitation pits. 
During the initial stage of cavitation erosion process, a large number of 
dislocations will be generated on the surface of the sample as a response 
to the cavitation shock wave and microjet. With the further prolongation 
of the cavitation erosion time, lots of dislocations would slip to the grain 
boundaries, resulting in the accumulation of grain boundary strain and 
the generation of cracks [27]. To illustrate the relationship between the 
force exerted by a single dislocation on the grain boundary and the grain 
size, critical deformation resistance of grain boundary (τcp) was intro-
duced [37,38]: 

τcp = D* (Δτ)2*
(2G*b)− 1 (3) 

D represents the diameter of the sample grain; G and b represent the 
elastic modulus and Bragg constants (elastic modulus and Burgers vec-
tors) of the material, respectively; Δτ represents the resolved shear stress 
of a single dislocation, derived from the input of cavitation microjet 
and/or shock wave. When assuming the critical deformation resistance 
(τcp) of the 304 and 304-Nano sample at the phase boundary is the same, 
great external input force (Δτ) is needed if the grain size (D) is small, 
indicating the deformation of the phase boundary is more challenging 
when the grain size (D) is small. 

The average grain size of the nanocrystalline layer (the 304-Nano 
sample) is approximately 34.7 nm, while the grain size of the austen-
itic stainless steel (the 304 sample) is approximately 8.5 μm. Thus, the 
external input force (Δτ) of the 304-Nano sample is approximately 433 
times that of the 304 sample, which means that the grain boundaries of 
the nanocrystalline layer (the 304 sample) is more difficult to accumu-
late stress, demonstrating the excellent ability of the nanocrystalline 
layer to inhibit crack generation and propagation during cavitation 
erosion. Additionally, it should be noted that the actual development of 
the dislocation could be much more complex than what was mentioned 
above [34]. 

4. Conclusion 

Based on the principle of deformation-induced martensitic trans-
formation of austenitic stainless steel, a nanocrystalline layer was suc-
cessfully prepared on the surface of the 304 austenitic stainless steel via 
a cutting process. The microstructure, mechanical properties and the 
cavitation erosion behaviour of the materials were investigated. The 
following conclusions can be drawn: 

1. A nanocrystalline layer mainly composed of α’ martensite was 
formed on the surface of the 304 austenitic stainless steel, and the 
average grain size of the nanocrystalline layer was 34.67 nm. 

2. The Vickers hardness of the nanocrystalline layer on 304 stainless 
steels (the 304-Nano sample) was much higher than that of the original 
304 austenitic stainless steel (the 304 sample). 

3. After 15 h of cavitation erosion in deionized water, the erosion 
rate of the 304-Nano sample was 19.4 % that of the 304 sample, showing 
the excellent cavitation erosion resistance of the 304-Nano sample. 

4. The in-situ SEM observation demonstrated that the 304-Nano 
sample could effectively inhibit the generation and expansion of cavi-
tation cracks, which was likely attributed to its high-density grain 
boundaries. 
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