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Abstract: Martensitic stainless steel containing 13% Cr–4% Ni suffers cavitation erosion (CE) as
the common material of hydro turbine impellers. Two 13% Cr–4% Ni stainless steel samples were
obtained by different melting and heating processes. One was of relatively low toughness but high
ductility (LTHD), and the other was of relatively high toughness but low ductility (HTLD). This
paper is to clarify the relationship between the mechanical properties and the CE resistance of the
experimental steel samples. The CE of the two materials was studied using an ultrasonic vibration
cavitation erosion rig. Mass loss, morphological observation, nanoindentation characterization, and
tensile tests were employed to clarify the erosion mechanism. The results showed that LTHD stainless
steel had slightly higher ductility, but lower toughness than HTLD material. The mass loss method
verified that the CE resistance of LTHD material was higher than that for the HTLD material. In
addition, both materials had an incubation stage of 2 h in the distilled water. The SEM revealed
that material removal was preferentially initiated from the grain boundaries and slip zone after the
incubation period. The ductility could delay the fracture of the material, which contributed more
to cavitation erosion resistance than the toughness of the materials. The hardness test showed few
relationships with the CE resistance.

Keywords: martensitic stainless steel; cavitation erosion; toughness; ductility

1. Introduction

Cavitation erosion (CE) is one of the most common forms of damage in pipelines,
propeller blades, turbines, and pumps [1,2]. Nearly 40% of the turbine units in China are
damaged by CE to varying degrees, which not only reduces efficiency but even causes
shutdowns and accidents. Many methods can be utilized to improve the CE resistance,
including increasing the tolerance of the materials to CE [1,3–6] and reducing the harshness
of CE conditions [7–11]. Materials selection is a basic and widely adopted approach to
resisting CE.

Materials’ resistance to CE is closely related to their mechanical properties, such as
hardness [1,12], microstructure [13,14], stacking fault energy [15], and superelasticity [16].
Niederhofer et al. [17] investigated the CE of CrMnCN austenitic stainless steels. They
found high CE resistance was partially due to the material’s toughness. Sasaki et al. [18]
discovered that increasing fatigue strength could also enhance the CE resistance of the
additive manufacturing of Ti-6Al-4V. He et al. [19] studied the CE of four metals: copper,
brass, pure aluminum, and aluminum alloy. They pointed out that the yield strength was
proportional to CE resistance. It can be observed that there is no individual parameter
that is widely accepted and identified for evaluating CE resistance. The composition
parameters were recommended to comprehensively analyze the relations [20]. However, it
is difficult to distinguish the individual action of the mechanical properties from the change
in microstructure or hardness.
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Normally, a material’s hardness is positively correlated to its resistance to CE [13,21,22].
However, it is not the crucial parameter of CE for a hyper-elastic material [23–25]. In addition,
toughness and ductility are closely related to CE [17]. Beak et al. [20] studied the influence
of ductility and load on erosion. They deemed that mechanical and microstructural factors
should be considered simultaneously. Paolantonio and Hanke [26] reported that high material
strength could reduce ductile damage and slow CE progression. However, up to now, few
published studies have been carried out on the relationship between CE and toughness and
ductility. It was known that the higher the matrix toughness of most materials, the slower the
crack expansion rate [27–29]. Interestingly, toughness and ductility are contradictory parameters.
For the same kind of material, which can be more suitable to represent the CE resistance of the
material? How do the toughness and the ductility affect the CE process? Unfortunately, there is
rare investigation to solve the problems described above. The novelty of this work is to clarify
the effect of toughness and ductility on CE performance.

Two martensitic stainless steels (13% Cr–4% Ni stainless steel) with different toughness
and ductility were selected for these CE experiments. Their CE resistance was compared
through mass loss measurements and surface morphology observation. X-ray diffraction
measurements, nanoindentation tests, and roughness measurements were also employed
for the CE mechanism analysis. The effect of the toughness and ductility on the CE of the
two martensitic stainless steels is discussed.

2. Experimental
2.1. Materials and Properties

A commonly used martensitic stainless steel for hydro turbines, 0Cr13Ni4Mo (13%
Cr–4% Ni) was utilized as the target material. Figure 1 shows the microstructures of
the low-toughness but high-ductility (LTHD) specimen, and high-toughness but low-
ductility (HTLD) specimen obtained by metallurgical microscopy before CE testing. The
samples were first polished and then etched with ferric chloride etching solution before
the observation. It can be observed that both LTHD and HTLD 13% Cr–4% Ni materials
are characteristic of plate-like martensitic organization [30–33]. This indicates that the
microstructure of the LTHD 13% Cr–4% Ni sample (Figure 1a) is similar to that of the
HTLD sample (Figure 1b). Although the heat treatment method of the former materials
was different from that of the latter, it seems that no obvious effect can be observed in the
metallurgical structures.
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The chemical compositions of the two materials are shown in Table 1. It can be
observed that impure elements P and S were removed by the ultra-purified melting method.
This method refers to vacuum induction and consumable smelting. The experimental
material was first prepared by vacuum induction melting, and then refined by vacuum
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arc remelting to reduce the contents of tramp elements (P, S, O, etc.). These elements are
harmful to the steel’s mechanical properties. The element P has great solubility in the
ferrite, which can reduce the plasticity and enlarge the austenitic grains. In addition, the
element S is prone to form sulfide (FeS, MnS), which distributes along grain boundaries
causing them to be highly sensitive to cracks and brittleness.

Table 1. Chemical compositions (in wt%) of LTHD and HTLD 13% Cr–4% Ni martensitic stainless steels.

Material C Si Mn P S Cr Ni Mo Fe

LTHD 0.04 0.40 0.60 0.005 0.0018 13.00 4.5 0.50 bal.
HTLD 0.042 0.41 0.59 0.022 0.003 12.84 4.67 0.53 bal.

Different toughness and ductility were obtained by different smelting processes and
heat treatment methods. Low-toughness but high-ductility (LTHD) material was homog-
enized at 1050 ◦C, tempered once at 630 ◦C, and tempered twice at 590 ◦C for one hour
for each condition. High-toughness but low-ductility (HTLD) material was normalized at
1000 ◦C for six hours and tempered at 600 ◦C for six hours followed by air cooling. The
mechanical properties of the two materials were tested using an Amsler tensile machine
according to ISO 6892 standard at room temperature [34]. The sample was machined
into a lamellar, dog-bone-shaped tensile shape with a 15 mm gauge length and 2 mm2

cross-section. Three specimens were measured for each material, and the average value of
the three measurements was calculated as the representative value.

The mechanical properties of the HTLD and LTHD 13% Cr–4% Ni martensitic stainless
steels are listed in Table 2. Rm, Rp0.2, and A represent tensile strength (MPa), yield strength
(MPa), and elongation after break, respectively. The strength of the LTHD material is almost
the same as that of the HTLD material. The toughness of the former is approximately
95% of that of the latter. The ductility of LTHD material is enhanced by approximately
23% by using the control of the chemical composition (Table 1) and the ultra-purified
melting method.

Table 2. Mechanical parameters of LTHD and HTLD 13% Cr–4% Ni martensitic stainless steels.

Materials Rm (MPa) Rp0.2 (MPa) A%

LTHD 1100 880 16
HTLD 1117 930 13

2.2. Cavitation Erosion Tests

CE experiments were performed with an ultrasonic vibration device, model XOQS-
2500 (Nanjing Xian’ou, China) with a frequency of 20 kHz and a peak vibration amplitude
of 50 µm [4,6,35]. Figure 2 shows the experimental rig and the sample. The specimens
for the CE tests were polished with 240-, 400-, 800-, 1200-, and 2000-grit sandpaper, in
sequence, followed by polishing with 2.5# diamond polishing paste. All the samples were
ultrasonically washed in ethyl alcohol, dried with air, and weighed with an analytical
balance (GL224-1SCN) (GL International Instrument, Shanghai, China) with an accuracy
of 0.1 mg. The CE specimen was fixed on a specimen holder as a lower specimen with a
distance of 0.5 mm from the tip of the titanium cavitation head. The tip material was TC4.
Each specimen used a new tip. Therefore, the used titanium cavitation tip was replaced
prior to each specimen experiment. Each tip lasted for 6 h. The CE experiments were carried
out in deionized water of a volume of 2 L at a temperature of 25 ± 2 ◦C. The temperature of
the solution was controlled with a cryostat model XODC-1006F (Nanjing Xian’ou, China).
A representative result was calculated using the average mass loss based on at least three
repeated values.
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Figure 2. Schematic of ultra-sonic vibrational cavitation erosion equipment and a specimen.

The metallographic structures of the materials were observed using a ZEISS optical
microscope (Carl Zeiss AG, Guangzhou, China) after being etched with a ferric chloride so-
lution. The erosion morphology after each CE time was analyzed with a Quattro S (Thermo
Fisher Scientific, Waltham, MA, USA) field emission environmental scanning electron mi-
croscopy (SEM). Surface phase compositions were detected using X-ray diffraction (XRD)
(PW3040/x0 X’Pert PRO Console equipment) (PANalytical B.V., Almelo (Netherlands)
Eindhoven) before and after CE tests. A Nano Indenter G200 (Agilent Technologies Inc.,
CA, USA) device was utilized to measure the material’s hardness with a load of 20 mN,
duration time of 20 s, and peak pressure for 10 s. The hardness measurement was per-
formed at 10 different spots for each sample to ensure the representativeness of the data.
White light interferometry (MicroXAM-1200) (KLA Corporation, CA, USA) was employed
to measure the surface roughness.

3. Results and Discussion
3.1. Mass Loss and Mass Loss Rate

The variation of cumulative mass loss and mass loss rate of the two stainless steels
with experimental time in deionized water is shown in Figure 3. It can be seen that both
materials experienced a similar variation trend. The change in the cumulative mass loss
had two stages: an incubation stage and an increasing stage (Figure 3a). In the first stage,
there was almost no mass loss for both the LTHD and HTLD stainless steels and this trend
lasted until 2 h. This stage is called the incubation stage, during which no obvious damage
occurred [6]. After this stage, both the mass losses increased at different increasing rates,
and the mass loss gap between the two materials became obvious. The cumulative mass
loss of the LTHD material was less than that of the HTLD material at each moment. At the
end of the experiment (6 h), the mass loss of the former material was 68.9% of that of the
latter, indicating better CE resistance of LTHD stainless steel.

The mass loss rate followed the same trend as the cumulative mass loss (Figure 3b).
A slow mass loss rate in the incubation stage and a high increasing mass loss rate in the
rest time can be observed. In the incubation stage, the increasing rates were too small to be
distinguished from each other. While in the next stage, the increasing trend of the LTHD
material was almost the same as that of the HTLD material but at a lower value.
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The mass loss was negatively correlated with the CE resistance [36]. The more mass
loss, the lower the CE resistance. In this view, the LTHD material had a higher resistance to
CE than the HTLD material, although they had the same incubation period (2 h). Generally
speaking, the incubation period is a sign of CE resistance [37]. The material with a longer
incubation period usually has higher CE resistance. However, this cannot apply to the
case we studied. The CE resistances cannot be distinguished from each other only by the
duration time of the incubation stage (Figure 3). It seems that the criteria for determining
CE resistance during the incubation period are not suitable for the same kinds of materials.

The CE resistance depends on many parameters including hardness [38,39], work-
hardening rate [30,40], plasticity [41], and so on. In the present case, two 13% Cr–4% Ni
stainless steels differ in toughness and ductility (Table 2). For the austenitic stainless steels,
high toughness corresponded to high CE resistance [18]. While the reverse was observed
for 13% Cr–4% Ni martensitic stainless steel (Figure 3 and Table 2). The ductility of the
LTHD material was higher than that of the HTLD material, which coincided with the trend
of CE resistance. It seems that the difference in the CE resistance is more related to the
ductility, which needs to be further clarified with more details of the CE characteristics.

3.2. Evolution of CE Morphology

Figure 4 shows the evolutions of the surface SEM morphologies of LTHD and HTLD
13% Cr–4% Ni stainless steels with CE time in deionized water. Slight plastic deformation
occurred on both materials after 1 h of CE (Figure 4a,b). The amount and degree of the
deformation were slightly less on the LTHD material (Figure 4a) than on the HTLD material
(Figure 4b). More convex grain boundaries and slip bands could be identified on the HTLD
material surface (Figure 4b) than on the LTHD material. However, no obvious material
removal could be observed for both materials up to that time, which was consistent with
the mass loss results (Figure 3). This indicates that the surfaces of the LTHD and HTLD
materials were still dominated by the deformation mechanism. When the test time lasted
for 2 h, the accumulated stress exceeded the material’s tensile strength resulting in the
initiation of the material removal (Figure 4c,d). Partial spalling and fracture preferentially
occurred on the deformed grain boundaries. At that moment, the dominant CE mechanism
began to change from plastic deformation to material removal. This change was also
reflected in the slight mass loss after CE for 2 h (Figure 3).
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3 h (e,f), and 6 h (g,h) in deionized water.

When the CE entered into the increasing stage, material removal was much more
severe than that in the incubation stage (Figure 4e,f). This phenomenon was more obvious
on the surface of the HTLD material (Figure 4f). Almost no original surface remained.
In contrast, although the material spalling and the fracture became worse on the grain
boundaries, they had not extended to the main parts of the grains (Figure 4e). The remaining
original surface of the LTHD was much greater than that of the HTLD material, indicating
higher CE resistance of LTHD material. This can be also seen in the comparison of the mass
loss (Figure 3).

At the end of the CE test, severe CE occurred on both the LTHD and HTLD materials.
The surface morphology of the former material was very similar to that of the latter. The
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entire surface was dominated by CE craters. Therefore, the CE resistance of the two
materials could not be distinguished from each other only by the surface morphologies
at the end of the test. This indicates that the CE resistance cannot be judged only by the
erosion of surface morphologies. Moreover, the surface morphology characteristics of
the two materials are not consistent with their cumulative mass loss. Compared with the
morphology observation, mass loss is more suitable for evaluating the CE degree.

The morphology differences between the two materials were concentrated during the
periods around the incubation stage. As the CE time further increased, severe CE covered
up the CE differences, especially for the two materials with similar chemical compositions
and mechanical properties. More details were needed to clarify the reasons causing the
difference in CE. Therefore, local magnifications of the surface SEM morphologies in the
incubation stage of the CE morphologies were performed, which are presented in Figure 5.
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At the CE time of 0.5 h, plastic deformation occurred on the grains due to repeated
bombardment of the cavitation bubbles for both materials (Figure 5a,d). The deformation
accumulated and piled onto the grain boundaries, leading to material protrusions. After
1 h, the deformation was aggravated for both (Figure 5b,e). However, the deformation
was more severe on the LTHD material (Figure 5b) than on the HTLD material (Figure 5e).
At the critical time of the incubation stage, a small amount of material removal could be
observed on both materials (Figure 5c,f). Local small CE pits characterized the surface of
the LTHD stainless steel (Figure 5c), while the CE craters were concentrated on the grain
boundaries of the HTLD stainless steel (Figure 5f). Moreover, it was noticed that the CE
was still dominated by plastic deformation instead of material removal during this period.

LTHD material was more prone to deformation due to its lower toughness than
HTLD (Figure 5b,e), while its high ductility could absorb more of the impact energy of the
collapsing bubbles and remain unremoved (Figures 4f and 5c). In contrast, HTLD material
could delay the deformation due to its high toughness (Figure 5e). However, the material
was more easily removed once deformation occurred, due to its low ductility (Figure 4g).
Therefore, the effect of the toughness and the ductility on the CE could be determined
through the SEM morphology characteristics in the incubation stage.

The X-ray diffraction patterns of LTHD and HTLD materials before and after the
CE are shown in Figure 6. Before the CE test, the two materials had the same phase
compositions. They were both composed of martensite (α phase) [42]. It is well known that
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the width of the XRD peaks indicates the grain size [43]. The narrower the peak, the larger
the grain. The height and area of the peak imply the grain content. As can be seen from the
graph (Figure 6), the LTHD had a similar grain size to that of the HTLD material. Moreover,
neither HTLD nor LTHD materials had new phases created after CE, which suggests that
no phase changes occurred under the condition of CE load.
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Normally there is reversed austenite phase in this typical 13% Cr–4% Ni martensitic
stainless steel [32,44]. However, it was not detected in the metallograph image (Figure 1)
and the XRD results. This may be explained by the amount of the reversed austenite phase
being too small to be detected.

3.3. Nanoindentation

CE resistance is highly dependent on material hardness [4]. Therefore, the micro-
hardness was measured by the nanoindentation equipment and the relationship to CE is
discussed. Typical nanoindentation load–displacement curves for the LTHD and HTLD
materials are plotted in Figure 7. The indentation parameters are listed in Table 3. The
depth recovery ratio (ηh) characterizes the elastic behavior of the specimen, as shown in
Equation (1):

ηh =
hmax − hr

hmax
(1)

where hmax is the maximum penetration depth, and hr is the residual depth after unloading.
The hardness, Hd (GPa), can be calculated by the ratio of the peak indentation load (Fmax)
to the projected area of hardness impression (Ac) using Equations (2) and (3), as follows:

Hd =
Fmax

AC
=

Fmax

26.43h2
c

(2)

hc = hmax − ε
P(h)

S
(3)

where hc is the contact depth at peak load; P(h) is the corresponding loa; ε is the correction
index, taken as 0.75 [45]; and S is the slope of the unloading curve.
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Table 3. Indentation parameters derived from the load–displacement curves in Figure 7.

Materials hmax (nm) hr (nm) ηh Hd (GPa)

LTHD 454.8 347.2 0.237 6.118 ± 0.173
HTLD 483.9 377.8 0.219 5.871 ± 0.202

The maximum indentation depth (hmax) of LTHD material (454.8 nm) was slightly
lower than that of the HTLD (483.9 nm), indicating its higher hardness (Table 3). The
hardness of the former material (6.12 GPa) was approximately 1.04 times that of the latter
material. High hardness is a sign of resistance to plastic deformation, because it may be
caused by the dislocations being impeded along the slip plane [46].

The kinds of materials used in this study have similar metallographic structure, grain
size (Figure 1), chemical composition (Table 1), and strength (Table 2). Therefore, the
hardness could reflect more CE resistance because it was less prone to be disturbed by
the other parameters. The LTHD material with higher hardness (Table 3) showed higher
CE resistance than the HTLD material (Figure 3). This trend was found widely in many
studies [1,47]. However, the hardness cannot greatly contribute to the CE resistance due to
their few differences. From another point of view, this indicates that CE resistance is more
likely to be related to toughness and ductility.

In addition to the hardness, the depth recovery ratio (ηh) of the LTHD material was
also relatively higher than that of the HTLD material. This means that the elasticity of
the former material was slightly higher than that of the latter material. Qiao et al. [45]
found that material elasticity is proportional to the resistance to CE. They suggested that
the increase in elastic energy played a crucial role in resisting CE. However, the depth
recovery ratio of the LTHD was only 1.08 times that of the HTLD material. Therefore, the
elasticity of the HTLD material contributed little to the CE resistance instead of being the
determining parameter.

To sum up, the hardness and elasticity of LTHD material were both higher than that of
the HTLD material, although the difference was not significant. One point is certain, that
they did not play a negative role in enhancing the CE resistance, since they have similar
metallographic structures and chemical compositions.
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3.4. Roughness

Figure 8 presents the variation of the surface roughness of LTHD and HTLD materials
with CE time in deionized water. At the end of the first hour, the surfaces of the LTHD and
HTLD materials exhibited obvious fluctuation, due to plastic deformation (Figure 8a,b).
This fluctuation reached the maximum when the CE was carried out for 2 h, which can be
speculated from the obvious color contrast (Figure 8c,d). However, the surface roughness
was similar to each other, which was consistent with the cumulative mass loss (Figure 3).
Within the incubation stage, the roughness was mainly caused by plastic deformation.
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After the incubation stage, the roughness value (Sa) increased by approximately 10%
and 29% for LTHD and HTLD materials, respectively (Figure 8e,f). At the end of the CE
tests, the values of Sa increased by more than 5 times that of the first hour for both the
materials (Figure 8g,h). However, the visual fluctuation was not as severe as that reflected
by the roughness value. This is because local deep CE craters contributed most of the Sa,
which can be proved by the local dark red color in Figure 8g,h. This also indicates that
most parts of the surface were uniformly removed, accompanied by local deep craters.

To further clarify the relationship between the mechanical properties and the CE
resistance, more details on the CE characteristics are provided, in terms of roughness
parameters. Table 4 presents the definitions of the roughness parameters used in this work.
Figure 9 plots a bar graph of the roughness parameters Ssk, Sku, Spk, Sk, and Svk after
CE for 6 h. Skewness is a parameter which is sensitive to deep valleys and high peaks
since it can measure the symmetry of the profile around its mean line. The values of Ssk
were −0.172 and −1.14 for the LTHD and HTLD materials, respectively. They were both
negative, indicating there were more deep valleys than high peaks in the roughness profile
of the two materials [48]. Additionally, the valleys on the LTHD material were less than
those on the HTLD material, indicating less material removal and higher CE resistance.

Table 4. Roughness parameter definitions and the schematic profile.

Parameter (Unit) Definition Schematic Profile

Ssk Ssk (Skewness) values represent the
degree of bias of the roughness shape.
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On the contrary, kurtosis (Sku) reveals the probability density sharpness of the rough-
ness profile. The value of Sku was more than 3 for LTHD, and less than 3 for HTLD
materials, which indicates that the surface peaks were greater in number and sharper on
the former materials (Figure 9). The sharp peaks of the HTLD material may be removed by
CE, resulting in a blunt profile and high mass loss.

In addition to Ssk and Sku, Spk, Sk, and Svk can also describe the roughness features
(Table 4). Comparing the three parameters, it can be observed that the height of the
surface layer of LTHD material was lower than that of the HTLD material, indicating a
bigger fluctuation (Spk). Higher Sk for the LTHD material suggests a higher base material
remained after CE. In light of the Svk and Sk, lower Svk indicates shallower craters and
less material removal.
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All the above parameters prove that the LTHD material experienced less severe CE for
the same test conditions. Its low toughness provides low resistance to the impact energy
of the collapsing bubbles. However, its high ductility can undergo more severe surface
fluctuation, which prevents more materials from spalling. By contrast, HTLD material
is more prone to removal once the CE load exceeds the yield strength, due to its lower
ductility, although its high toughness can better resist the impact of the collapsing bubbles
at the beginning of CE (Figures 3 and 9). Therefore, it can be deduced that ductility plays a
more important role than toughness in resisting CE.

4. Conclusions

(1) Two 13% Cr–4% Ni martensite stainless steel specimens, one with low toughness
but high ductility (LTHD), and one with high toughness but low ductility (HTLD), were
obtained by controlling impure elements (P and S) and using technology for heat processing.

(2) The hardness showed few relationships with the CE resistance of LTHD and HTLD
martensite stainless steel.

(3) The cavitation erosion resistance of LTHD stainless steel was higher than that of
HTLD stainless steel, although they have the same incubation stage (2 h).

(4) For the same 13% Cr–4% Ni martensite stainless steel specimens, ductility, rather
than toughness, contributed more to cavitation resistance.
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