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Numerical study on fatigue damage properties of cavitation
erosion for rigid metal materials
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Abstract: Cavitation erosion is an especially destructive and complex phenomenon. To understand its basic mechanism, the fatigue
process of materials during cavitation erosion was investigated by numerical simulation technology. The loading spectrum used was
generated by a spark-discharged electrode. Initiation crack life and true stress amplitude was used to explain the cavitation failure pe-
riod and damage mechanism. The computational results indicated that the components of different materials exhibited various fatigue
lives under the same external conditions. When the groove depth was extended, the initiation crack life decreased rapidly, while the
true stress amplitude was increased simultaneously. This gave an important explanation to the accelerating material loss rate during
cavitation erosion. However, when the groove depth was fixed and the length varied, the fatigue life became complex, more fluctuant
than that happened in depth. The results also indicate that the fatigue effect of cavitation plays an important role in contributing to the
formation and propagation of characteristic pits.
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1. Introduction cavitation bubble dynamics and the preparation of
materials with high resistance to cavitation erosion
[2-3]. Many researchers [4] tried to correlate the me-
chanical properties, such as yield stress (YS), ultimate
tensile strength (UTS), hardness, fatigue strength, and
strain energy, with erosion resistance of materials. So
far, no simple relations between them have yet been
found. However, it is generally believed [2] that the
cavitation resistance was high with low stacking fault
energy.

Cavitation bubble collapse is a violent process that
generates highly localized, large-amplitude shock
waves and microjets in the fluid at the point of col-
lapse. When this collapse occurs close to a solid sur-
face, these intense disturbances generate highly local-
ized and transient surface stresses. Often cavitation
damage may be responsible for the initiation of severe
structural damage to ship propeller blades, turbo ma-

chinery, and hydraulic equipment [1].
During cavitation experiments, many characters of

fatigue damage were observed in the severe cavitation
zones due to the phase transformation and new phase
precipitation analysis occurred on the cavitation,
Wang et al. deduced cavitation damage of the material
occurred by combined thermal-mechanical fatigue
failure [5), moreover, Wang et al. proved that the
cavitation erosion of the Fe-Mn-Si-Cr shape memory
Most publications on cavitation were focused on alloys is a failure of low cycle fatigue and fracture

Though cavitation erosion is a random event, it has
some deterministic characteristics in space and time.
There are many experimental rules designed to help
engineers evaluate the potential cavitation damage rate
in certain applications. However, there remain a num-
ber of basic questions regarding the fundamental
mechanisms which are unsolved yet.

Corresponding author: Dongbai Sun, E-mail: dbsun@mater.ustb.edu.cn Also available online at www.sciencedirect.com

© 2008 University of Science and Technology Beijing. All rights reserved.



262

which propagates along the grain boundaries [6].
Based on the results of previous research, Richman
and McNaughton [7] found good correlations between
material removal rates and cyclic deformation pa-
rameters, which is a strong indication that damage in
cavitation erosion is a fatigue process.

To date, few people carried out further study on the
cavitation fatigue process and its mechanism. In this
article, the numerical simulation technology is applied
to study the fatigue failure process of cavitation ero-
sion. In particular, the simplified models of cavitation
damage are built where two types of grooves or cracks
are hypothesized on the surface. The proposed materi-
als used in the numerical simulation are steels 304SS
and BS4360-50D. The variation in initiation crack life
and the distributing graph of cycle life have been
given and discussed too.

2. Cavitation bubble dynamics and impact
model

2.1. Bubble collapse dynamics

The mechanism of cavitation has been studied for
decades through bubble dynamics. Rayleigh [8] ob-
tained a theoretical expression for pressure develop-
ment at a relatively moderate distance outside the
spherical boundary of a collapsing bubble. According
to this theory, the fluid pressure could become ex-
tremely high when bubble collapse was nearly ended,
a process known as “implosion”. In later the theoreti-
cal and experimental studies are emphasizing on real-
istic jet mechanism [9-10]. A bubble collapsing near a
solid boundary can acquire a translational motion to-
ward the boundary. As it moves closer to the boundary,
the originally spherical bubble shrinks and its surface
becomes folded inwards to form a pole directing at the
solid boundary. The damage manifests as pits on the
surfaces of the components. Under cyclic loading, mi-
crocracks may initiate and emanate from the boundary
of each cavitation pit [11].

A micro liquid jet is then formed, which delivers a
highly concentrated pressure against the boundary, as
shown in Fig. 1, in which Ry, is the maximum radius
of the bubble, and 4 is the distance between the bubble
centroid and the solid boundary [12]. According to the
Kelvin impulse theory, both the migration of the cen-
troid and the direction of the liquid jet are directed
toward the boundary [13].

The dynamic characteristics of bubble collapsing
near a solid boundary have been investigated by
means of numerical simulation and experiments. The
simulation results have shown that the most destruc-
tive bubbles are those that collapse in close proximity
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to a solid boundary. Blake et al. [11] gave, for the case
h=R, the following expression for the maximum jet
speed Vj, at the end of the bubble-collapsing phase.

Vmn =8.6 A I

23

where Ap = p, - p, is the difference between ambi-
ent pressure p, and liquid vapor pressure p,, and
pa is the density of the liquid. Eq. (1) was found to
be in good agreement with the experimental results.

Bubble R,

Fig. 1.
[14].

Bubble collapsing process near a solid boundary

The impact pressure exerted on the solid boundary
by the liquid jet can be calculated using the water
hammer equation [14]:

pSCS ) (2)

i =piCiVn
pJ pl l (Pscs+P1C|

where each p is a density, each C is a compression
wave velocity, and subscripts s and 1 refer to solid and
liquid, respectively. Usually p,C, is large compared to
PG, , the approximation can be deduced from Eq. (2).

Pj=piC\Vn 3)

C, = \/E I by 4)
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And
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where u is the Poisson’s ratio, E; the Young's
modulus, E; the bulk elastic modulus of the liquid, and
D and e are the inner diameter and thickness, respec-
tively, of the elastic conduit through which the fluid
flows.

2.2. Loading spectrum and simulation model

It is very difficult to count the number of collapse
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cavitation bubbles and to acquire the accurate loading
spectrum near the rigid boundary by the actual engi-
neered hydraulic equipment. Nevertheless, many peo-
ple have gotten the impact pressure from a single cavi-
tation bubble by means of laser or spark-discharged
electrode methods under water [15-16]. Here, the col-
lapsing pressure is recorded by the latter method and
the spectrum values are standardized, as shown in Fig.
2.
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Fig. 2. Loading spectrum generated from the spark-gen-
erated bubble collapse near a wall.

Generally, the collapse effects of cavitation bubbles
can be divided into two aspects [17]. In the first aspect,
high-speed jets strike on the boundary randomly and
respectively like dropping water that impacts on the
ground, causing material erosion in the form of initial
micro pits on the surface. In the second aspect, the
impinging jet pressure acts on the groove surfaces or
cracks internally and contributes to crack propagation.
The sizes of these pits continue to increase and be-
come critical under repeated jet attacks, and micro
cracks will emanate from the boundary of the pits.

To fulfill the requirements of numerical simulation,
two assumptions were made. First, assuming the
pressure P; is uniformly and vertically distributed on
the groove surfaces, and the loading spectrum re-
corded from the spark-generated bubble is applied to
the uniform surfaces. The pressure of numerical load-
ing is 200 MPa. The cross section of the model con-
taining grooves on the surface was created. The model
is a rectangular three-dimensional solid, which is 15
mm long, 10 mm high, and 5 mm thick. The rectan-
gular or triangular groove embeds in the middle of the
top surface; the rectangular one is shown schemati-
cally in Fig. 3. The various cavities or grooves are de-
termined through the change in depth and length.

3. Fatigue theory analysis

* The numerical simulation fatigue analysis is based
on the proposal by Morrow [18], the relation of the

total strain amplitude (&) and the fatigue life in rever-
sals to failure (2N¢) can be expressed in the following
form:

€, =EL+EF =9Ei(2Nf)b+£§ (2N¢) ©)

where &£f is the elastic strain amplitude, £f the
plastic strain amplitude, o} the fatigue strength co-
efficient; b the fatigue strength exponent, usually
varying between —0.04 and —0.15 for metals; &; the
fatigue ductility coefficient; c the fatigue ductility ex-
ponent, usually varying between -0.3 and -1.0 for
metals; 2N; the transition fatigue life in reversals.

Fig. 3. Loading conditions of cavitation bubble collapse
applied to the simple model.

Eq. (6), the strain-lie equation, is the foundation for
the strain-based approach for fatigue. This equation is
the summation of two separate curves for elastic strain
amplitude-tife (£ —2N¢) and for plastic strain am-
plitude-life (¢? — 2N ). Dividing the Basquin equation
[19] by the elastic modulus gives the equation for the
elastic strain amplitude-life curve:

Ag¢ O, O b
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Both Manson [20] and Coffin [21] simultaneously
proposed the equation for the plastic strain ampli-
tude-life curve:

P
g;’:é;—.—.g; (2N¢)"
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Smith, Watson, and Topper have proposed a
slightly different approach to account for the mean
stress through a consideration of the maximum stress
present in any given cycle [23]. In this case, the dam-
age parameter is taken to be the product of the maxi-
mum stress, Omax (here equal to the true stress o,
MPa), and the strain amplitude, &, of a cycle.

For fully reversed loading, the maximum siress
Omax 18 given by

Omax = O’; (2Nf )b (9)
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And by multiplying the strain-life Eq. (6) by this
term, we obtain

O rax€a = %(21\”)2” + 01} (2N )" (10)

The Smith-Watson-Topper (SWT) equation pre-
dicts that no fatigue damage can accrue when the
maximum stress becomes zero or negative, which is
not strictly true. In this article, the SWT equation
method is used to simulate the initiation crack life.

The 304SS and BS4360-50D stainless steels were
selected to numerical simulation; the densities of both
materials were neglected. Some of the properties of
both materials are listed in Table 1.

Table 1. Mechanical properties of the 304SS and
BS4360-50D stainless steels
Properties 304SS BS4360-50D
Yeld stress, YS / MPa 235 355
Ultimate tensile stress, UTS / MPa 100 480
Young’s modulus, E, / MPa 1.86x10°  1.914x10°
Elastic Poisson’s ratio 0.29 0.30
Fatigue strength exponent, b -0.15 -0.123
Fatigue ductility exponent, ¢ -0.77 -0.618

Fatigue strength coefficient, ot 2413 1036

Note: The data from the Ph.D Thesis of Zhu, University of sheffield and
British Steel Corporation, UK, 1989,

4. Results and discussion

From the results as illustrated in Fig. 4, the number
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of cycles decreases rapidly with the extension of crack
depth for both materials. When the depth is 4 mm, the
fatigue cycle life decreases by 2-3 orders of magnitude
than that when the depth is 1 mm. Furthermore, the
graph also shows a good relation between the loga-
rithm of cycle life and the depth of the rectangular
groove. The 304SS exhibits a higher fatigue resistance
than BS4360-50D in the same loading conditions.
Similarly, for the triangular groove, the same trend of
fatigue life is gained, nevertheless, the fatigue life
curves show more jags than those of the rectangular
one, which indicates that the cycles of initiation crack
life is also determined by other factors besides depth.
As predicted, of the two materials the variation in ini-
tiation crack life is very distinct for the large differ-
ence of fatigue properties.

The true stress amplitude o, calculated with Eq.
(9) instead of the engineering stress determines the
actual loadings on the components, as shown in Fig. 5.
It is observed that the BS4360 stainless steel needs
much less cycles and lower true stress amplitudes to
produce the initiation crack than 304SS. The values of
true stress amplitude are increasing with the large
groove depth. It implies that those zones are much
easily damaged, in other words, the material inhere is
speedily detached and eroded. Furthermore, several
articles verified it, in which the data of the mass loss
rate of materials mostly increased with cavitation ero-
sion time after the incubation period [4, 23].
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Fig.4. Cycles of the crack initiation life as a function of the groove depth: (a) rectangular groove; (b) triangular groove.

However, it is not necessarily following the damage
rule that the crack length varies while the depth is
fixed, as shown in Fig. 6. The possible reason is that
the interaction of loadings is on the tip of the triangu-
lar groove, which leads to the fluctuant of true stress.
From the fatigue cycle life graph, as shown in Fig. 7,
the most seriously damaged zones of the rectangular
crack groove locate on the two inner sides of the cor-
ners; while, for the triangular groove, such a zone al-

ways occurs below the bottom tip.

It should be noted that once the cavitation cavity is
formed, just as to the simulation graph, the damaged
zones always occur at the tip of the pits or corner,
which explains the law of crack propagation and the
development of peculiar cavitation damage appear-
ance, which looks like a needle hole or inverse sharp
cone-shape.
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Fig. 8 shows a typical photograph of localized
cavitation damage on the surface. It usually has the
jagged appearance consistent with the fatigue failure
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results; this is fairly easy to distinguish from the ero-
sion due to solid particles, which has a much smoother

appearance.
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Fig. 5. True stress of the crack initiation life as a function of the groove depth: (a) rectangular groove; (b) triangular
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Fig. 6. True stress crack initiation analysis as a function of
the triangular groove length.
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Fig. 7. SEM image of the cavation coatings deposited by
AC-HVAF.
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Fig. 8. Distribution of the fatigue life graph along the cycles: (a) rectangular groove; (b) triangular groove.

5. Conclusions

The numerical results demonstrate that the fatigue
effects induced by the collapsing bubbles play a sig-
nificantly role in materials destruction during the cavi-
tation erosion process. Both the bubble collapsing
impact damage and the fatigue process will contribute
to the accelerating failure of metal materials.

The values of initiation crack life and true stress
amplitude are fluctuant with the size of loading area
and the angle of tips, and most cavitation fatigue
damage spots are located below the tip of triangular,
which provides a new explanation to the characteristic
damaged appearance of cavitation pits. Furthermore,
fatigue effect leads the crack to propagate progres-
sively with a certain direction, which has been verified
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by many experiments.

Although the present fatigue model is predictive,
the direct detachment effect of microjet impact and the
thermal concentration in cavitation bubbles are not yet
considered, and several assumptions are not exactly
accurate to the cavitation models. In the future, further
work needs to complete the fully numerical simulation
model of cavitation erosion.
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