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Study on prediction model of cavitation erosion incubation period
of duplex stainless steel surfacing layer in a benign medium
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In order to estimate the cavitation incubation period of duplex stainless steel (DSS) under ultrasonic cavitation erosion (CE), this
paper analyzed the loading process of material during ultrasonic CE. Local strain theory, cumulative damage theory, and
Bernoulli probability model were used to derive the minimum number of cavitation impacts required for the initiation of fatigue
cracks, and the predictive equation of the material cavitation incubation period was given. DSS was obtained by tungsten inert
gas welding (TIG) powder surfacing method. Tensile test and ultrasonic CE test were performed, and the tensile test data were
used to calculate the cavitation incubation period by using the predictive equation. Due to the possible presence of precipitates
and micro-cracks in the sample, there was an error between the calculated and the test results. The results showed that the max
error between the calculated results and the test results was 8.1%, and the errors of the remaining two groups were within 3.5%.
Duplex stainless steel, Ultrasonic cavitation erosion, Incubation period, Calculation, Tensile properties

Abbreviations

o'fatigue strength coefficient
Aelastic strain
6 fatigue strengthindexof elastic strain zone

plastic strain
fractureductility8
fatigue strength index of the plastic strain zone
stress amplitude

E Young'smodulus
maximum strain

S maximum stress

K strengthcoefficient
deformation hardeningindex

stress concentration coefficient (it is 1 when there is no stressK， concentration)

S fracture strength
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fractureductility, that is elongationafter fracture
D the damage of material under a single load
N fatigue life of the material undera certain load
D total damage
K number of loads of different magnitudes

N fatigue life of thematerial under the i-th load
the number of cycles that the i-th load occurs
nominal stress ofa bubble collapse
probability of occurrence of a bubble collapse with nominal stressP ofoj

N the number of bubbles collapsed and impacted on a fixed position
S damaged area left by a single bubble impacting
S the total CE area of the sample
P probability of the cavitation pit acting on a certain place
M total number of bubbles acting on the entire cavitation zone

M minimum number of impacts of bubbles required for the initiation
of cavitation cracks

c the frequency of the impact of bubbles
the length of CE incubation period

S.2 true stresses corresponding to the conditional yield strength
Sm tensilestrength
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80.2 true strains corresponding to the conditional yield strength
m tensilestrength

fracturestrength
F tensileforce
A cross-sectional area of the sample after breaking

probability of the occurrence of bubble collapse with a nominalP stress△o;

V volumeof a singlecavity
numberof cavitation bubbles generated by eachvibration of。 ultrasoniccavitation
distancebetween theultrasonicprobe and the sample

A area of the sample damaged by CE

1. Introduction

Cavitation erosion (CE) is a long-term damage phenomenon
in flow propulsion systems, water conservancy machinery,
and other flow-through components [1,2]. The turbulence
and vibration caused by the collapse of the cavitation bubbles
will damage the surfaces of the propellers, turbines, and
hydraulic pumps, which will shorten the service life of the
parts and increase the energy loss [2,3]. In recent years, many
researchers conducted study on the mechanism of CE. Be-
cause of the complex characteristics of random, in-
stantaneous, microscopic, and multiple phases of CE [4],
there are many theories about the mechanism of CE. Some
researchers believe that the main mechanical damage me-
chanisms of CE are shock waves and micro-jets, and some
researchers believe that the micro-streaming [5] and shear
flow [6] in the process of cavitation and collapse will also
damage the surface of the material. In addition, a few re-
searchers believe that thermal effects and corrosion in ca-
vitation are the main reasons for CE. Currently, researchers
basically determine that the failure mechanism of CE is
dominated bymechanical effects [7], while thermal
effects [8,9] and corrosion [10,11] also play a role. The CE
process of materials can be divided into incubation period,
accumulation period, stationary period, and attenuation
period, and the length of the incubation period can indirectly
reflect the CE resistance of material [12-14].

The microstructure of duplex stainless steels (DSSs) is
composed of ferrite and austenite, and the content of ferrite
or austenite is not less than 30% [15,16]. Due to the com-
bination of the advantages of austenitic stainless steel and
ferritic stainless steel, DSSs have good chloride stress cor-
rosion resistance, good weldability, excellent toughness, and
high hardness [17].Therefore, DSSs arevery suitabletobe
applied as a CE-resistant material. Because of excellent
corrosion resistance, corrosion factors account for a small
proportion of the CE process of DSSs [18].So, it is of great
significance to study the cavitation incubation period of DSS

and establish the relationship between it and the mechanical
properties.

Huang and Zhong [19] developed a cavitation-induced
damage model to study the mechanical damage of soft ma-
terials by high-intensity focused ultrasound. Song and
Cai [20] studied the cavitation dynamics in a vitrimer.
Richman and McNaughton [21] studied the effect of material 
strain characteristics on the cavitation failure rate through
cyclic deformation tests and found a good correlation be-
tween the fatigue strength coefficient and material removal
rates (as shown in Eq. (1). The amount of material removal
(expressed by the mean depth of penetration) was inversely
proportional to (n'o'f), where n is the cyclic deformation
strengthening index.

E=0（2N）= （1）2

Among them, , is the alternating load amplitude; is2
the elastic strain amplitude; E is the modulus of elasticity;
o', is the fatigue strength coefficient when 2N = 1, which is
approximately equal to the tensile strength; 2N is the number
of cycles of the fatigue test; b is the fatigue strength index.

Karimi and Leo [22] established a model to calculate CE
rate. The model was a function of CE rate and mechanical
properties (such as, yield strength, tensile strength, proces-
sing depth, and hardening index). Long et al. [23] combined
large eddy simulation (LES) with a homogeneous cavitation
model to study turbulent cavitation flow around a sphere, and
the simulated accuracy has been evaluated using the LES
verification and validation method. They believe that these
parameters reflect the response of the material to the impact
generated by the collapse of cavitation bubbles. Hattori and
Ishikura [24] established a database of CE resistant materi-
als. They used ultrasonic CE tests to study the CE resistance
of different stainless steels. They found that the relationship
between the CE resistance and hardness of stainless steel can
be described by Eq. (2).

ER = 2.6 × 10-7 × (HV× Fmat)2.4. （2）

Among them, HV is Vickers hardness; Fmat is a material
factor calculated from the surface hardness of the material
after the cavitation test and the original surface hardness; the
time required for the cavitation unit depth (h μm-l) was used
to define ER. As mentioned earlier, most researchers only
pay attention to the relationship between cavitation damage
and material properties but ignore the cavitation conditions.

This paper combined local strain theory, cumulative da-
mage theory, and the Bernoulli probability model to derive
the minimum cavitation impact number required to induce
fatigue cracks in DSS. The estimating equation for the ca-
vitation incubation period of the material was given. DSS
surfacing layers were subjected to tensile and ultrasonic
cavitation tests to verify the accuracy of the equation.
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2. Predictive equation of CE incubation period

A single bubble acting on a particular position on the surface
of the material was analyzed. When the shock wave from a
bubble collapse acts on the surface of the sample, the surface
within a specific thickness range is bent and deformed. The
bottom of the deformed layer is subjected to tensile stress,
and the top is subjected to compressive stress, as shown in
Fig. la. Since the surrounding materials constrain the de-
formation area, the deformation layer can be equivalent to
the bending deformation of a thin plate of a certain thickness
fixed at both ends under impact load (as shown in Fig. 1b). In
a fluid with a changing flow rate, the process of nucleation,
growth, and collapse of cavitation bubbles is continuous and
alternate. Therefore, the process of repeated action of bub-
bles on the surface and the formation of cracks can be ap-
proximated as the fatigue crack initiation process of the
tensile deformation zone at the bottom of the smooth sample
with a certain thickness.

The commonly used methods for predicting the fatigue life
of metal components are mainly divided into fatigue life
prediction method based on stress and fatigue life prediction
method based on local strain. The stress-based fatigue life
prediction method is mainly suitable for high-cycle fatigue in
the elastic range [25]. However, the load on the material is
distributed in a wide range during the CE process, and the
material may undergo elastic deformation or plastic de-
formation. Therefore, the fatigue life prediction method
based on stress is challenging to apply. The local strain
method believes that fatigue cracks initiate from the max-
imum local strain, and local plastic deformation is a pre-
requisite for the initiation and propagation of fatigue cracks.
This method is particularly suitable for the estimation of
fatigue life under random loads. The local strain method was
used to estimate the initial life of material fatigue cracks
during CE, and it was assumed that the root cracks of this
model (Fig. 1b) were caused by uniaxial fatigue element
cracking. In this model, the strain fatigue life could be
considered the initial life of a cavitation crack at a certain
position.When N,bubbles collapsed and impacted a specific

position of the specimen, fatigue cracks began to initiate at
that position.

Manson [26] and Coffin [27] proposed the fatigue crack
initial life predictive equations in the elastic range and plastic
range, respectively (Eqs. (3) and (4). Equation (5) is Man-
son-Coffin equation by considering Eqs. (3) and (4).

（2，）， （3）2 E

2 （4）2
&P&工 N,）+8f·(2N,)e

（5）2 2 2 E
According to Hook's law, when the load on the specimen is

in the elastic deformation stage, the elastic strain  satisfies
Eq.（6).

= （6）E·
In an elastic-plastic state, the relationship between the

stress and strain of the material satisfies the Hollomon
equation (Eq. (7). When the smooth specimen undergoes the
same stress-strain process as the plastic deformation zone at
the root of the notched specimen, the fatigue life of the
smooth specimen can be equivalent to the crack formation
life of the notched specimen, and the maximum strain  at the
root of the notched specimen and maximum stress S satisfy
Neuber's rule (Eq. (8)) [28].

S=K·8, （7）

S· =(K,·o). （8）

Considering Eqs. (3) and (6), Eqs. (4), (7), and (8), re-
spectively, the relationship between the constant-amplitude
load and the initial fatigue crack life under that load satisfies
Eq.(9).

A≤0.2;22斤
（9）1+C

(n+1） 21 C (K,Ao) a+1)C, Ao>00.2:ES/

a

Impact

Tensile Tensile
deformation materialunit

Zone

Initial crackofcavitation

Figure 1 a Model of cavitation crack initiation. b Uniaxial fatigue element in the plastic zone at the root of the test specimen with low energy multiple
times.
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2andβ=(I+n)c2Wecan takeα= 1 Eq.(9) can beES
simplified to Eq. (10).

Equation (10) only considers the fatigue crack initiation
when the material is subjected to multiple impacts with small
energy under constant load. In the process of CE, the dis-
tance between the collapse position of bubbles and surface of
sample is different; thus, the impact on the sample is also
different. Under the action of a large energy impact, the
nominal stress of the material is also significant, and the
fatigue crack initiation life is short. Under a smaller energy
impact, the fatigue crack initiation life becomes longer.
Aiming at fatigue crack initiation life under variable ampli-
tude load, Miner [29] first proposed the linear damage ac-
cumulation theory. The linear damage accumulation theory
believes that the damage (D) of a material under a single load
and the number of cycles of component failure under that
load (the fatigue life of the material under a certain load, N,)
satisfy Eq. (11).

D1
（11)

The total damage of the material (D,) can be expressed by
Eq.(12).

D （12）

It is considered that the material is damaged when the total
damage of the material is equal to 1.

Assuming that the probability of a bubble with nominal
stress of Ao, on the surface of the material is Pj,and as-
suming that N, bubbles collapse and impact a particular fixed
position on the surface, where cavitation cracks are gener-
ated due to fatigue, then N, meets Eq. (13). Therefore, ac-
cording to mechanical properties, considering Eqs. (10) and
(13),the numberofbubbleimpacts experiencedbythe initial
cavitation cracks at a certain position of the material can be
obtained.

N·PD，2 （13）Nj1

Since the location of the cavitation bubbles impacting the
surface is random, according to the geometrical probabilities,
the probability p of the bubbles acting on a certain position
on the specimen can be expressed by Eq. (14).

SP= （14）

Assuming that the position of each bubble is random and
independent, if the total number of bubbles acting on the
entire cavitation zone is M, the probability of at least m
bubbles acting on a certain place can be represented by Eq.
（15）.

P(m) -2(M) (I -P) -1, （15）

When the probability (P(m = N,)) of at least N, bubbles
acting on a certain point of the sample is higher than 99%, it
is considered that the point has fatigue cracks. M is equal to
M,if M satisfies the inequality Eq. (16).

2(M)(I P) -i≥99%.,P(m = N) = 1 -> （16）

The crack nucleation process is completed when the
number of bubbles that impact the sample surface is greater
than M, The cracks begin to expand and connect, and the
material begins to fall off, resulting in apparent cavitation
weight loss. This marks the end of the cavitation incubation
period, and CE enters the accelerated destruction.

In the process of ultrasonic CE, the number of bubbles
generated per unit time can be considered constant, so the
length of CE incubation period (t) and minimum total 
number of impacts (M) should meet Eq. (17).

M
t（h） （17）J60×60一

e f. is the frequency of cavitation impact on the surface.

3. Materials and experiments

3.1 Materials

In this paper, DSS surfacing layer was obtained by TIG
powder surfacing, and tensile test and CE test were per-
formed to verify the accuracy of the model. The nominal
composition of thedesigned surfacing layer is shown in
Table1.

In order to prevent the alloying elements from being di-
luted by the carbon steel substrate (Q235), a transition layer
must be prepared on the substrate. The transition layer was
prepared by melt inert-gas welding (MIG) method. The
welding wire was ER2209 with Φ1.2, and the shielding gas
was argon (Ar) with a purity of 99.99%. The DSS surfacing
layer was obtained on the transition layer by TIG synchro-
nous powder feeding surfacing method. The surfacing layer
was remelted after the powder surfacing. The gas used in
welding shielding and powder feeding were both Ar. The
schematic diagram of TIG surfacing equipment is shown in

Table1 Nominal composition of the surfacing layer (wt.%)
Ni Nb CC Mo Fe

22 0.75 0.153 <0.039 Balance



TGS-2Waterquench10 901250

TGS-1Waterquench9010 1150
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SamplenumberTypeof coolingHeatingRate (°C/min) Holding time t (min)Holdingtemperature T (°C)

Table3 Parameters of the heat treatment
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Fig. 2. Before surfacing, a VH-2 powder mixer was used to
mix the alloy powder used, and the mixing time was longer
than 2 h. The welding process parameter is shown in Table 2.

3.2 Experiments

After the surfacing welding, the TCXC1700 resistance fur-
nace was used to perform solution treatment on the surfacing
layer to homogenize the structure. The heat treatment para-
meters and sample numbers are shown in Table 3.

The location and the size of the tensile specimen are shown
in Fig. 3. The tensile test was carried out on the UTM5105
(accuracy level: 0.5) universal testing machine.

The samples used for CE were cut from the center of the
surfacing layer. The eroded surfaces of the CE samples are
close to the top of the surfacing layer and belong to the last
layer of surfacing metal. The samples were rubbed to 1200
mesh with sandpaper and then polished in sequence with
W2.5 and W1 diamond abrasive paste. A Qsonica Q700
magnetostrictor was used to carry out the cavitation test at
roomtemperature.Thetest power was 70o W, thevibration

Arpipe
powder

ArTransition metal 1

layer powder
Substrate

Figure2 Welding equipmentdiagram.

frequency was 20 kHz, and the horn amplitude was 60 μm.
Distilled water was used as the cavitation medium.Abalance
with an accuracy of o.1 mg was used to measure the weight
change of the sample during CE. The cavitation equipment
and sample sizeare shown in Fig.4.

3.3 Results

The structure of the welded surfacing layer is very compli-
cated, as shown in Fig. 5. Due to the multiple thermal cycles
in the surfacing process and the use of the remelting process,
the heat input of the surfacing layer is relatively large. Large
heat input resulted in the appearance of dendritic crystals and
widmanstatten structures in the middle of the surfacing layer,
while the top of the surfacing layer was almost entirely
austenite. However, the microstructure becomes simple after
heat treatment. The microstructure is mainly composed of
austenite and equiaxed ferrite. In addition, the content of
ferrite increased slightly.

Figure 6 is the tensile test results of the surfacing layer of
DSS. It can be seen from Fig. 6 that the yield strength of TG
was 446 MPa, and the tensile strength can reach 804 MPa.
The yield strength of the solution-treated TGS-1 and TGS-2
were both 355 MPa, but the tensile strength of TGS-1 was
741 MPa, slightly higher than that of TGS-2 (728 MPa).
From Fig. 6b, it can also be seen intuitively that the plastic
elongation at the maximum force of the TG surfacing layer
was 41.6%. The maximum force non-proportional elonga-
tion, elongation after fracture, and reduction of area of TGS-
1 were also higher than those of TGS-2.

Table2Parameters of the surfacingweldingprocess
Welding parameters Weldingmethod Weldingcurrent I (A) Welding voltageU (V) Welding speed v (mm minl) Shield air flow q (L s)

200 25MIG 150Transition layer 15
TIG 200 150Testgroup 20

Remelting TIG 210 150 20

50mm

10mm 30mm 10mm

LS
1

R4

Figure3 The location and the size of tensile test sample.
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Cooling
Sample bath

Surfacinglayer
BeakerTransition

layer
Substrate Sample

holder
9127mm tilled

ater

Figure4Ultrasonic CE equipment and the size of test samples.

4

holder
12.7mm tilled

ater

Figure 4Ultrasonic CE equipment and the size of test samples.

HAZMiddlelayerHAZ Middlelayer H

2.00m

10um 25um 25m

Figure 5 The microstructure of samples. a The cross-sectional microstructure of TG, b-d the microstructure of the top of the surfacing layer of TG, TGS-1,
andTGS-2.

a b
100

900 900TG TG

a b
100

900 900TG TG
806TGS-1 TGS-1800 800 741728TGS-2 TGS-2 80

700 700

600 600
60

500 500 46.0
446 41.6

400 39.0400 355355 34.132.8 40
300 29.1300
200

200 20
100

100
0

Rm Rpo.2 Ag A20 40 600

EngineeringStrain(%)

Figure6 Mechanical properties of the surface layer. a Tensile curves, b characteristic data.

The cumulative weight loss of CE was plotted as a function
of time. The results are shown in Fig. 7. The cumulative
weight loss of the DSS surfacing layer shows a non-linear
relationship with the increase of time. Within 3 h, the cu-

mulative weight loss of the surfacing layer is minimal, all
less than 0.5 mg. Then, the cavitation weight loss began to
show a more obvious increase with time. As shown by the
cavitation weight loss rate-time curve, the curve can be di-
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a b
5 2.4TG TG2.2TGS-1 TGS-12.0TGS-24 ~TGS-2

1.8
1.6 Accumulation

3 1.4 period
Incubation1.2

period1.02
0.8
0.6
0.4
0.2

0 0.0
2 3 5 0 2 30 6 544 11 6

Time(h) Time(h)

Figure 7 a Cumulative mass loss as a function of time for surface layer. b Mass loss rate as a function of time for surface layer.

vided into incubation and accumulation periods. During the
incubation period of CE, the weight loss rate was low and
almost did not change with time. During the accelerated
destruction period, the rate of CE increased with time. The
incubation period of TG, TGS-1, and TGS-2 is about 2.75 h,
1.75 h, and 1.5 h, respectively.

4. Parameters and calculation results

In order to solve the predictive equation, it is necessary to
calculate and explain the relevant parameters used in the
equation.

4.1 Parameter confirmation

4.1.1 Strength coefficient K and deformation hardening
indexn
Equations (18) and (19) were used to process the tensile
curve and calculate the true stress and true strain of the
material. Then, take the logarithms on both sides of Eq. (7),
and substitute the value of true stress and true strain at the
yield point and tensile strength point of the material.
S=(1 +), （18）
=1n(1 +), （19）

nSm=lnK+nlng,m
It can be solved by considering Eqs. (20) and (21).

Sf

1n(500g／）1 （22）n=1n S0.2 80.2

12

（23）

4.1.2 Fatigue strength coefficient o'and fatigue ductility
indexC
Richman and McNaughton [21] counted the relationship
between oy, and fracture strength (o,) of different materials
and found that the two are almost equal. From the tensile test
data, we can get the tensile force (F) and the cross-sectional
area (Af) of the sample after fracture, then g, can be obtained
byEq.(24).

=0,= （24）

The book [30] indicates that the C value of the material can
be estimated with an empirical Eq. (25).

3.31 / / 1  81.8(o, / )(1 + y)0.179C=-1g 0.25
（25）

Based on the above equation, through repeated analysis
and calculation, it is more appropriate to use Eq. (26) to
estimate the Cvalue in this paper.

e,g2 / / - 1.8(0g/ )(1 y) 017C=0.781g 3.318

-0.033. （26）

4.1.3 Probability of cavitation with different impact en-
ergy

Plesset and Ellis [31] believe that the pulse pressure pro-
duced by the collapse of cavitation bubbles is about 350 MPa
to 900 MPa. Assuming that the pulse pressure value gener-
ated by collapse of bubbles in the fluid is random and with
equal probability, then the probability density function of the
stress value distribution can be expressed as Eq. (27), and the
probability of the occurrence of a bubble (P) with nominal
stress (Ao,) on the surface can be expressed as Eq. (28). The
initial life N, of a cavitation crack at a certain position sa-
tisfies Eq. (13).

1 350<△g;<900;550，（Ag）= （27）
0， other.
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d(P一 （28）550.

4.1.4 Single bubble action range
Lim et al. [32] measured the size of cavitation pits formed by
ultrasonic cavitation andused theWeibull model to calculate
the probability distribution of the size of cavitation pit. The
results are shown in Fig.8. The average diameter of the pits
left by the collapse of a single bubble on the surface of the
sample is 31.2 μm, and the working area of the cavitation
sample is 119.38 mm², then the probability (p) of the cavi-
tation pit acting on a certain place can be obtained by Eq.
(14). The calculation result is 0.000006.

4.1.5 Thefrequencyofcavitation impact on the surfaceof
thesample
In ultrasonic CE tests, cavitation bubbles are generated by
the ultrasonic probe in the lower approximate cylindrical
region, which then collapses and impacts the surface of the
sample, as shown in Fig. 9. At this time, the ratio of the
volume of gas to liquid (gas hold-up, n) of the area under
ultrasonic probe can be expressed by Eq. (29). Therefore, if
we know the range of cavitation damage (Aa), the volume of
the bubbles (V), and the cavitation rate (n), the frequency of
the cavitation impact on the surface of the sample can be
obtained according to Eq. (30).

V×N V×N
（29）hxAd

Zhang et al. [33] calculated the influence of different ul-
trasonic frequencies on the void content in the liquid. Their
research results showed that the gas hold-up near the ultra-
sonic probe is about 0.008 when the ultrasonic frequency is
20 kHz. Before the bubble collapses, the radius of the bubble
ranges from 50 to 150 μm, and the average value is 100 μm.

0.03

Mean;31.2μum
0.02

0.01

0.00
20 60 80400 100

Diameter(μum)

Figure8 Probability density of the size of cavitation craters [32].

The eroded area by CE is about 119.38 mma.Assuming that all the bubbles generated by the vibration
act on the surface of the sample, N。is the number of cavities
generated by each vibration, and 20000 is the vibration fre-
quency, the frequency of the cavitation impacting the sample
can be obtained by Eq. (30).
f=20000×Nc. （30）

4.2 Calculation result

The parameters used and the strain fatigue life N, of cavita-
tion cracks at a certain position of the material are shown in
Table 4. According to the N, value of the surfacing layer
under different conditions, the M-P (m = N,) curves were
plotted (Fig.10).M, isthevalueof Mwhen
P(m = N,) ~ 99% in the curve.

Combined with the value of fe, it can be determined that the
predictive equation of the material cavitation incubation
period under the conditions in this paper is Eq. (31).

M
t（h） （31）5832000000·

Table 5 lists the actual values, calculated values, and errors

Ultrasonic
Probe

Distiled
Water SamplesCavitation

Bubbles

Figure9 Schematicdiagramof cavitationtest.

Table 5The calculated value, actual value, and error of cavitation in-
cubationperiod

Samples Actual value (h)Calculated value (h) Error (%)
TG 2.82 2.75 2.5

TGS-1 1.81 1.75 3.3
1.51.62TGS-2 8.1

Table 4Parameters used in this model

（%） （%） α(×10l%) N;(×10)Samples 0/(MPa) C N。So.2 (MPa) Sm (MPa) K
TG 446 1141 35 54.5 1736 1383 0.43 -3.95 3.990.18 9.25

355 984 28 52.6 1455 0.21 1.671275 一0.40 -4.18 5.92TGS-1 81 1620000
0.246.8 一0.38 -4.35355 940 26 1203 1236 5.15TGS-2 5.31
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a b C
100 100 100TGS-1TG TGS-2

N9.25×10*) (N,5.92×10*) (N,5.31×10%)8080 80

(1.054×1010,99%)60 6060 (9.46×10%,99%)
1.644x1010,99%） 4040 40

20 20 20

0 0 0
9.20 9.25 9.30 9.409.35 9.451.030 1.0351.615 1.6251.6301.6351.6401.645 1.0401.0451.0501.0551.0601.620 9.50

Cavitation impacts (x1ol0) Cavitation impacts (x1o"0) Cavitation impacts (x10)

Figure10 M-p" (m =N)curves.aTG, b TGS-1, c TGS-2.

for the incubation period of three groups surfacing layers. It
can be seen fromTable 5that the errors between the actual
values and calculated results of TG and TGS-1 are all within
3.5%. The error of TGS-2 surfacing layer is only 8.1%.

5. Conclusion

According to the loading process during CE, local strain
fatigue theory, linear accumulation theory of fatigue damage,
and Bernoulli probability model were used to derive the
predictive equation for the cavitation period in benign media.
The cavitation incubation period of the material was esti-
mated and compared with the actual values of three groups
DSS surfacing layers in this article. The results show that the
calculated value and theoretical value of TGS-2 sample have
the largest error, which is 8.1%. The errors of TG and TGS-1
are both within 3.5%. However, there are two points to ex-
plain. (1) The precipitations generated during sample pre-
paration will form stress concentration inside the sample.
However, the model mentioned in this article does not con-
sider the influence of precipitation, which causes the error
between calculation results and the test results. This devia-
tion was apparent in TGS-2, which with more precipitates.
(2) During the cavitation test, the mass loss rate was calcu-
lated based on the weight measurement of the sample every
0.25 h. Therefore, the measured cavitation incubation period
is a multiple of o.25 h, which leads to an error between the
measured value and the actual incubation period.
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非腐蚀介质中双相不锈钢堆焊层的空蚀孕育期预测模型研究
包哗峰，曹冲，谢秉，宋元宁，蒋永锋，许楠

摘要为了估算在超声波空蚀条件下不锈钢的空蚀孕育期，本文分析了空蚀过程中试样的受载过程，使用局部应变理论和累计损
伤理论，并结合伯努利概率模型，推导了使材料萌生疲劳裂纹所需的最小空泡冲击数，并给出了材料空蚀孕育期的估算公式；通过

TIG粉末堆焊的方法制作了双相不锈钢试样，对其进行拉伸和超声波空蚀，将拉伸数据用于空蚀孕育期计算；结果表明因实际测量

精度，以及试样中可能存在的析出相和微裂纹的影响，会使计算结果出现一定程度的误差，最大误差为8.1%，其余两组误差均在
3.5%以内


