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Abstract: Cavitation damage has not been well predicted because of its complex relationship
of many mechanical and microstructural factors. An artificial neural network approach of the
back-propagation network was used to predict cavitation damage of stainless steels, 316L and 420,
in terms of the significant influence of cavitation time, roughness, and residual stress on cavitation
damage. Mean depth of erosion was used to quantitatively describe cavitation damage of 316L and
420. Prediction accuracy was improved by analyzing the effects of the number and type of input nodes,
the number of nodes in the hidden layer, and different activation functions on prediction accuracy.
The best performance was in the model with the input nodes of cavitation time and roughness, eleven
nodes in the hidden layer, and the activation function of logsig.
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1. Introduction

Cavitation erosion (CE) is a kind of damage where cavitation bubbles that form in the liquid
collapse near the solid boundary, which results in erosion from micro jets and shock waves [1–3]. It often
leads to severe equipment damage of hydraulic machinery such as pumps, turbines, valves, pipes,
vessels, and so on [1,4]. Cavitation damage has been modeled previously [1,5,6]. Szkodo [7] introduced
an evaluation of cavitation damage, where they compared CE curves with a Weibull distribution,
considering the influence of plastic deformation and the stress intensity factor, and they gave a
mathematical model. Shuji et al. [8,9] analyzed characterization of the erosion process. They assumed
the damage as pits and then formulated cavitation erosion depth; however, the quantitative accuracy
and verification of their formulations were not shown. It has been found that cavitation erosion
behavior was related to microstructure and mechanical properties of materials [10–14]. Multiple
mechanical parameters affect CE, such as yield strength, ultimate strength, hardness, toughness,
fracture toughness, and work-hardening capacity, and are considered to be correlated with cavitation
erosion behavior [13–16]. There are arguments, especially about the effect of hardness on CE [15,17].
CE is viewed as a fatigue process [18,19]. Residual stress and roughness, which influence the fatigue
behavior of materials [20–22], may affect the cavitation erosion behavior of materials. It can be seen that
the evolution of cavitation damage is nonlinear and complex; it is difficult to build accurate equations
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for cavitation damage. Therefore, an artificial neural network (ANN) method is introduced to evaluate
cavitation damage.

ANN is inspired by the biological nervous system. It is suitable to manage engineering problems
that are complicated and difficult to formulate [23,24]. ANN is often utilized to quantitatively predict
and identify damage. Jeyasehar and Sumangala [24] utilized back-propagation ANN to assess damage
in prestressed concrete beams. They found there was a strong dependence of the natural frequency,
defection, crack load, crack width and ultimate load on the damage levels of the beams, and that the
ANN prediction model trained with applied load and natural frequency on the prestressed concrete
beams can be less than 10% error. Ye et al. [25] used ANN to predict damage presence and the location
of composite. They reduced computational time and effort in obtaining the training database by
adopting a hierarchical approach. Zang and Imregun [26] used the ANN approach and input data
from measured frequency response functions to detect structural damage. They reduced data by using
the principal component analysis. Strdczkiewicz and Barszcz [27] applied back-propagation ANN in
damage detection of the planetary gearbox of a wind turbine.

During modeling, firstly, an appropriate network should be selected and modeled. A large amount
of input and output data are needed to train the network. The weights can be voluntarily adjusted
according to the selected learning algorithm until the error is less than the acceptable limit [28]. Then,
the trained network can be utilized for the applications. It is important for the model to select the
appropriate learning algorithm, activation function, and architecture, according to the characteristics
of ANN and cavitation damage prediction. Altarazi et al. [29] used the ANN to evaluate and optimize
the properties of extruded polyvinylchloride composites. They obtained an accurate prediction model
by comparing model errors of different learning algorithms, activation functions, and architectures.
Thus, an accurate prediction of cavitation damage may be achieved by using the ANN method.

As CE is correlated to microstructure and mechanical properties of materials, materials with
distinguished microstructures should be considered during the modeling of cavitation damage.
Austenite 316L and martensite 420 are typical stainless steels applied in the hydraulic industry because
of their good mechanical properties and corrosion resistances [30]. The aim of this paper is to utilize
a suitable artificial neural network to predict the cavitation damage of stainless steels, in terms
of microstructural and mechanical parameters affecting the cavitation damage of stainless steels.
This work may be helpful in failure analysis and prevention in hydraulic machinery components.

2. Experiments

2.1. Experimental Program

The cavitation erosion test was conducted by using a modified ultrasonic fatigue apparatus
according to ASTM G32-03 [31]. Cavitation bubbles were produced under a vibrating tip. The frequency
of vibration was 20 ± 0.2 kHz. The peak-to-peak amplitude was 50 ± 0.6 µm. The vibrating tip
was made of Ti-6Al-4V. The vibrating tip was immersed about 4 mm in tap water. The test was
performed in running water with a stationary specimen method, as the stationary specimen method
was convenient for characterizing eroded specimens. The standoff distance between specimen and tip
was 0.5 mm. The specimen was placed under the vibrating tip. The vibrating tip introduced cavitation
bubbles, the cavitation bubbles collapsed close to the specimens, and then specimens were eroded by
the cavitation bubbles. The schematic image of the machine is shown in Figure 1. The temperature
around the stationary specimen was kept at 25 ± 3 ◦C. As-received 420 and 316L were chosen as
tested materials, their chemical compositions and mechanical properties are listed in Tables 1 and 2,
respectively. Specimens (20 mm × 20 mm × 10 mm) were made using wire electrical discharge
machining. Specimens were ground and polished before they were taken to the cavitation erosion test.
After the test, specimens were cleaned and dried by hot air, then the mass loss of the materials was
weighed by an electronic balance with an accuracy of 0.1 mg. The eroded surfaces of specimens after
different cavitation times are shown in Figure 2. For characterization, residual stress measurements
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were conducted on the eroded surface via X-ray diffraction. Three points were tested at different
distances from the erosion center (0, 2, and 4 mm), then the average values and errors were calculated.
Roughness was measured by a roughness measuring instrument. The microhardness test was carried
out on a cross-section of the eroded specimen using a Vickers microhardness tester under loads of
100 gf and 200 gf for 316L and 420, respectively, with a dwell time of 15 s. The tested points were about
100 µm from the eroded surface.
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Figure 1. (a) Schematic image of the machine, (b) shape and size of the vibrating tip, and (c) shape and
size of the specimen. (Unit: mm).

Table 1. Chemical compositions of 420 and 316L.

Material
Chemical Composition

C Cr Ni Mn Si Mo P S N Fe

420 0.20 12.10 0.28 0.34 0.29 - 0.026 0.015 - Bal.

316L 0.019 16.96 10.52 0.95 0.37 2.14 0.045 0.0027 0.036 Bal.

Table 2. Mechanical properties of 420 and 316L.

Material Yield Strength
σ0.2 (MPa)

Tensile Strength
(MPa)

Vickers
Microhardness (HV) Density (g/cm3)

420 536 705 185 7.85

316L 401 651 152 7.98
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Figure 2. Eroded surfaces of specimens of 420 after different cavitation times: (a) 10 min, (b) 30 min,
(c) 60 min, (d) 120 min, (e) 180 min, and (f) 240 min.

In order to quantitatively study the relationship between cavitation damage and the parameters
of cavitation time, roughness, residual stress, and microhardness, the mean depth of erosion (MDE)
was used to describe cavitation damage, and it was calculated by using the following equation:

MDE =
1000∆m
ρA

, (1)

where ∆m is the mass loss (mg), ρ is the density of the materials (mg/mm3), and A is the area of eroded
surface (mm2).

2.2. Significant Parameters of Cavitation Damage

The relationship between cavitation damage (mean depth of erosion) and cavitation time for 316L
and 420 is presented in Figure 3a. In general, the cavitation damage of 316L and 420 increased with
cavitation time. The cavitation damage evolution of 316L was similar to that of 420. The relationship
between cavitation damage and average roughness of the eroded surface of 316L and 420 is presented
in Figure 3b. Roughness increased with cavitation time because cavitation damage became increasingly
serious; this was also found locally in other cavitation erosion processes [32–35]. On the whole,
cavitation damage was proportional to roughness. The evolution rate of cavitation damage of 420 with
roughness was faster than that of 316L. The relationship between cavitation damage and hardness of
316L and 420 is shown in Figure 3c. Because of the non-monotonic relationship between hardness
and cavitation damage, especially for 316L, cavitation damage was not directly connected to hardness.
The relationship between cavitation damage and residual stress is displayed in Figure 3d. It can be
found that the residual stress of 316L was lower than that of 420 during CE. Meanwhile, cavitation
damage of 316L and 420 increased overall with residual stress.
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3. Artificial Neural Network (ANN) Approach

3.1. Back-Propagation Neural Network

ANN is an algorithmic, mathematical model for distributed, parallel information processing.
It adjusts connections between a large number of internal nodes, according to the complexity of the
system, to achieve the purpose of processing information. ANN has the ability of self-learning and
self-adaptation. Back-propagation (BP) neural network is a kind of supervised feed-forward neural
network. The processing units in the BP neural network include input layer, output layer, and several
hidden layers. Units in the hidden layer are used to compute the weights between pattern, the error
between generated output, and the targeted output is fed backward to modify its weight [24]. BP is
widely applied because it is able to deal with complex, nonlinear mapping. It is particularly suitable
for solving complex problems with internal mechanisms. Therefore, BP was adopted in this paper.

BP requires that the activation function used by the artificial nodes be differentiable, thus, logsig
and tansig were utilized as the activation functions in the hidden layer. The activation function of
purelin was used by default in the output layer. Although the result of the Levenberg-Marquardt
training approach may be trapped in the local optima [23], needing larger storage space than other
training algorithms, application of the Levenberg-Marquardt training approach in BP usually gets
better results than other training algorithms, and its convergence rate is fast; thus, it is often applied.

3.2. Damage Prediction Using ANN

Parameters that influenced cavitation damage were used as the network input nodes, and the
mean depth of erosion was used as the output. Besides the input and output layers, the hidden layer
was included in BP. Generally, one or more layers could be utilized as hidden layers in the BP neural
network. As there were not many input and output nodes, and one hidden layer was used in many
applications with a desired accuracy [36], one hidden layer was adopted in this work. The number of
hidden nodes could be estimated by Kolmogorov’s theorem [37],

Nh = 2Ni + 1, (2)
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where Ni is the number of input nodes, and Nh is the number of hidden nodes. Then, the number of
layers and the number of the nodes of each layer were confirmed.

As surface roughness and residual stress were related to cavitation damage, cavitation time
affected the damage as well. Therefore, cavitation time, roughness, and residual stress could be used
as input nodes, namely, the largest of the number of input nodes Ni could be set as 3, and Nh could
be set as 7 according to the Equation (2). The mean depth of erosion represented the output node,
namely, there was one output in the network, as is shown in Figure 4. The linear interpolation method
was used to obtain enough instances from the tested data. There were 48 sets of data for inputs and
outputs. Among those data, 42 groups of instances were selected randomly to model the network,
26 (about 60%) instances were used for training, 8 (about 20%) for validation, and the other 8 for testing
the network. Besides, the remaining six instances were used to test the network model. The ANN
architecture of three input nodes is shown in Figure 4.
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Figure 4. Structure for models with the input nodes of cavitation time, roughness, and residual stress
(T&R&S).

Initial data of the connection weight coefficients of the layers were given by random numbers.
Training was terminated when the average squared error between the network output and the target
output was less than 0.00001. The maximum number of epochs was set as 500, and the learning rate
was set as 0.05. The algorithm was written in MATLAB. The Neural Network toolbox was utilized
to define, train, and simulate the network model. The built network model was repeated 50 times
to check prediction accuracy and capability. To determine the performance of the network model,
three different criteria were used: the relative absolute mean error (RAME), the root mean square error
(RMSE), and the coefficient of determination (R2) [29,38]. The equations of these criteria are as follows:

RAME =
1
n

n∑
i=1

∣∣∣∣∣∣ ypi − yi

ypi

∣∣∣∣∣∣, (3)

RMSE =

√∑n
i=1 (ypi − yi)

2

n
, (4)
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n
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∑n

i=1 y2
i −

(∑n
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)2
√

n
∑n

i=1 y2
pi −

(∑n
i=1 ypi

)2


2

, (5)

where ypi is the predicted value, yi is the target value, and n is the number of instances. As the mean
depth of erosion in the initial stage was zero, thus, the predicted value was used as the denominator
of RAME.

4. Results and Discussion

As is shown in Figure 3, cavitation time and roughness were proportional to cavitation damage.
Cavitation damage could be expressed by the mean depth of erosion according to Equation (1), as
residual stress was considered an important factor for cavitation erosion behavior, and it had the
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tendency to increase with the cavitation damage; therefore, cavitation time, roughness, and residual
stress were used as input nodes for cavitation damage prediction using ANN. To evaluate and improve
the prediction accuracy of the ANN model, the effect of the number and type of input nodes, the
number of nodes in the hidden layer, and different activation functions on prediction were analyzed.
RAME, RMSE, and R2 were considered the evaluation criteria.

4.1. The Effects of Type and Number of Input Nodes on Prediction

Figure 5 presents the effect of type and the number of input nodes on cavitation damage prediction
for 420 and 316L. The number of nodes in the hidden layer of all models was seven in Figure 5.
It seemed that the number of input nodes did not affect prediction results. But for the type of input
nodes, it was apparent that the worst performance was in the model with the residual stress input
node. This was probably because the value of residual stress was not accurate, as the measurement of
residual stress was affected by the roughness of the eroded surface. Relatively good performances were
achieved by the model with cavitation time and roughness (T&R) input nodes and the model with
the input node of cavitation time (T). To analyze the best performance of models with different input
nodes, RAME, RMSE, and R2 values for models with T&R and T are shown in Table 3. Regardless of
the similar criteria results, RAME, R2 of the model with 420, and R2 of the model with 316L showed
that the best performance was achieved by the model with the input nodes of cavitation time and
roughness (T&R), as the prediction model using the input nodes of T&R had smaller RMSE values.
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Figure 5. Relative absolute mean error (RAME), root mean square error (RMSE), and R2 for models
with different numbers and types of input nodes and different stainless steels (a) 420 and (b) 316L.

Table 3. RAME, RMSE, and R2 for the models with input nodes of T&R and the models with input
node of T in Figure 3.

Stainless Steels 420 316L

Input Nodes
Criteria

RAME RMSE R2 RAME RMSE R2

T&R 0.1015 0.0797 0.9990 0.1868 0.1385 0.9968
T 0.1020 0.0866 0.9993 0.1785 0.1616 0.9971

4.2. The Effects of the Number of Nodes in the Hidden Layers on Prediction

It has been suggested that the number of nodes in the hidden layer influences the results of
the ANN model, and that usually the more nodes there are in the hidden layer the better the ANN
performance [39]. RAME, RMSE, and R2 for different numbers of nodes in the hidden layer and
different numbers and types of input nodes are presented in Figure 6. For one input node, the input
node of residual stress (S) was not analyzed for its worst performance, shown in Figure 5. In Figure 6a,b
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it was interesting to find that on the whole, for models with input node, cavitation time (T), and
roughness (R), the performances of these two models became increasingly worse with the increase of
node number in the hidden layer. The best performance was achieved by the model with the input
node of cavitation time (T) and seven nodes in the hidden layer, as shown in Figure 6a,b. For models
with three and two input nodes, results of their criteria were irregular, as displayed in Figure 6c,d. But
it could be seen that the best performance was achieved by the model with the input nodes of cavitation
time and roughness (T&R) and eleven nodes in the hidden layer, and that the best performance of
models with three input nodes (cavitation time, roughness, and residual stress (T&R&S)) was in the
model with three nodes in the hidden layer, as shown in Figure 6e,f.
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4.3. The Effects of Activation Functions on Prediction

From the above analysis it was seen that for the models with three input nodes (cavitation time,
roughness, and residual stress (T&R&S)), the best performance was in the model with three nodes in the
hidden layer (T&R&S-3); for the models with two input nodes, the best performance was achieved in
the model with the input nodes of cavitation time and roughness and eleven nodes in the hidden layer
(T&R-11); and for the models with one input node, the best performance was obtained by the model
with the input node of cavitation time and seven nodes in the hidden layer (T-7). To further improve
the accuracy of prediction, the effect of different activation functions on the prediction is shown in
Figure 7. It was drawn that the activation function of logsig could slightly improve the accuracy
of prediction. The best performance was in the model with the input nodes of cavitation time and
roughness, eleven nodes in the hidden layer, and the activation function of logsig (T&R-11-logsig)—the
criteria results of this model, RAME, RMSE, and R2 were about 0.17, 0.13, and 0.999, respectively.
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5. Conclusions

In this paper, it can be found that there are relationships between cavitation damage and the
parameters including cavitation time, roughness, and residual stress. ANN modeling of cavitation
damage of 420 and 316L is investigated based on this relationship, and the following conclusions can
be drawn:

(1) A prediction approach using the artificial neural network for the cavitation damage is proposed.
(2) From the analysis of the relationship between cavitation damage and microhardness,

microhardness seems not to be related to cavitation damage.
(3) From analysis of the relationship between cavitation damage, residual stress, and the ANN model,

residual stress seems not to be related to cavitation damage.
(4) Cavitation damage is affected by cavitation time and roughness. The increase of cavitation time

or the increase of roughness during the cavitation erosion process increases cavitation damage.
(5) The model using BP method with input nodes of cavitation time and roughness, eleven nodes

in the hidden layer, and the activation function of logsig has a good performance of forecasting
cavitation damage.
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21. Pędzich, Z.; Jasionowski, R.; Ziąbka, M. Cavitation wear of structural oxide ceramics and selected composite

materials. J. Eur. Ceram. Soc. 2014, 34, 3351–3356. [CrossRef]
22. Choi, J.K.; Chahine, G.L. Relationship between material pitting and cavitation field impulsive pressures.

Wear 2016, 352–353, 42–53. [CrossRef]
23. Hsu, K.L.; Gupta, H.V.; Sorooshian, S. Artificial neural network modeling of the rainfall-runoff process. Water

Resour. Res. 1995, 31, 2517–2530. [CrossRef]
24. Jeyasehar, C.A.; Sumangala, K. Damage assessment of prestressed concrete beams using artificial neural

network (ANN) approach. Comput. Struct. 2006, 84, 1709–1718. [CrossRef]

http://dx.doi.org/10.1115/1.3662286
http://dx.doi.org/10.1016/j.matchar.2013.05.005
http://dx.doi.org/10.1016/j.wear.2010.05.015
http://dx.doi.org/10.1016/j.jmatprotec.2005.01.006
http://dx.doi.org/10.1016/j.wear.2004.07.009
http://dx.doi.org/10.1016/j.jallcom.2017.01.034
http://dx.doi.org/10.1016/j.apsusc.2015.01.202
http://dx.doi.org/10.1016/j.triboint.2016.06.014
http://dx.doi.org/10.1016/j.matdes.2014.10.066
http://dx.doi.org/10.1016/j.msea.2015.04.031
http://dx.doi.org/10.1016/j.wear.2003.10.008
http://dx.doi.org/10.1016/j.surfcoat.2006.01.054
http://dx.doi.org/10.1016/j.ultsonch.2016.01.025
http://dx.doi.org/10.1016/j.jeurceramsoc.2014.04.022
http://dx.doi.org/10.1016/j.wear.2016.01.019
http://dx.doi.org/10.1029/95WR01955
http://dx.doi.org/10.1016/j.compstruc.2006.03.005


Metals 2019, 9, 506 11 of 11

25. Ye, L.; Su, Z.; Yang, C.; He, Z.; Wang, X. Hierarchical development of training database for artificial neural
network-based damage identification. Compos. Struct. 2006, 76, 224–233. [CrossRef]

26. Zang, C.; Imregun, M. Structural damage detection using artificial neural networks and measured FRF data
reduced via principal component projection. J. Sound Vib. 2001, 242, 813–827. [CrossRef]

27. Strdczkiewicz, M.; Barszcz, T. Application of artificial neural network for damage detection in planetary
gearbox of wind turbine. Shock Vib. 2015, 2016, 1–12.

28. Xu, H.; Humar, J.M. Damage detection in a girder bridge by artificial neural network technique. Comput. Civ.
Infrastruct. Eng. 2010, 21, 450–464. [CrossRef]

29. Altarazi, S.; Ammouri, M.; Hijazi, A. Artificial neural network modeling to evaluate polyvinylchloride
composites’ properties. Comput. Mater. Sci. 2018, 153, 1–9. [CrossRef]

30. Adoption, P.N. Centrifugal Pumps for Petroleum, Petrochemical and Natural Gas Industries; API Publishing
Services: Washington, DC, USA, 2003.

31. Astm, N.G. Standard Test Method for Cavitation Erosion Using Vibratory Apparatus; ASTM: West Conshohocken,
PA, USA, 2003.

32. Karimi, A.; Martin, J.L. Cavitation erosion of materials. Metall. Rev. 2013, 31, 1–26. [CrossRef]
33. Santa, J.F.; Blanco, J.A.; Giraldo, J.E. Cavitation erosion of martensitic and austenitic stainless steel welded

coatings. Wear 2011, 271, 1445–1453. [CrossRef]
34. Xiaojun, Z.; Procopiak, L.A.J.; Souza, N.C.; D’Oliveira, A.S.C.M. Phase transformation during cavitation

erosion of a Co stainless steel. Mater. Sci. Eng. A 2003, 358, 199–204. [CrossRef]
35. Li, D.G.; Wang, J.D.; Chen, D.R.; Liang, P. Ultrasonic cavitation erosion of Ti in 0.35% NaCl solution with

bubbling oxygen and nitrogen. Ultrason. Sonochem. 2015, 26, 99–110. [CrossRef]
36. Hugo, V.; De Albuquerque, C.; Tavares, M.R.S.; Durão, L.M.P.; João, P. Evaluation of Delamination Damage

on Composite Plates using an Artificial Neural Network for the Radiographic Image Analysis. J. Compos.
Mater. 2010, 44, 548–553.
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