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Abstract. This paper presents a Non-Destructive Testing (NDT) technique, Acoustic Emission
(AE) to classify pitting corrosion severity in austenitic stainless steel 304 (SS304). The corrosion
severity is graded roughly into five levels based on the depth of corrosion. A number of time-
domain AE parameters were extracted and used as features in our classification methods. In this
work, we present practical classification techniques based on Bayesian Statistical Decision Theory,
namely Maximum A Posteriori (MAP) and Maximum Likelihood (ML) classifiers. Mixture of
Gaussian distributions is used as the class-conditional probability density function for the
classifiers. The mixture model has several appealing attributes such as the ability to model any
probability density function (pdf) with any precision and the efficiency of parameter-estimation
algorithm. However, the model still suffers from model-order-selection and initialization problems
which greatly limit its applications. In this work, we introduced a semi-parametric scheme for
learning the mixture model which can solve the mentioned difficulties. The method was compared
with conventional Feed-Forward Neural Network (FFNN) and Probabilistic Neural Network (PNN)
to evaluate its performance. We found that our proposed methods gave much lower classification-
error rate and also far smaller variance of the classifiers.

Introduction

Pitting corrosion is one of the most important problems of storage tanks in several industries. The
process was often found in storage tanks especially in the area with different electrical potentials in
the liquid environment. In such environment, the liquid works as an electrolyte in electro-chemical
process of the corrosion. It can lead to catastrophes when it occurs in materials, equipments, or
machines. Corrosion monitoring by Acoustic Emission (AE) has become more active recently [1-5]
because it does not require any process interruption. Although the implementation of AE for
corrosion monitoring was frequently studied, only few of them [6, 7] focused on classification of
corrosion severity.

The purposes of this paper are to confirm the ability of pitting corrosion detection in stainless
steel, to analyze the relationship between the obtained AE signal and the corrosion, and to apply
practical classification techniques based on Bayesian Statistical Decision Theory [8], namely
Maximum A Posteriori (MAP) and Maximum Likelihood (MLE) classifiers for grading the severity
level of the corrosion. The result was compared with other classification methods [6, 7] to compare
its performance. The ultimate goal of this work is to develop a novel corrosion monitoring
technique that can be used in maintenance planning works.

Pattern Classification Based on MAP and ML Classifiers Using Semi-Parametric Learning

In this section, the outline of Maximum A Posteriori (MAP) and Maximum Likelihood (ML)
classifiers which are special cases of the Bayesian Statistical Decision Theory is described. The
MAP classifier gives an optimal rate of classification errors where there is no difference in the cost
of misclassification while the ML is optimal when the costs and a priori probabilities are unknown.



Suppose we have to decide between M classes @y, an, ..., wy. A given sample x € X belongs to
category @; with the conditional probability density function p(x|@;) € [0,1], where X is a feature
space. In the parametric case, p(x|®;) is completely known, including its parameters. Each category
is also characterized by its priori probability, p(w;) € [0,1] of observing the category @;.

From Bayes’ formula, the posterior probability p(w;|x) € [0,1] is defined as

play| ) =L@ 5y 5y (1)
p(x)

The method assigns to the sample x the category that has the highest posterior probability. Since
there is no favor on any particular values of x, the p(x) is all-equal. It is known that this rule is
optimum in the sense that no other rules can yield a lower error probability.

The effectiveness of the framework is dependent on accuracies of the class-conditional
probability distribution p(x|@;) and the prior probability p(@;) in equation (1). The prior probability
is normally obtained from belief or experience of human experts or even set equal in a non-
informative (ML) case; however, obtaining an accurate model of the class-conditional probability
distributions is not straightforward. In our case, a mixture of Gaussian distributions is used due to
its appealing attributes including its ability to model any probability density function (pdf) with any
precision (compared to other parametric pdf’s) and its efficiency of the parameter-estimation
algorithm (compared to non-parametric pdf’s).

Mixture of Gaussian Distributions. The mixture of K Gaussian distributions [9] is defined as

K K
p(x;0) = 2 w,n(x;p,,X,) subject to a stochastic constraint ZW,- =1. (2)

k=1 i=1

The set of mixture parameters can be collectively represented as 6 ={wy,..., wg,l1,... Mk,
2,2k, n(x;p,X) is a Gaussian kernel with p and X representing mean vector and covariance
matrix, respectively. The most popular method for estimating the parameters of the mixture is the
Maximum Likelihood Estimation (MLE). Given a set train data D ={x;,..., X}, the likelihood of
the Gaussian mixture model is defined as

UD;0) =2 on(x;m Ep) 3)

i=l k=1

The MLE of a Gaussian mixture model is normally achieved by Expectation Maximization (EM)
algorithm [9]. It is an iterative algorithm which is not only simple but also efficient. It also handles
the stochastic constraint naturally. However, its likelihood landscape also contains singularities and
local maxima which impose on numerical instability and accuracy of the solution. These greatly
limit its applications. In this work, we introduced a semi-parametric approach for learning the
mixture model which could overcome the mentioned difficulties as described in the next section

Semi-Parametric Learning of Gaussian Mixture Model. The semi-parametric learning of
Gaussian mixture model in our work is based on a sequentially increasing the number of Gaussian
components and choosing the model order according to Minimum Description Length (MDL)
criterion [10]. Flowchart of our approach is shown in Fig 1(a).

The MDL support for each mixture order is computed by

MDL(K)=-y(D;60(K))+% N, (K)In N 4)

where (D;HAK)) is the likelihood of the training data given the mixture of K Gaussians. N,(K) is the
number of independent parameters in the mixture model.



To eliminate singularities and local maxima in the likelihood landscape of the mixture, the
parameter estimation by EM algorithm is run repeatedly for a number of times (20 times in our
case) for each model order. The estimate of this order with highest likelihood value is kept and
MDL calculated. The model with minimum MDL support is selected as the class-conditional
distribution for the class. An example of applying the method to construct the class-conditional
probability distribution from the data of one class is illustrated in Fig 1(b). It can be seen from the
figure that the mixture model of order 6 has the minimum MDL and is select to represent the class.

Select a low-order model. 1100

Compute the objective function. Increase the model order. 800|

I 600

Store the current model as the 500]
best model.

ess than maximum
number of order?

123456 7 8 910111213 14 15 16 17 18 19 20
Number of Mixture Components

(a.) (b)
Fig. 1. (a) Flowchart of semi-parametric learning approach (b) An example of applying the method
to construct the class-conditional probability distribution from the data of one class

Experimental Setup

The diagram of experimental setup is provided in Fig 2. Specimens made from AISI304 (austenitic
stainless) 1 mm thick were prepared by wet grinding using a 1200 grit silicon carbide sheet, then
rinsing with distilled water and getting dried in cold air. The
electrochemical environment was 3%NaCl solution added
with HCL to control its pH at the level of two. For the
polarization tests, the electrochemically applied constant
potential was controlled by a potentiostat (Solartron 1284)
using Epi at 0.31128 V. The sample acted as a working

Potentiostat
Controller PC

3%NaClpH=2

= TR electrode, a platinum mesh as the counter-electrode and an

AE Analyzer Ag/AgCl (sat. KCI) as a reference. The AE instrumentation
consisted of transducers, preamplifiers and a data
acquisition system. A resonant transducer of type R15 from
Physical Acoustic Corp. (PAC) was attached to the other
side of the specimen using coupling gel and connected to a
preamplifier set at 60 dB. Integrity of attachment of the AE sensor was verified by pencil lead
breaking. AE parameters including amplitude, count, rise time, duration time and energy were
recorded by an AE data acquisition system, PAC LOCAN320.

Since the corrosion severity level can not be measured directly during the corrosion process, a
series of experiments with an increasing step of 30-minute interval was conducted under controlled
environment. For each of the experiments, depth of corroded pits of the specimens was measured by
a vertical-motion measuring pin. Depths around the hole area were taken and the maximum was
chosen as the representative. A relation between corrosion depth and time was established and used
to estimate the severity level for subsequent experiments.

Fig. 2. A schematic of AE system

Experimental Result

An experiment was executed and the AE parameters were recorded and labeled. The period of
experiment was three hours for each specimen. The data was then undergone a preprocessing step
before being fed into classifiers by a linear scaling so that it stayed within the range of [-1,1] and



filtered by an Adaptive Moving Average (AMA) [6, 7].

Four classifiers, namely MAP, ML, FFNN and PNN were compared using the same set of data.
For the first three methods, data were divided into two sets of equal size: training and testing sets. A
set of 2% of data in each class was used to train the PNN for efficiency while the rest was for
testing. For MAP and ML classifiers, class-conditional probability distributions were constructed by
our semi-parametric learning. An additional set of prior probabilities was also calculated from the
training set for MAP classifier using the amounts of data in classes. For FFNN, a single hidden-
layer of eight nodes as suggested by our previous work [6] was used.

To reduce variations due to a single experiment, 20 experiments were run for each classifier. In
each experiment, the data were randomly selected and separated into training and test sets. The
training set was used to construct corresponding model for each classifier. Percentage of correct
classification result was treated as its performance
- and recorded. Table 1 shows overall performance
C01trect1y Classified Result [%] of classifiers from the contest. It can Il)ae seen that

Min | Max | Avg | Var [ \Ap and ML classifiers not only achieve best
MAP 98.97 | 99.74 | 99.26 | 0.010 average performances but also have smallest

ML 98.68 | 99.52 | 99.03 | 0.014 | variances. This means that on average, MAP and
FFNN [6] | 84.73 | 98.85 | 90.65 | 3.115 | ML classifiers outperform other widely-used
PNN [7] | 89.62 | 99.13 | 97.33 | 1.418 | classifiers such as FFNN and PNN. Moreover, the

semi-parametric learning of the two classifiers
also has very high consistency to reproduce the classifiers of outstanding performances.

Table 1. Overall Performance of Classifiers

Classifier

Conclusion and Discussions

In this work, we present practical classification techniques based on Bayesian Statistical Decision
Theory, namely MAP and ML classifiers. Mixture of Gaussian distributions is used as the class-
conditional probability density function for the classifiers. Although, the mixture model has several
appealing properties, it still suffers from model-order-selection and initialization problems. A semi-
parametric scheme for learning the mixture model is therefore introduced to solve the difficulties.
The proposed methods were applied to classify corrosion severity level of Acoustic Emission (AE)
signals obtained from the pitting corrosion in stainless steel 304. Conventional FFNN and PNN
were brought into the contest to compare its performance. The result showed that our proposed
methods gave much lower classification-error rates and also far smaller variances of the classifiers.
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Abstract. In petroleum industry, corrosion failures of steel structures are common. The severity of
corrosion in oil distilleries inorganic compounds is higher than in those of organic compounds.
Inorganic compounds such as sulfur are the most influential corrosive activators inside oil or
chemical storage tanks. They make the tanks to be inspected and repaired along their life time. In
addition the concentration of sulfur compound increases due to the accumulation of the deposit
inside the tank, and so does the corrosive rate. In this paper, Acoustic Emission (AE) has been
chosen to study the characteristic of AE signals received from the uniform corrosion mechanism of
mild steel (A36) in various concentrations of Sulfuric acid (H,SO,4) solution. AE signals were
captured using a board band sensor (WD) and recorded by AE system model LOCAN 320. The
relationship between AE signals and sulfur concentrations as well as pH were exhibited.

Corrosion of Storage Tank of Crude Oil [1]

Iron and carbon steel usually have very low corrosion rates in deaerated neutral water and dilute salt
solutions. However, the crude oil contains elements of sulfur and soil that may support relatively
high corrosion rate attributed to aerobic bacteria. An aerobic bacterium is in the soil and it used
oxygen for the growing known as sulfur oxidizing bacteria. This kind of bacteria can oxidize sulfur
(S) or thiosulphate (S,05) to sulfuric acid (H>SO4). So the electrochemical reaction for the uniform
corrosion involved by sulfuric acid on carbon steel started with a release of electrons at the anodic
surface: Fe— Fe®" +2e¢. Then the acceptance of electrons was coupled by hydrogen ions at the

cathodic surface: 2¢+2H* —»2H . Theses previous reactions is followed by the aerobic corrosion

involved with H,SO4. The mechanism of aerobic corrosion in H,SO4 concentrated solution is
expressed as4Fe+H,SO, +2H,0 ——> FeS+3Fe(OH), . FeS and Fe(OH); are corrosion products

from the process. This corrosion process is considered to be a uniform corrosion.

The corrosion monitoring using Acoustic emission (AE) technique is one of applications
implemented by AE. Majority of them focused in two groups of corrosion: uniform and localized
corrosion [2]. The occurrence of each corrosion form is influenced by corrosive environment and
other respected factors. F. Ferrer and E. Andrés showed that the corrosion caused by sulfuric acid
solution can be detected by AE technique. And their works studied on active-passive transitions
during corrosion process on carbon steel [3]. The advantage of this method requires less
accessibility and less time consumable.

Experimental setup

The work planed to study the influence of H,SO4 on uniform corrosion by using AE technique. The
effect of H,SO4 on uniform corrosion can be separated to two ways. One is the effect of pH due to
the concentrate of H,SO4. The other is the effect of sulfur of the corrosion process. Therefore, this
work has two separated experiments. One is the experiment with various pH and the other is the
experiment with various concentration of sulfur. The test specimens were prepared from the mild



steel type A36 bars with chemical composition: 0.26%C, 0.80%Mn, 0.04%P, 0.05%S, 0.40%Si,
0.20%Cu, and balanced Fe. The exposed surface was ground mechanically. The surfaces were then
cleaned with distilled water, dried in stream of warm air, and were stored overnight in desiccators.
In first experiment, the concentration of H,SO4 in the solution were varied for each condition
testing by referring to the sulfur concentrated in crude oil (0.05-2% by weight) [4] which influences
to corrosion process in storage tank of crude oil. The first experiment setup was shown in Fig. la
where the exposed surface of sample is equal to 57.3 cm” in area. For the second experiment (see
Fig. 1b), the exposed surface area of A36 sample is 57.3 cm” in the solution that pH value was
adjusted by H,SO4 to be 4.5, 5.0, 5.5, 6.0 and 6.5, respectively. The range of pH refers to the pH
value range in the crude oil [4]. The Potentiostat was used to control the electrochemical of
corrosion process at the static corrosive potential (Ecorr). This potential value of each corrosive
condition is difference. So the Ecorr values for each pH adjustment were obtained from polarization
curve by potentiodynamic tests.

: lgi%“ i Electrodes
Potentiostat

O B T —

— |

A% ] | Pre-amp .
I

b | Solution

H2504 LOCAN 320 | | ; - -
— —— | Broadband | —

Glasses Mild steel (A36)

(a) in concentrated sulfur atom (b) in concentrated pH
Fig. 1. Schematic representation of the corrosion monitoring by AE

Both experiments had been operated in order to monitor and collect AE signals for 24 hours. A
piezoelectric transducer of type board band at corresponding frequency between 0 and 1 MHz from
PAC was used to detect the AE signals. Then, the AE signals were filtered by using a 1 MHz low
pass filter built in at the pre-amplifier. The gain of amplify is 60 dB. AE parameters were calculated
and stored in LOCAN320 (PAC). For each detected AE signal, following acoustic parameters are
studied: counts number, duration time, rise time and amplitude. These AE parameters were then
analyzed corresponding to the corrosion behavior for each differ corrosive condition testing.

Experimental Results and Discussion

The AE signals in corrosion process were the results from the various corrosion mechanisms: the
passive film breakage, the corrosion reaction on the metal surface and the present of corrosion
product (hydrogen bubble and metal oxide).

Influence of sulfur concentration. The correlation plot of AE parameters, duration and counts
parameter, of uniform corrosion on carbon steel in the solution with 1% by weight sulfur
concentration showed the separations of AE parameter data into 2 groups, see Fig. 2. The separated
group of AE parameters data came from different AE source. Group A was remarked as AE signal
from the breakage of the passive films on the metal surface. One of the reasons by electrochemical
explanation in corrosion mechanism is most of AE signal in group A are received at the first hour
period which is the passive and re-passive film breakage. This oxide films protect the metal surface
from the corrosion. If it broke, the uniform corrosion of carbon steel could start. In generally, the
oxide film can form suddenly by itself after its damage, known as re-passivation process. For this
work, the solutions with 1% and 0.05% by weight sulfur concentration have high concentration of
sulfur atom and low value of pH. So the re-passive film was destroyed again and again. Therefore,
AE signals in group A were released. After that the passive film was broken and formed in a
moment, until the electrochemical potential of corrosion process exceeded Ecorr value. In this time,
the passive film cannot be produced again so the corrosive solution could attack metal surface
directly. As the result of that, the uniform corrosion on the metal’s surface started and then the AE



signals were released as data group B. This group, the uniform corrosion at the surface was still
going on and emitting the acoustic signal as higher counts number and lower duration group than

signals of group A.
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Fig. 2. AE Duration-Counts of different corrosive condition on carbon steel

Table 1. The corrosion rate of sulfur atom concentration corrosive solution
Corrosion Condition Weight loss in grams | Corrosion rate (mm/yr)

1.00% Sulfur by weight 10.32 98.31
0.05% Sulfur by weight 0.56 5.33

The corrosion rate of 0.05% sulfur atom condition is much less than that of 1.00% sulfur atom
condition (Table 1). When we consider the pH value of two corrosive solution of this experiment
part, 0.05% by weight sulfur condition had pH value equal to 1.31 and 1.00% by weight sulfur
condition had pH value equal to 0.2. These conditions are stronger acid than the condition in crude
oil (pH 4-6). Thus the next experimental was discussed about influence of pH value in H,SO4
solution.

Influence of pH in Corrosion by H,SO4 Solution This part of work, AE monitoring of corrosion
tests were in various pH value solution respected to the pH values 4-6 range for crude oil. However,
the sulfur atom in this case was slightly changed. From the relation between pH and corrosion rate
display in table 2 and the reason mention above, it can be concluded that the difference of pH
values show more influence to corrosion rate than the sulfur concentration in H,SO4 solution. In
addition to consider the correlated plot between AE Duration and Counts for pH 4.5 corrosion tests
(Fig. 3), it differed from the result from the previous tests. The AE signal showed only one group
-------------------- . which came from the breakage of passive film on
. metal A36 surface, because the electrochemical
potential in corrosion process was around Ecorr
. where passive film can rebuilt. This effect was same
T . for all conditions in this part of experiments. The
{{ -l - electrochemical potential was controlled to have the
L ! . same value as Ecorr for corrosion tests in each pH

2N - value solution by potentiostat controller. The Ecorr

350,

[~
Counts &

o
(=]

50 Ry I . ..
L5 . value and corrosion rate for each condition tests
[CRd [ . . . .

°5 o T s s Wwere  obtained by polarization curve in

Bur (us) potentiodynamic tests and are shown in Table 2.

Fig. 3. Duration-Counts of pH 4.5 condition

Table 2. The Ecorr value and corrosion rate for each pH of H,SO4 solution

pH 4.5 5.0 5.5 6.0 6.5
E corr (Volts) -0.47577 | -0.56130 | -0.43673 | -0.48407 | -0.42576
Corrosion rate(mm/yr) | 0.0625 0.0504 0.0432 0.0292 0.0119
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Fig. 4. The AE parameter analyzes for pH concentration of H,SO4 solution

The relationships between AE parameter and pH value of H,SOy solution as shown in Fig.4 can be
expressed in Eq. 1 and 2.

Cumulate Hits number (no.) = 3 x 10° x ¢!43* (PHvalue) (1)

Peak of Amplitude (dB) =260 - 36(pH value) (2)

where R-squared of linear equation is 0.9908. In practical the corrosion level such as in tank floor
will be graded roughly, for example, in to five grades. This experimental work can be used as useful
information to know that AE activity changes with pH concentration.

Summary

The detected AE signals can be analyzed and then describe the effect of the difference H,SO4
concentrations for uniform corrosion process. The following conclusions can be drawn:

1. The investigation of scatter plot of AE parameter as Duration-Counts can explain the corrosion
mechanism that released acoustic signals with different characteristics.

2. The AE analyzes shows that the difference of pH values has more influence to corrosion rate than
the sulfur concentration in H,SO4 solution.

3. The cumulate Hits and Amplitude of detected AE signals exhibits correlation to pH concentration
via obtained equations which are exponential and linear equation respectively.

4. The long time stored crude oil in storage tanks are tend to have increasing of sulfuric acid
concentration due to the bacteria reduce corrosion. The pH value of crude oil increases too. This
effect is one main factor of corrosion rate in field. This work studied the effect of difference in
sulfuric acid concentration in crude oil which is useful information to predict corrosion rate.
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ABSTRACT

In this paper, four main types of corrosion; uniform, pitting, crevice and stress corrosion cracking (SCC)
found in petrochemical industry were characterized and identified by Acoustic Emission (AE) analysis using their
locations and extracted AE parameters. A novel low-cost AE location system based on an FPGA-PC and a LOCAN
320 AE analyzer were utilized in this study. Specimens used in experiments were austenitic stainless steel SS304.
Pattern of AE signals from each type of corrosions was plotted using their locations and correlations. Experimental
results show the ability of our FPGA-PC system to locate corrosion locations. The correlations of AE parameters
including amplitude, count, hit and time were used to identify different types of corrosions. In addition, the
characteristic of corrosion process for each type is explained using the obtained AE signals corresponding to the

source locations, together with experimental observation.

Keyword: Acoustic emission, corrosion, FPGA-PC, location.

INTRODUCTION
In several industries especially petrochemicals, corrosion is one of the main causes of catastrophes to their
structures and components. They are frequently found in hazardous zones where structures or components in an

unventilated area bear heavy loads. Storage tanks, pressure vessels and pipes are gradually corroded by chemical or



electrochemical reactions within its environment. Main types of corrosion frequently found are pitting and uniform
corrosions; however, crevice and stress corrosion cracking are also highly concerned. Hence, periodically
inspections are necessary to prevent the destruction from corrosion. Several conventional Non-destructive testing
techniques such as Electromagnetic Test have been applied to locate and determine its severity. However, these
techniques require a great deal of process disruption and preparation, for example, drainage of material from
inspection specimens.

Acoustic Emission (AE) inspection has been introduced to the problem and gained popularity thank to its
real time response. AE allows contiguous monitoring of the inspection area without process interruption. Since low-
level elastic waves is generated within material throughout corrosion process, the AE can be applied to detect and
monitor the corrosion [1, 2]. The AE activity from the corrosion source was explained by several assumptions such
as the hydrogen bubbles nucleation, evolution of hydrogen bubbles closed to the pits and damage of specimen in
pitting corrosion.

For locating corrosions, the AE signals, obtained from a suitable transducer array using proprietary
equipment and techniques [3-5], are analyzed to locate the corrosion source. Typically, the techniques to operate
equipment and array of the AE sensors are proprietary. A number of location data from detected AE activities were
used to infer the relative severity of corrosion.

However, the corrosion mechanism and the detection of various corrosion types were not clearly identified.
At the present, a number of researches have been done in the area of detecting and classifying severity levels of
corrosion detected by AE inspection. Uniform and pitting types of corrosion are the main subjects of these works [6,
71; however, other types of dangerous corrosion such as crevice and stress corrosion cracking are not often
considered [8, 9]. The reason is probably that the characteristics of these corrosions detected by NDE techniques are
still unclear.

Consequently, this paper presents a study on determining location and type of corrosion cracking by AE.
AISI304 austenitic stainless steel is selected as material in this work. Corrosive solution and electrochemical method
is used to control corrosion processes. A novel low-cost AE source-location system using an FPGA-PC
configuration have been constructed and employed to detect weak AE signals generated from corrosion sources. A

Field Programmable Gate Array (FPGA) was designed to determine the arrival time difference with a high speed



counter. The AE instrument LOCAN320 was used to analyze and store the AE parameters. Two dimension
technique of arrival time difference was use to locate and hit time of AE using our system. Correlations of analyzed
AE parameters were utilized to describe the corrosion characters and their mechanism patterns. Measurement data

were transmitted to PC for analyzing the corrosion source locations and number of hits.

THEORY

Corrosion returns the metal to its combined state in chemical compounds that are similar to the minerals of
extracted metals. Thus, corrosion has been called extractive metallurgy in reverse and, all aqueous corrosion
reactions are considered to be electrochemical. Most reactions involve water in either liquid or condensed vapor

forms. The reaction that produced corrosion is depicted in Figure 1.

Figure 1 Corrosion mechanism

From Figure 1, Anodic reaction is the dissolution of metallic ions through the passive film, and Cathodic
reaction is involved the dissolved oxygen whereas M indicates the metal. In a chloride-containing medium, the

metallic ions reaction is represented by

(M"+ +nCl")+nH20—>M(OH)n +nH" +nCl” (1)

where 7 is the valency of the dissolved ions. Chromium ions are presented in the stainless steel (M " = Cr™"").



Since various AE signals are generated throughout the corrosion process. AE activity from corrosion
sources was reported with many assumptions such as the hydrogen bubbles nucleation, evolution of hydrogen near
pits, damage of material in pitting corrosion mechanism etc. The detected AE parameters of corrosion were analyzed
using several relations and reported that the AE signals could be divided into two groups, signals generated from
corrosion and from non-corrosion. Examples of the later are movement of hydrogen bubbles and the stress applied
to specimen in case of SCC.

Two-dimensional data of AE events, assumed extensively in the work on non-geologic structures, was
utilized. In this model, three sensors mounted on an infinite plane are presumed to simplify the situation. The

velocity of the wave in the material, V is assumed constant. A general arrangement is illustrated in Figure 2

In Figure 2, the distance and angle of the AE source from sensor 1 can be determined by solving the

following set of equations [12]

D> — A1, V2 ond R - D ALV

1 1
= — 2
2 At,V + D, cos(6; —6,) 2 AtV + D, cos(6, - 6,) @

where At and At, are time differences between sensors 1&2 and 1&3 respectively.



The time difference parameters can be obtained by simple thresholding or cross-correlation techniques.

Solving the set of equations gives the location of the source in a polar form (R, 6) as illustrated in Figure 2.

MATERIALS AND METHODS

In our experiment, locations of uniform, pitting, crevice and SCC on AISI304 austenitic stainless steel were
estimated by an AE system. The thickness of specimen is 1 mm prepared by wet grinding using a series of silicon
carbide sheets of up to 1200 grit, then rinsed with distilled water and dried in cool air.

The position and dimension of each corrosion source is illustrated in Figure 2(a). The experiment to
produce each type of corrosion mentioned above was performed separately. AE sensors used to capture AE signals
were type R15 transducers with a resonance frequency at 150 kHz. Locations were computed by FPGA-PC and AE

parameters were determined using the LOCAN 320.

Corrosion Generation
Uniform Corrosion

High chloride concentration and strong acidic solutions were used as corrosive environment to produce the
uniform corrosion. The corrosive environment was a 30% NaCl solution with pH controlled at level of one. HCL
was used to control the pH and to accelerate hydrogen bubble nucleation in stable state of the destroyed passive
films and concentration solution. The solution was placed in a plastic cylinder tube of diameter of 4.3 cm. on the

active AE sensors array zone as shown in Figure 2(a).

Pitting and Crevice Corrosion

For both pitting and crevice corrosions, the electrochemical environment was a 3% NaCl solution with pH
at level of two to facilitate pitting corrosion mechanism. Pitting potential (Ey;) was controlled electrochemically by a
potentiostat (Solartron 1284) for accelerating pitting corrosion.

For crevice, a special container was used to carry the solution that contained the corrosion occurrences

within the edge of the container. A little gap inside the edge was made to set up an unventilated area.



The different between pitting and crevice is that the crevice corrosion particularly occurs at the unventilated

area of the specimen.

Stress Corrosion Cracking (SCC)
For SCC, stress corrosion on a three-point loading bent-beam was utilized to produce tensile stress on the
specimen according to the ASTM G39-90 (Reapproved 1994) standard. The elastic stress at the midpoint of

specimen can be calculated from

o =6Ety/H? 3)

where o is the maximum tensile stress, E the modulus of elasticity, ¢ the thickness of specimen, y the maximum

deflection, and H the distance between outer supports.
The specimen was dipped into the 3%NaCl electrochemical solution with pH of two. The potentiostat was

used to accelerate the corrosion process. The method to produce SCC and its experimental set-up is shown in Figure

2(b).

o -
\");\ e
-~ 0° .
(N °
Dy \ 4 R
o > R

(a) (b)

Figure 2, position of producing (a) uniform, pitting and crevice; (b) stress corrosion cracking.



AE systems

For the AE source location system, an FPGA-PC system was utilized to calculate arrival time difference
from signals received from an array of three AE sensors on the specimen. The system consists of AE sensors, pre-
amplifiers, signal conditioning unit, FPGA module, PC and LOCAN320 AE analyzer. Two-dimensional or planar
representation was used to demonstrate the results of corrosion locations. Figure 3 is illustrated the diagram of

experimental set up for corrosion source localization.

Fig.3 Three AE sensors array of source location technique and the system

The FPGA was designed as multi-channel high speed counters with a serial communication using VHDL
(Very High Speed Integrated Circuit Hardware Description Language). When all AE sensors are triggered, the
counting data from the FPGA-based electronic front-end will be sent to the PC via an RS-232 port. The FPGA was
operated at approximately 30 millisecond per cycle. The PC was employed for analyzing the arrival time differences

of sensors and finally, the coordinate of corrosion can be estimated.



RESULTS AND DISCUSSION
The experimental results of the study on various types of corrosion show correlations of AE parameters to
their source location. Locations, count VS amplitude, hit VS amplitude, hit VS time and cumulative count VS time

are the features used to explain different corrosion types and their mechanisms.

Location

Locations of each corrosion type were illustrated in Fig. 4. A large amount of the uniform corrosions
(93.7%) detected by our system were grouped in the actual area. Their locations are not located inside the uniform
source perfectly but show some clusters spreading around the region of uniform source (6.3%). This could be caused
by groups of hydrogen bubble breaking in the acid solution. The other reason is possibly the combination of
interference and ambiguity.

The locations of pitting and crevice were spread around in the region of the corrosion sources. Fewer
signals could be detected in comparison to that of uniform corrosion. This may be caused by the distance between
sensors and the high carrion source was extended to reduce AE signal from bubble around the electrode. The
attenuation of complex wave propagation paths, generated from the corroded pits, caused some dislocation of the
detected corrosion. It should be noted that the amount of data obtained from crevice corrosion were much smaller
than that of the pitting due to limited corrosion area around the edge of the container.

For the SCC, the result shows accurate locations of corrosion occurrences at the middle of the specimen
where the stress was applied. Some corrosion points were detected at the downside area close to sensors 2 and 3.
These might be affected by asymmetric bending during stress application, and Hit Lock out Time (HLT) error in the

system.
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Figure 4. Location results and their characters of uniform, pitting, crevice and SCC respectively.

AE parameters analysis
Count VS Amplitude

The correlation of AE parameters between count and amplitude is illustrated in Figure 5. AE signals
generated from the uniform corrosion in Figure 5a grouped around actual positions of the corrosion source. The
signals revealed a large amount of data with high amplitude (between 45 to 63 dB) and the number of counts not
exceeding 500. Some counts were over 500 with amplitudes higher than 63 dB, but some had high amplitudes (upto
75 dB) with fewer counts. From our observation and the theories of corrosion mechanism, AE signals were
generated from breaking of numerous hydrogen bubbles which is from the consistent destroyed passive films of the
material surface.

The count-amplitude relations of pitting and crevice corrosions depicted in Figure 5b and 5c have some
similarity. The amount of data was less than that obtained from the uniform corrosion; however, both amplitude and
count were higher. In addition, the correlation between count and amplitudes was closed to a straight line. The high
amplitude and count AE data probably came from passive film breakage at the beginning of both types of corrosion
processes [11]. Propagation mechanism of the pitting is the same as crevice corrosion which concentrated chloride
ions (CI') causes local acidification within pitting and crevice experimentation. Therefore AE parameter correlations

of both corrosion types were similar in this research. However, initiation of the pitting is different from that of the
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crevice. A gap between two surfaces of material is required to produce crevice; nevertheless, pitting has no
geometrical requirement.

For SCC in Figure 5d, a large amount data also shows an approximately linear relation between count and
amplitude. The highest number of counts reached 700 and amplitudes were up to 100 dB. The amounts of high AE

amplitude may be caused by cracks creeping and applied stress.
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Figure 5. Count-amplitude correlation of (a) uniform, (b) pitting, (c) crevice and (d) SCC

Hits VS Amplitudes

AE hit and amplitude relations of the four corrosion types are shown in Figure 6. The correlation of the
uniform type in Figure 6a shows a large portion of hits within amplitudes ranging from 45 to 65 dB. The amplitude
distribution was similar to a Normal distribution with the highest hit at the amplitude of 53 dB. The distributions of
pitting and crevice bear similarity having a small hit quantity and wide amplitude range as shown in Figure 6b and
6¢. The hits are not exceeded 60 at all values of amplitude with the highest hits at 48 dB for both types of corrosion.
Their distributions spread in the range of 45 to 75 dB for pitting, and 45 to 85 dB for crevice. In Figure 6d, the SCC

type shows a characteristic of very high hits at amplitude around 48 dB and an exponential decrease at higher

amplitudes.
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Figure 6. Hit-amplitude correlation of (a) uniform, (b) pitting, (c) crevice and (d) SCC
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Hits VS Time

The analysis of data shows a great number of hits from the uniform corrosion at the first four hours then
decreasing significantly as shown in Figure 7a. Since uniform corrosion occurs throughout the surface of material by
the high chloride concentration and strong acidic solution, the decrease at the end may be due to the fall of solution
concentration. For the result of pitting corrosion as shown Figure 7b, hits quantity was closed to that of the crevice
depicted in Figure 7c. The hits frequently occurred at all times; however, higher numbers of hits was evident from
the eighth hour to the end of the process by pit and crevice propagation. It should be noted that AE hits in the first
seven hours were come from breakage of passive film and distributed throughout the period due to the large
specimen area. The size of testing area is a factor affecting the electrochemical reaction and corrosion rate control.
For pitting and crevice corrosion, initial corrosion is higher and quicker in a small testing area than a larger area.
Thus the passive film was destroyed slowly in this work as anticipated. The AE hits of SCC illustrated in Figure 7d

were very high at the beginning of the process then decreased exponentially along the time.
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Figure 7. Hit-time correlation of (a) uniform, (b) pitting, (c¢) crevice and (d) SCC

Cumulative Count

The analysis of cumulative count was utilized to describe patterns of different corrosion types. The results
indicate different trends for distinguishing the corrosion type as illustrated in Figure 8. The counts of uniform
(Figure 8a) shows a very high count rate (of about 220,000 counts per hours) from the beginning to the fourth hour
of the experiment and a rapidly decreasing rate to approximately 20,000 counts per hour after that to the end of
fifteenth hour. This may be accounted for the diminishing of solution concentration as described in previous topic.
The results of pitting and crevice corrosion have similar pattern as manifested in Figure 8b and 8c. It can be seen
that the AE counts for both types are very low initially then rise rapidly to the end of the process. As the pitting

destroys the passive film without hydrogen bubble occurrences at the beginning of the experiment, the pitting was
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then formed and ran in the pitting holes. This produced AE activities continuously. For the SCC shown in Figure 8d,
the rate of counts was rather constant at 16,500 counts per hour from the beginning to the twentieth hour by the

constant applied stress. Then, the count rate fell quickly to the end of the experiment.
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Figure 8. Count rate of (a) uniform, (b) pitting, (c) crevice and (d) SCC

From the result from the uniform corrosion experiment, a large amount of AE counts detected in the first
four hours was related to the amount of bubbles generated during the process from our observation. This AE activity
could be originated from the hydrogen nucleation process which is the destruction and generation of passive films
on the material surface. In this period, the rate of destruction overcomes that of the generation. Another supporting
assumption is that the amplitudes of bubble breaking are relatively high within a narrow range. After the period, the
hits declined rapidly since the rate of passive film destruction and production are similar at this new state.

For the pitting and crevice corrosion, the AE counts were high in a wide range of amplitudes. The count
rate was low in the initial period but rapidly increased in the later stage. Initially the corrosion gradually destroyed
the passive film of material. After the film was destroyed, the pitting was formed and prevented the film from being
built again due to the controlled environment. Pitting therefore ran in the pitting holes and produced the activity
continuously.

For Stress corrosion cracking (SCC), the count rate was high and spread over a wide rage of amplitudes and
fell exponentially at the final stage. The SCC was produced at the middle point of the specimen dipped into the
electrochemical environment. In the beginning, stress was occurred in the specimen greatly after corrosion happened
then, reduced during the corrosion run. All activities were produced from the applied stress and corrosion cracking
as evident from the expected locations and patterns of the corrosion. Figure 9 illustrate the results of uniform,

pitting, crevice and SCC on 1 mm. thickness of SS304.
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(a) (b) () (d)

Figure 9 Results of corrosion on the SS304 specimen. (a) Uniform, (b) pitting, (c) crevice and (d) SCC.

CONCLUSIONS

A novel and low cost AE system based on FPGA-PC is proposed to detect and locate corrosion activities.

The majority of uniform corrosions were grouped in the real corrosion positions. The patterns of the
correlations of AE parameters detected from corrosion were utilized to distinguish and describe the corrosion
mechanism.

AE signals received from uniform corrosion were produced from hydrogen nucleation activity.

The signals appeared narrower range of amplitude than the other types of corrosion, as well as high count
rate and large number of hits in the beginning of the corrosion stage.

The number of AE signals obtained from pitting and crevice corrosion is less than that from the uniform
corrosion. The locations obtained by our system spread around the actual sources. Pattern of the correlations of AE
parameter showed a wide range of amplitudes, high count rate in the later stage of the corrosion and a great number
of hits throughout the process.

For SCC, direction of stress application on the specimen was manifested by the result of detected locations.
AE signals reveal a wide range of high amplitudes (of up to 100 dB) as well as high count rate throughout the

corrosion process. Numbers of hit was highest at the earlier stage then decayed exponentially.
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