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(1) Corrosion tests in laboratory showed that steel specimens with thick oxide film generate

strong AE signals with amplitudes over 80 dB during the corrosion process in salt water.  It was

also found that the signals with low frequencies (20 – 80 kHz) are mainly produced during the

process.

(2) Wave propagation tests using pipes under different surface and buried conditions found that

source location can be applied to a buried pipe covered with protection film up to 4 m in length.

(3) AE measurements for 13 pipes in service were made in a refinery.  The comparison of the AE

results to UT thickness measurements and visual inspections showed the potential usefulness of

AE technique for evaluation of corrosion damages in buried pipes.

Table 3   Correlation between AE data and thickness measurement (UT) and visual inspection

(VI).
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Abstract

Japanese Industrial Standard (JIS) Z 2342 was revised significantly in 2002.  The original
standard was enacted in 1991 with the title, "Method for acoustic emission testing of pressure
vessels during pressure test".  The title was also changed, based on NDIS2412 “Acoustic Emis-
sion Testing of Spherical Pressure Vessel Made of High Tensile Strength Steel and Classification
of Test Results”, which was enacted in 1980.  This paper reports the new concept and the con-
tents of the amendment.
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1. Introduction

Japanese Industrial Standard (JIS) Z 2342-91 "Method for acoustic emission testing of pres-
sure vessels during pressure test" is a standard enacted in 1991 based on NDIS 2409-79 of the
Japanese Society for Non-Destructive Inspection (JSNDI). After ten years, remarkable improve-
ment was made in the performance of AE equipment and the analysis technique.  Moreover, the
domestic maintenance specifications based on defective permission of a structure have been de-
regulated with the changing needs of the Japanese society.  Establishment of the nondestructive
inspection whose cost can be reduced while maintaining dependability was called for, thus
changing the environment of AE examination.  The revision of JIS Z 2342 was conducted in
2002 in response to this change.  In the present revision the method of classification of AE test
results was enlarged and the quantitative classification method based on the empirical rule,
which can evaluate the structural integrity of the vessels during pressure test, was introduced as a
new concept of the new AE standard.

2. Background of the Revision

When creating the JIS draft proposal of 1991 edition, there was NDIS 2412-80 (Acoustic
Emission Testing of Spherical Pressure Vessel Made of High Tensile Strength Steel and Classifi-
cation of Test results), which JSNDI had enacted in 1980 as a domestic standard.  NDIS2412 in-
cluded important new approach embodying the classification of test results by a cumulative AE
energy value based on cluster location processing (as it is known today), and the cumulative AE
events behavior pattern. These were not in any of various foreign standards at that time (1,2).  In
1991, it was proposed to draft a JIS based on this NDIS 2412-80 at the outset.  However, with
the technical problems of those days, the objection arose as to the validity of large-scale equip-
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ment for measurements and the signal analysis of AE. Thus, opinions were divided in the com-
mittee with respect to the classification algorithm.  Consequently, JIS Z 2342-91, was enacted for
the purpose of specifying the AE testing methods in common with ASME and/or ASTM stan-
dards without including the advanced contents of the classification scheme (3-8).

In this revision, since the analysis of large-scale AE dataset and the use of complicated pa-
rameters for the classification has become feasible by the miniaturization of AE equipment sys-
tem, improvement in the data acquisition and analysis speed, and increasing of memory size,  AE
engineers have reached a new understanding of the still valid points of the classification algo-
rithm of NDIS 2412-80. This is aided by experience from the actual results gained in Japan for
the past 20+ years. Therefore, in the revised standard, AE testing and the latest techniques of AE
analysis are adopted, incorporating the classification method of AE test results, originally used in
NDIS 2412-80. The standard title is also modified to reflect this change as " Method for acoustic
emission testing of pressure vessels during pressure tests and classification of test results".  Ad-
ditionally, substantial contents have been added in the new standard.

3. Contents of JIS Z 2342-02

This standard consists of the following items.

1. Scope
2. Referenced Documents
3. Terminology
4. Test Preparations

4.1 Preliminary Survey
4.1.1 Materials Characteristics and Weld Characteristics of Vessel
4.1.2 Configuration of Vessel
4.1.3 Pressurization Hysteresis of Vessel
4.1.4 Pressurization Schedule and Pressurization Conditions
4.1.5 Cure of Noise Situation
4.1.6 Others Requirement

4.2 Testing Equipment
4.2.1 AE Sensor
4.2.2 AE Equipment
4.2.3 Simulated AE Source
4.2.4 Continuation Record of Pressure

4.3 Calibration of AE Equipment
4.3.1 AE Sensor Mounting
4.3.2 Calibration

4.4 AE Propagation Characteristics of vessel
4.4.1 Wave Velocity
4.4.2 Attenuation
4.4.3 Source Characteristics of AE

4.5 Sensor Spacing and Location
4.6 Safety

5. Test Procedure
5.1 Sensor Coupling and Circuit Continuity Verification
5.2 Background Noise Check
5.3 Adjustment of AE Threshold Value   
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5.4 Loading Sequence

a) Pre-load

b) Loading Speed

c) Pressurization method

d) Stop of pressurization

5.5 AE Measurement

5.6 Pressure Measurement

6. Classification of Test Result

6.1 Source Location based analysis

6.1.1 Arrival Time Differential source Location

6.1.2 Calculation of Relative AE Energy Value

6.1.3 Grouping by Cluster Location

6.1.4 Overall AE Evaluation value

6.1.4.1 Type of Group

6.1.4.2 Class of Group

6.1.4.3 Overall AE Evaluation of Group

6.1.4.4 Output Message

6.2 Zone Location based analysis

6.2.1 Zone Location

6.2.2 AE Energy Value

6.2.3 Overall AE Evaluation value

6.2.3.1 Type of Group

6.2.3.2 Class of Group

6.2.3.3 Overall AE Evaluation of Group

6.2.3.4 Output Message

7. Report

4. Outline of JIS Z 2342-02

Scope

This practice covers AE examination of metal pressurized vessels and tanks under pressure

or vacuum to determine structural integrity.  Moreover, this practice can be applied to the exami-

nation performed at the time of periodical inspections without limiting to the examination at the

time of product startup. Furthermore, this specification is applicable also online monitoring by

AE.  The scope of the method of AE examination and the classification of test results specified

by this specification is fundamentally applicable not only to metal but also FRP vessels during

the proof tests and pneumatic tests.  However, by this practice, the scope was specified as a metal

container and its pipeline.

AE Sensor

There was no specification about the characteristics of AE sensors to be used in the old

documentation.  It is covered in NDIS 2109-91 of JSNDI as “Method for absolute calibration of

acoustic emission transducers by reciprocity technique”, which was published after establish-

ment of the old documentation.  Following this, "NDT Acoustic emission inspection- Secondary

calibration of acoustic emission sensors" was published as ISO 12714-99 in 1999.  Usually sen-

sitivity of AE sensor was calibrated by one of the methods in these documents at present.  There-

fore, the present revision prescribed the sensitivity and the frequency band of the AE sensor to be

used.  Since the calibration result of AE sensor by ISO 12714-99 is almost the same as that of

NDIS 2109-91, the revised Standard specified to require the absolute sensitivity by the Rayleigh
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wave calibration since it is common to both of them (9,10).

Basic Concept of Classification Method

The classification method of a large-scale structure is aimed to evaluate the crack propaga-

tion locally by the stress concentration as a dangerous defect.  From several tens of examples of

AE inspection during loading of the large-scale pressurized vessels, the following correlation are

confirmed between the states of AE and generating defects.

(1) The possibility of defect existence is high when many burst-type AE signals are generated

and their locations are concentrated.

(2) Generally the instability of defect is judged from the following,

  a) It is unstable when there are many burst-type AE events.

  b) It is unstable when the amount of released AE energy from the defect is large.

  c) It is related to the trend pattern of burst-type AE being generated.  The increasing trend dur-

ing high-pressure application indicates more instability than of the similar pattern at low pres-

sure.

The structural integrity of pressure vessels is evaluated by combining all the burst-type AE

phenomena generated from the defective part as a cluster or zone, as shown in Fig. 1.  At first,

each locally located AE event is combined as a single cluster.  Next, “Type” is characterized by

an active pattern of AE events in each cluster.  “Class” is defined from the activity of each clus-

ter characterized by the combination of a cumulative AE event counts value and a cumulative

AE energy value.  Furthermore, “Rank”, which means the evaluated classification of the defect,

is obtained by the combination of “Type” and “Class”.

This evaluation can be conducted on-line in real time for every generated AE event by using

the algorithm shown later about the cluster, to which the AE event belongs. In an emergency, it

can output an alarm signal using the algorithm.   

Fig. 1 Evaluation flow chart of JIS Z 2342-2002.
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Classification Algorithm (Type, Class and Rank)

It is necessary to conduct the clustering of located events.  There are the source location

method and zone location method in clustering.  Both types of location methods can be used in

this practice.

Source Location based analysis

(1) Clustering

A located AE event identified by source location belongs to one cluster.  A typical cluster’s

length R is 5 to 10% of the maximum AE sensor spacing.  When an AE event  is identified at

position P1, cluster A of the radius R centering on P1 is formed.   Next, if an AE event  is identi-

fied at position P2, which is in the circle of the radius R of cluster A, the AE event  belongs to

cluster A.  On the other hand, if it is out of the circle of cluster A, the cluster B of the radius R

centering on the position of located P2 will newly be formed. Thus, every located AE events be-

long to clusters.

(2) “Type” of Cluster

“Type” of cluster is characterized by the combination of cumulative AE event counts N and

cumulative AE energy value E.  AE energy used here is defined as relative energy.  The relative

energy is an energy value converted into the generating location of the AE source, and is the

value, by which the attenuation by wave propagation distance was corrected.  That is, when the

peak amplitude Vp
1
 is detected as the first arrival AE signal at AE sensor position L1 and distance

r with the source position L0 of the located event, the relative energy EAE
R
 will be calculated by

the following equation.

EAE
R
 =(Vp

1
)

2
/( E x r )  (1)

where E is the attenuation value of AE energy.

(3) “Case” of Cluster

The cluster is classified into one of the following four types, I to IV, according to correlation

with cumulative AE energy value E of a cluster, and the present pressure level Pi.

Type I is a type of AE generated throughout various loading levels; AE is sparsely de-

tected over all processes and there is no intensive generation.

Type II is low or intermediate intensive type; AE is detected at low pressure or medium

pressure and the generation stops or decreases rapidly in high-pressure region.

Type III is a rapid increase with high-pressure process. AE increases substantially at high

pressure.

Type VI is a frequent occurrence type, and AE is detected frequently throughout the pres-

surization.

The classification of the type I to VI is performed by the following algorithm.  Figure 2

shows a relationship between the cumulative AE energy value E and the applied pressure level

P.  At first, the present pressure value Pi is equally divided into five sections as evaluation pres-

sure.  Then, the difference of the cumulative AE energy E of the each evaluation pressure

section is obtained as E1 to E5.  P0 is the pressure at the start of evaluation, E0 is the refer-

ence AE energy value for evaluation and is the cumulative AE energy value of Type II and III. El

is the cumulative energy value for the Type VI.
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Fig. 2 Classification of “Type” of cluster and/or zone.

E = E1+ E2+ E3+ E4+ E5 (2)

Type IV :  all of E >= El (3)

Type III :  ( E4+ E5)/ E >= 70% and E >= E0 (4)

Type II :  ( E2+ E3+ E4)/ E >= 70% and E >= E0 (5)

Type II :  ( E1+ E2)/ E >= 70% and E >= E0 (6)

Type I :  when it is not above any, either (7)

 (4) “Class” of Cluster

Clusters are classified into the following class, first to fourth, using the classification diagram

of cumulative AE event count N of a cluster, and cumulative AE energy value E.  The basic

judging diagram is shown in Fig. 3.  Note that a user judges and determines classification value

of each N and E. Class is judged by correlation of the number of cumulative AE events of each

cluster location or the number of cumulative AE events of each zone location, and cumulative

AE energy value after the start of measurement.  Since the judgment levels N1, N2, N3, E1, E2, and

E3 in a classification diagram depend on the condition of cluster location, such as base metal and

weld line, these values or ranking are set up based on the prior results by fracture test of speci-

mens and/or AE proof test.

The first class corresponds to the case that depends on a small defect or noise. The second

class corresponds to a stable defect or a small defect.  The third class corresponds to the tendency

of a propagating defect.  The fourth class corresponds to the continuous defect propagation under

pressure.
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Fig. 3. Classification method of “Class” of cluster and/or zone.

(5) “Rank” of Cluster by overall evaluation

The Rank of cluster from  to D is characterized by the Type-m and Class-n as shown in Ta

ble 1.  Since the Rank changes with location characteristics such as base metal and weld line,

Table 1 Ranking table of overall evaluation value.

*Classified as Rank A and B in overall AE evaluation values shall be confirmed for possible flaws by other

NDT methods. The AE groups ranked as C and D are not required to be further confirmed for possible flaws.

the matrix of Table 1 is set up based on the prior results by fracture test of specimens and/or AE

proof test.

Zone Location based analysis

(1) Clustering

     Located AE event carried out by zone location belongs to one of clusters.

 (2) “Type” of Cluster

     Type of cluster is characterized by combination of cumulative AE event counts N and cu-

mulative AE energy value E.  The AE energy used here is defined as AE energy value at sensor

position.
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(3) “Case” of Cluster

     The Case of cluster is the same as that of the case of the source location based analysis.

 (4) “Class” of Cluster

     The “Class” of cluster is the same as that of the case of the source location based analysis.

 (5) “Rank” of Cluster by overall evaluation

    The “Rank” of Cluster by overall evaluation is the same as that of the case of the source lo-

cation based analysis.

Output Message

Output message is given while performing the evaluation of AE classification of the cluster

during testing.  It provides five levels of output massages according to the change of a rank.

When the Rank A continues and P interval is shorter than critical setting-pressure Pc, alarm

massage of “Danger” is sent.  If the Ranks B, C, and D turn into Rank A for the first time and

although Rank A continued when the applied pressure rate is low, alarm massage of “Warning” is

sent.

5. Conclusion

In this significant revision of JIS Z 2342 in 2002, the analysis of complicated AE parameters

is adopted for the classification of AE signals detected. The title was also revised to “Method for

acoustic emission testing of pressure vessels during pressure tests and classification of test re-

sults”.  This is made possible with the miniaturization of AE equipment system, improvement in

the data acquisition and analysis speed, and increase of memory size.  We have recognized the

advantages of the classification algorithm of NDIS 2412-80 from the actual AE testing results

accumulated in Japan for over 20 years.  In revising this standard that was enacted in 1991, the

latest AE testing and analysis techniques are adopted, and the classification method of the test

results is incorporated.  Starting from clustering, an observed set of AE signals are classified into

Types I to IV and Classes 1 to 4, which lead to the classification or Rank A to D, with Rank A

indicating imminent danger. Cumulative event counts and AE energy are the parameters of im-

portance in this scheme.
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Abstract

Acoustic emission (AE) due to intergranular fracture was examined in Al-Mg-Si alloys. In
T6-aged specimens, concentration of AE event counts appeared at the moment of intergranular
fracture as well as at the yielding point. The AE signals associated with the intergranular fracture
had its amplitude ranges up to 100 dB. Similar results on the increase in number of AE event
counts with high amplitude were also observed when T4-tempered Al-Mg-Si alloys showed
intergranular fracture due to hydrogen embrittlement.

Keywords: Al-Mg-Si alloys, Environmental embrittlememt, Intergranular fracture, Hydrogen
effect

1. Introduction

Automobile manufacturers has been interested in wrought aluminum alloys having excellent
mechanical properties for car body panels. Among all the wrought aluminum alloys, 6xxx-series
Al-Mg-Si alloys have been widely used due to their good formability, corrosion resistance, spot
weldability, and precipitate strengthening after paint-bake cycles [1]. The basic requirement for
automotive sheet is to have a good formability so that the panel can be stamped, or preferably
increasing their strength when the part is painted and baked. Thus, these alloys combine the good
formability of the solution-treated state (T4 temper) with the additional increased strength of the
age-hardened state (T6).

However, the formability of the Al-Mg-Si alloys is not enough for the demands of
automotive sheets as compared with Al-Mg alloys [2,3]. It was reported recently that T4-
tempered Al-Mg-Si alloys containing excess silicon were prone to show intergranular fracture
when the alloys were deformed at room temperature: tensile strain rates were very slow (~10-7s-1)
[4] and the bending stress was applied [5]. Thus, suppression of the intergnalular fracture would
be a vital issue to improve the formability of Al-Mg-Si alloys. In order to comprehend the
mechanism of the intergranular fracture in Al-Mg-Si alloys, dynamic observation in the tensile
deformation and fracture would be valuable. In the present study, we applied acoustic emission
(AE) method to examine the intergranular fracture of Al-Mg-Si alloys. In particular, effects of
additional silicon, aging, and strain rate on AE characteristics are examined.

2. Experimental

Materials
Two kinds of Al-Mg-Si alloys were cut from the rolled sheets so that the longitudinal

direction of the specimens was perpendicular to the rolling direction (LT). Chemical
compositions of the alloys are shown in Table 1. Plate type specimens for the measurement of
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Table 1   Chemical composition of Al-Mg-Si alloys [wt.%].

Alloys Mg Si Cu Fe Mn Zn Al
Balanced 0.70 0.46 0.34 0.03 <0.01 <0.01 Bal.
Excess Si 0.70 0.76 0.34 0.03 <0.01 <0.01 Bal.

AE, having a gage length of 50 mm, width of 25 mm, and thickness of 5-10 mm were prepared.
All of the test specimens were solution treated at 510˚C for 0.5 h in the furnace and then
quenched in water (As-Q). Average grain size of all the specimens after the solution heat
treatment was about 250 µm. After the As-Q condition, some of the specimens were kept at
room temperature for 7 days (T4) and then aged at 175˚C for 0.5 h (BH) or 18 h (T6). Tensile
tests were carried out at room temperature, where the relative humidity was about 70%. Ranges
of an initial strain rate of the tensile test were from 1.7x10-6 s-1 to 1.7x10-4 s-1. Mechanical
properties were evaluated by measuring values such as 0.2% yield strength, tensile strength
(UTS), and elongation. Fracture surfaces were examined with a scanning electron microscope
(SEM, Hitachi S-4700). The ratio of the intergranular fracture surface to entire fracture surface
was determined from the SEM image.

AE Measurement
Acoustic emission was examined using a two-channel AE system (MISTRAS-2001, Physical

Acoustics Corp.) We attached two AE sensors with 200 kHz resonant frequency on the gage part
of the test specimen with glue before tensile testing. AE signals were amplified by a total gain of
60 dB and passed through a band-pass filter with the range of 100 to 1200 kHz. The threshold
level was 50 dB and the time interval between two sensors was within 10 µs to detect the AE in
the deformed region only. Obtained AE data, which consist of number of events, peak amplitude,
and root mean square (RMS) voltage, were input to a microcomputer.

Detection of Hydrogen
Hydrogen microprint technique [6] (HMT) with the aid of photographic effect was applied to

the Al-Mg-Si alloy with excess silicon deformed 11% at room temperature with an initial strain
rate of 1.7x10-6 s-1. Before the tensile deformation, the polished specimen was covered with a
monolayer of photographic emulsion (Illford L-4 diluted by seven times) by the wire-loop
method [7]. After the deformation by 11%, the specimen with the emulsion was developed and
then observed together with the microstructure on the specimen surface using SEM with an
EDXS attachment.

3. Results and Discussion

As-Q Specimens
Figure 1 shows the effect of excess silicon on AE during the tensile test in the As-Q

condition at a strain rate of 1.7x10-4 s-1, together with stress versus displacement curves. AE
events appeared at the yield point, but no clear AE events could be identified near the fracture
point irrespective of the difference in silicon content. Fracture of both Al-Mg-Si alloys with or
without excess silicon was entirely transgranular in the As-Q condition. As expected, AE signals
due to a sequence of transgranular fracture, namely, void nucleation and growth, and coalescence
could not be detected in the present testing condition. The values of 0.2% yield stress were 60
MPa (balanced) and 75 MPa (excess Si), respectively. The difference in the number of AE
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Fig. 1  AE during the tensile test of Al-Mg-Si alloys of (a) balanced and (b) excess-Si in the As-
Q condition.

Fig. 2  Effect of aging on AE in an Al-Mg-Si alloy with excess silicon of (a) As-Q and (b) T6-
aged.

events at the yield point in the two types of specimens would be due to the difference in solute
hardening by silicon in solid solution.
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Effect of T6-Aging on AE in Excess-Si Specimens
Effects of T6-aging on AE in the excess-Si specimen tested at an initial strain rate of 1.7x10-4

s-1 are shown in Fig. 2. For comparison, the result of AE in the As-Q condition (Fig.1 (b)) is
indicated again by changing the scale of vertical axis. AE events in the T6-aged specimen at the
yield point have remarkably increased in number as compared with that in the As-Q condition.
The maximum of AE events at the yield point in the T6-aged specimen was about six times
higher. The value of 0.2% yield stress in the T6-aged specimen was 165 MPa, an increase of 90
MPa over As-Q. The increase in number of AE events at the yield point would be due to the
precipitation hardening by β’-Mg2Si phases reported [8]. In contrast to the As-Q condition, a
sudden burst of AE was observed upon fracture in the T6-aged specimen. AE events were also
detected at the stage of local deformation before the fracture. The T6-aged specimen showed
almost complete intergranular fracture as shown in Fig. 3. The intergranular fracture surfaces
covered about 95%. In Fig. 3, GB precipitates and micro-dimples were also visible on the
fracture surface.

Fig. 3  Fracture surfaces in Al-Mg-Si alloy with excess silicon of (a) As-Q and (b) T6-aged.

Thus, it appears that AE signals detected at the moment of fracture contain the information
about a sequence of intergranular fracture, such as crack nucleation, growth, and propagation.
The AE signals observed at fracture had high amplitude ranges from 50 to 100 dB. These were
higher than those observed at yield (Fig. 3). This suggests that a high AE energy was released
from the T6-aged specimen when the intergranular fracture occurred. It is also believed that AE
signals observed at the stage of local elongation could represent the information about the
initiation and growth of intergranular cracks.

Effect of Strain Rate on AE in BH Specimens
Effect of strain rate on AE during the tensile test in BH specimens is shown in Fig. 4. It was

revealed that total elongation decreased when the initial strain rate decreased from 1.7x10-4 s-1 to
1.7x10-6 s-1, which was in good agreement with the result of Kuramoto et al. [4]. Near the
fracture point, a slight increase in number of AE events was observed in both BH specimens
tested at both strain rates. The increase in AE amplitude and RMS voltage in the BH specimen
tested at the slow strain rate showed that a higher AE energy was released not only at fracture but
also at the stage of local deformation, in a similar way as shown in the T6-aged specimen.
Intergranular fracture was rarely found on the fracture surface in the BH specimen tested at the
strain rate of 1.7x10-4 s-1, while fracture morphology in the BH specimen tested at the slow strain
rate was a mixture of intergranular and transgranular modes as shown in Fig. 5. The ratio of
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Fig. 4  Effect of strain rate in an Al-Mg-Si (BH) alloy with excess silicon tested at a strain rate of

(a) 1.7x10
-4

s
-1

 or (b) 1.7x10
-6

s
-1

.

intergranular fracture surface to entire fracture surface increased from 0.2% to 8% when the

initial strain rate decreased. The intergranular fracture surface in the BH specimen tested at the

slow strain rate was distributed preferentially near the surface of the test pieces. This implies that

environmental embrittlement occurs in the BH specimen tested at the slow strain rate. At high

magnifications, slip steps were frequently visible with micro-dimples on the intergranular

fracture surface (Fig. 6). This suggests that matrix slip localization, applying high stress

concentration at grain boundaries, would affect the intergranular fracture in the BH specimen

tested at the low strain rate. A similar morphology was also reported in an Al-Zn-Mg-Cu alloy

[9]. They explained that absorbed hydrogen by the surface reactions between the Al-Zn-Mg-Cu

alloy and H2O are accumulated in the stress field near the crack tip by dislocation motion.

SEM image adjacent to grain boundaries by the HMT method was shown in Fig. 7.

Arrangement of silver particles revealed that hydrogen was preferentially located at the grain

boundaries. This means that hydrogen introduced from the testing atmosphere was transported to
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Fig. 5  Fracture surfaces of the Al-Mg-Si (BH) alloy with excess silicon tested at a strain rate: (a)

1.7x10
-4 

s
-1

, (b) 1.7x10
-6 

s
-1

.

Fig. 6  Magnified image in Fig. 5(b).

Fig. 7  HMT image of an Al-Mg-Si alloy with excess-Si deformed by 15%. Silver grains

representing the position of hydrogen are visible along grain boundaries.
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the grain boundaries with a number of gliding dislocations. When the hydrogen concentration at

the grain boundaries reaches a certain level during deformation, intergranulrar cracks would be

initiated. Thus, it is concluded that AE signals, detected near the fracture point in the BH

specimen tested at the slow strain rate, arise from hydrogen embrittlement.

4. Summary

(1) In As-Q conditions, no clear AE events caused by the transgranular fracture was identified

in Al-Mg-Si alloys irrespective of the difference in silicon content. A single peak of AE

event counts was observed at the yield point in both specimens with or without excess

silicon.

(2) In the T6-aged Al-Mg-Si alloy with excess silicon, AE events were observed not only at the

yield point but also at the moment of the intergranular fracture. AE signals due to the

intergranular fracture had a high amplitude ranges up to 100 dB.

(3) In the BH specimen tested at a slow strain rate of 1.7x10
-6 

s
-1

, the increase in AE amplitude

and RMS voltage accompanying the decrease in the elongation was observed. The

morphology of the near-surface intergranular fracture suggested that AE signals generated

near the fracture point are related to hydrogen embrittlement.
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Abstract

Leakage from tank floor can possibly pollute the environment or cause major accidents. To
prevent them, acoustic emission (AE) testing has come to the fore as a means of inspecting tanks
without taking them out of service. Under the AE method, however, there are almost no data on
leakage; the basic characteristics for leakage have not been elucidated. This paper presents the
results of a study, using a water tank for fire-fighting, involving the measurement of AE waves
generated by leakage of water from small holes made in the bottom, in order to identify the
fundamental characteristics and clarify the differences from AE results in the case of corrosion.

Key Words: Acoustic emission; Oil tank; Leak detection; Tank bottom; Tank floor; Corrosion;
Location

1. Introduction

Although the number of oil tanks installed in Japan is steadily declining (1), the number of
accidents associated with leakage is steadily rising (2). The principal cause of these accidents is
deterioration due to factors such as corrosion. Caution is required particularly with large-capacity
oil tanks, because leakage from them can assume large proportions if detection is delayed. To
prevent such accidents, the law requires all oil tanks with a capacity of at least 1,000 kl to
undergo an overhaul inspection at a prescribed interval. In contrast, such overhaul inspections are
not legally required for oil tanks with a capacity of less than 1,000 kl; the enterprises in question
are to fix overhaul intervals and check them on their own initiative (3). In some cases, leakage of
contents from floor is not immediately detected; it is discovered only after being carried by
groundwater under the tank foundation into rivers, etc. Such accidents pose major pollution
problems.

Regardless of the amount, leakage from the bottom of oil tanks constitutes a serious social
obligation of the parties responsible for preserving their safety and imposes a substantial
economic burden. Deterioration associated with corrosion is the cause of most such leakage, and
its prevention is therefore one of the key tasks of oil tank safety management. In recent years,
acoustic emission (AE) testing has been attracting attention as a technology for fulfilling this
task. It enables assessment of the damage from corrosion on the tank floor without overhaul (i.e.,
opening). In Japan, AE testing has been conducted on over 20 tanks (4 - 8), and the country is
beginning to acquire its own database for AE testing (6). Nevertheless, data on leakage from tank
bottoms are not included in this database, and the fundamental characteristics of AE waves for
leakage detection have not been illuminated.

The study that is the subject of this paper was conducted with a tank storing industrial water
for firefighting (to be referred to as "water tank"). It consisted of the measurement of AE waves
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generated in the event of leakage of water from small holes made in the bottom. Its objective was
to ascertain the fundamental characteristics and to clarify the differences from AE waves
associated with bottom damage due to corrosion.

2. Experimental Procedures

Test objectives
We deliberately made holes of varying diameters in the floors of the water tank, and detected

and analyzed the AE signals from actual leakage in order to identify the marginal hole diameter
(measurements) for leakage detection. An additional objective was to collect quantitative data
related to the signal energy level, etc.

Test method
Water tank specifications are given in Table 1.

Table 1  Specifications of the water tank used in the study.

Capacity (kl) Diameter (m) Height (m) Content
200 6.7 6.0 Water

Max water
Level (m)

Floor board
thickness (mm)

Side board
thickness (mm)

Years used

5.7 6.0 6.0 24

(1) System: The study applied the system shown in Fig. 1 for detection of AE due to leakage
from the tank floor. Three AE sensors (30-kHz resonant) with built-in preamplifiers were
installed along the tank circumference at equal intervals and in an equilateral triangle array, 1.2
m above the bottom. For AE measurement and assessment, we utilized the DiSP system
manufactured by Physical Acoustics Corp.

Fig. 1　The system applied in the study.

(2) Fabricated leakage holes: A total of five holes were made to simulate damage resulting in
leakage. Based on the diameters of holes discovered in oil tank bottoms thus far, the smallest had
a diameter of 1 mm, and the other four were given respective diameters of 3, 5, 7, and 9 mm in
order to confirm detection limits. To facilitate the extraction of plugs inserted into the holes from
the manhole on top of the tank, the holes were opened under it. Figure 2 shows the hole array.
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Fig. 2　The hole array.

As for plugs, we used iron wire to plug the 1-mm hole and sheathed copper wire to plug the
3-mm hole. The wires were inserted into the holes and then caulked with putty to seal any
interspaces. For the 5-, 7-, and 9-mm holes, plugs were fabricated from silicon rubber caps and
forced into the holes. Once the plugs were inserted into the holes, stainless steel wires (with a
diameter of 0.3 mm) were attached to them and strung to the manhole at the top. The water level
was set at 5.7 m (the full-tank level) in the first AE measurement and 2.0 m (the minimum fluid
level of ordinary oil tanks) in the second measurement. After the water was put into the tank, we
waited for at least two days before starting the AE measurement, in order to stabilize the water
surface.

(3) Test procedure: We first made an AE measurement when there was no leakage, then extracted
the plug from the 1-mm hole by pulling the wire attached to it from the top manhole, and
measured AE during the resulting leakage. This was followed by plug extraction and AE
measurement with the other holes. Therefore, beginning with the 3-mm hole, there was leakage
from multiple holes, until all of the holes were finally unplugged.

3. Test Results

(1) 1-mm hole: As shown in Fig. 3, although almost no AE were detected before the plug was
extracted from the 1-mm hole, the number of hits rapidly rose once the extraction was made,
about 100 s after the start of the test. As used here, the term "number of hits" refers to the
number of times that the amplitude of the detected AE waves exceeded the threshold value in
one second. The threshold value was 43 dB for leakage from the holes with diameters ranging
from 1 to 7 mm, and 60 dB for that from the 9-mm hole.

As for amplitude, a sensor output of 1 µV was assigned the value of 0 dB. As shown in Fig.
4, we observed the continuous occurrence of AE with the amplitude in the range of 43 - 48 dB,
and also detected AE with the amplitude in excess of 60 dB at the maximum. In other words,
even for leakage from the 1-mm hole, the number of AE detections was much higher than when
there was no leakage, and the energy level increased as shown in Fig. 5. For the energy levels
shown in Fig. 5, we used the product of the amplitude of 10 V x duration of 1 ms corresponding
to 1,000. From these measurement results, it was concluded that AE testing was fully capable of
detecting leakage from holes even with a diameter of 1 mm.
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Fig. 3　Hit vs. time of leakage.

Fig. 4　Amplitude vs. time of leakage.

(2) 3-mm hole: When the plug in the 3-mm hole was extracted after leak monitoring of the 1-mm
hole, the level of AE activity increased markedly. Numerous AE with amplitude in the range of
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Fig. 5 Energy vs. time of leakage.

43 - 60 dB were detected in succession and made it very easy to detect leakage. In contrast, the
number of hits declined, because the AE amplitude continuously exceeded the threshold value.

(3) 5-mm and larger holes: Next, we extracted the plugs from the holes with larger diameters,
one after the other. AE with large amplitudes in the range of 80 - 90 dB occurred in large
numbers and made leakage detection extremely easy. When the plug in the 9-mm hole was
finally extracted, there arose many bursts of large-amplitude AE. These had a very high energy
level, as shown in Fig. 5. On this occasion, we verified the existence of a large quantity of
leakage at the tank bottom.

Leakage location ranging
Figure 6 shows the results of a ranging of the plane location of the AE signals detected for

the 1-mm hole. Figure 7 presents 3D expressions of the integrated values for the number of AE
hits detected. As is clear from these figures, the occurrence of AE signals was concentrated in the
vicinity of the hole. This suggests the possibility of making an assessment to determine the
leakage locations to a certain degree. As shown in Fig. 8, on the other hand, it was not possible
to range the location for the 5-mm hole, because of the continuous AE waveform. Figure 9
shows the AE waveform obtained for leakage from the 9-mm hole. It can be seen that the
location cannot be ranged because of the continuous occurrence of large-amplitude AE waves.
Therefore, it may be concluded that ranging is possible to a certain extent in the case of leakage
from a small hole with a diameter of about 1 mm but not in that of leakage from larger holes.

Implications
Figures 3 - 5 showed that the AE waves measured from the leakage were clearly different

from those occurring when there was no leakage. Figure 10 shows an example of AE waveforms
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Fig. 6 Floor location plot; plan view (1 mm ø).

Fig. 7 Floor location plot; 3D view (1 mm ø).

detected as a result of corrosion. Whereas the AE waveforms due to corrosion began to attenuate
in about 1 ms, those due to leakage occurred on a continuous basis, as shown in Fig. 9. Figure 11
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Fig. 8　Floor location plot; plan view (5 mm ø).

Fig. 9　Example of the waveforms in case of 9 mm ø hole.



220

Fig. 10  Example of AE waveform due to corrosion.

Fig. 11 Examples of AE amplitude occurring due to corrosion.

shows the change over time in the AE amplitude obtained in the AE testing for assessment of the
degree of floor corrosion before extraction of the hole plugs. Whereas the amplitude in AE due
to corrosion was detected only sporadically, that due to leakage was detected continuously. These
differences provide the basis for a clear distinction between corrosion and leakage in AE testing.

Table 2 presents the relationship between the hole diameters and the AE signal amplitudes
obtained in the testing. The results indicate that, in the case of small-scale tanks with a diameter
of about 10 m (equivalent to non-specified tanks with a capacity of less than 1,000 kl), it would
be fully possible to detect leakage from holes with a diameter of about 1 mm through an AE
testing and also to specify the leakage location to a certain extent. Even considering the AE wave
propagation attenuation in the stored contents (9), detection of leakage is estimated to be possible
in large-scale tanks with a diameter of about 80 m, provided that the leakage holes are at least 5 -
7 mm in diameter.

     An overseas study presents the results of an AE test for leakage from a diesel oil tank in
which a hole with a diameter of 1 mm was detected in the floor (10). In this case, the epoxy
coating on the tank interior had been damaged in certain places, with the result of progressive
local corrosion and the occurrence of pinholes. The leakage was confirmed by regular AE
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Table 2 Relationship between hole diameter and amplitude.

Diameter of leak
hole

Amplitude (dB)
（water level 2.0m）

Amplitude (dB)
（water level 5.7m）

1 mm ø 43~48 43~48
3 mm ø 43~50 43~60
5 mm ø 43~55 43~70
7 mm ø 43~60 43~70
9 mm ø 43~60 Max 90

testing, and the study described herein provides corroboration for the possibility of leak detection
noted by the overseas study. Particular importance is attached to leakage detection in other
countries. France and the United Kingdom are strongly recommending AE testing as a method
for detection of leakage from tanks. The aforementioned recommended procedure for AE
application was prepared in France. In the United States, AE testing is conducted for the purpose
of preventing the occurrence of major accidents due to leakage in states with stricter
environmental regulations.

This study was the first to make a quantitative analysis of the possibilities of detection of
leakage from tanks through AE testing. It furnishes data that are applicable for judgments and
assessments regarding leakage detection in future AE testing of tanks.

4. Conclusion

The study consisted of AE measurements related to artificial leakage from the floor of a
water tank and examination of the implications of the measurement results. It showed that a clear
distinction could be drawn between AE due to leakage and that due to corrosion. Furthermore, it
also confirmed that AE testing would be fully capable of detecting leakage from holes with a
diameter of about 1 mm in small-scale tanks with a diameter of about 10 m (equivalent to non-
specified tanks with a capacity of less than 1,000 kl). In addition, it brought to light prospects for
specification of the leakage location to a certain extent.

Even taking account of the attenuation of AE wave propagation in the stored contents,
leakage is thought to be detectable in large-scale tanks with a diameter of about 80 m, provided
that the leakage holes are at least 5 - 7 mm in diameter. It is hoped that the study results will
provide a standard for judgments about leakage in AE testing.
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Abstract

AE technology has been applied to gas leak detection and inspection. However, it is difficult
to detect and inspect the gas leak consistently because measured AE waveforms are different
from leak pressures and shapes of leak parts. In this report effects of the stepwise and
straightforward pinholes on AE characteristics during gas leaking were discussed. When the
pressure reached to about 0.11 MPa in the case of the stepwise pinholes, AE amplitude tends to
go up and down, the peak at about 150 kHz was observed. It was found to be easy to detect gas
leak from the stepwise pinholes, as compared with the straightforward pinholes.

Key Words: Gas leak; AE waveforms; FFT

1. Introduction

The leak detection for piping faces many challenges. Problems mainly consist of the
necessity of many processes for the inspection and difficulty to inspect a gas pipe placed under
ground. Acoustic emission monitoring as one of the well-established nondestructive technologies
may be put to practical use in future for the leak detection technology. However, the method has
not been used widely to monitor the gas leak from pipes. Even if there is no defect before
operation or some defects are too small to detect during inspection, various defects occur or
develop under operation because of temperature, pressure, and environmental condition and
become so large that these cannot be neglected. In recent work, it was reported that the
characteristic frequency of AE due to gas leak was 10 kHz [1]. However, there are no reports on
AE source. If the AE source is identified, it is expected that the method advances. In this study,
AE characteristics were investigated at the frequency of more than 100 kHz.

2. Experimental Procedures

A pipe specimen was 20 mm in outer diameter and 150 mm in length and designated as
SGP20A. The pipes were reduced to wall thickness of 0.6 to 2.0mm to obtain a flat surface and
to attach an AE sensor. The surface was mechanically polished to #1000 mesh, and a pinhole was
made in the wall. The diameters of the straight pinhole were 0.3 mm, 0.5 mm and the stepwise
pinholes in these diameters were made to obtain divergent profiles. The overall view of the
apparatus used in the experiment is illustrated in Fig. 1. V1 and V2 valves controlled the
pressure. An AE sensor with resonant frequency of 100 kHz was placed at 10 mm from the
pinhole to detect leak signal. The test pressure was varied from 0.10 MPa to 0.30 MPa. The total
gain of detected signal was 60 dB through a band-pass filter of 100 to 1200 kHz. Threshold level
was 40 dB that corresponded to 100 µV at the preamplifier input voltage. AE signals were
detected continuously from 0.10 MPa to 0.30 MPa. Compressed air flow was stabilized through
the pre-flow pipe of 1000 mm length. If the energy release process due to air leak changes, the
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detected AE activity will probably also changes. When AE is generated near the pinhole,
continuous-type signals are obtained [2]. In order to clarify the energy release due to air leak,
mean amplitude was numerically calculated from the digitized AE waveform and represents the
relative energy release due to air leak. On the other hand, the frequency spectrum of the AE
waveform due to air leak is expected to clarify the behavior of AE sources in detail [3].

Fig. 1　Schematic view of experimental setup.

3. Results and Discussion

Typical AE waveforms detected during leak at the pressure of 0.10 MPa to 0.30 MPa with
the pinhole diameter of 0.3 mm and the wall thickness of 1.00 mm are shown in Fig. 2. The
waveform at the pressure of 0.10 MPa stands for electrical noise of the system. The amplitude
increases with increase of the pressure and increases rapidly, when the pressure increases from
0.20 MPa to 0.30 MPa. It is also observed that the high frequency components become
dominant. The higher the pressure, the more air volume flows through the pinhole. Therefore,
Mach number that designates the ratio of the flow velocity to the sound velocity can reach unity
in the cross-sectional area in steady flow [4]. Based on the assumption that the pinhole is a
converging nozzle, the critical pressure, at which the flow velocity reaches the sound velocity
was calculated by equation below, where P1 is the pressure in pipe, ρ1 is the air density in pipe,
P2 is the ambient pressure, ρ2 is the ambient air density, A is the pinhole area, ω2 is the flow
velocity and κ is equilibrium constant [5]. When P2 is 0.10 (MPa), ρ1 and ρ2 are 2.65 and 1.20
(kg/m3), κ is 1.4, ω2 is 343.7 (m/s), respectively, and the critical pressure becomes 0.22 (MPa).

When the pipe pressure is over the critical value of 0.22 MPa, expansion wall (namely, shock
cell outside the pinhole) occurs and screech tones are also generated. The screech tones are
known to indicate feedback loops driven by the large-scale instability waves of the airflow [6].

The relations between the pressure of released air and the mean AE amplitude from 0.3 mm
and 0.5 mm diameter straight pinholes, and 0.2 mm and 0.8 mm depth stepwise pinholes are
shown in Fig. 3 to Fig. 6, respectively.  The mean AE amplitude increases monotonically with
increase of the pressure to 0.22 MPa as shown in Fig. 3. When the pressure exceeds 0.22 MPa,

ρ2Aω2＝A 2
κ-1
κ

P1ρ1
ρ2

ρ1

2

1-
P2

P1

κ-1 /κ

Pressure [MPa]

Stepwise pinhole
0.2mm depth
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Fig. 2 Typical AE waveforms detected during leak at pressures of 0.10 MPa, 0.20 MPa and 0.30
MPa with pinhole diameter of 0.3 mm and wall thickness of 1.00 mm.

the mean amplitude increases as well and continues to fluctuate with an increase of the pressure.
This characteristic is consistent with AE waveforms shown in Fig. 2. In 0.5-mm pinhole, the
amplitude also increases with increase of the pressure as shown in Fig. 4. When the pressure is
over 0.22 MPa, the amplitude also continues to oscillate wildly.  Actually, the ranges of
amplitudes broadened starting at 0.18 MPa. We believe that this active AE behavior depends on
the generation of screech tones.

With a stepwise pinhole of 0.2 mm depth, the amplitude starts to jump as the pressure
reaches 0.11 MPa as shown in Fig. 5. When the pressure is above this range, the mean amplitude
increases monotonically with increase of the pressure. This is similar to Fig. 3. However, when
the pressure is over 0.22 MPa, the amplitude continues to increase gradually without large
changes seen in Fig. 3. If a pinhole is shallow stepwise, it is believed that the expansion wall
becomes difficult to form because of the large-scale instability of the airflow. This is quite
different in deep stepwise pinhole. Here, the amplitude fluctuated very strongly starting at the

Straightforward pinhole
0.5mm diameter
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Fig. 3 Relation between the pressure of released air and the mean AE amplitude from 0.3 mm
diameter straight pinhole.

Fig. 4 Relation between the pressure of released air and the mean AE amplitude from 0.5 mm
diameter straight pinhole.

pressure of 0.11 MPa and especially at 0.15 MPa as shown in Fig. 6. When the pressure is over
0.15 MPa, the amplitude continues to increase gradually, but still oscillating over a broad range.
The mean AE amplitude is supposed to become unstable before the pressure was over the critical
value. It is apparent that the simple theory does not apply and the mechanism of AE generation
in the stepwise  pinholes is different from that in the straight pinhole (shown in Fig. 5 and Fig.
6).

The mean AE amplitude from the stepwise pinhole, whose depth is 0.8 mm, is larger than
that from the shallow stepwise pinhole. The amplitude seems to be quite unstable and results
from turbulent flow and vortex increase. Four frequency spectra of detected AE waveforms at
the pressure of 0.30 MPa are shown in Fig. 7. The power spectrum near 400 kHz is higher than
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that near 150 kHz in the straight pinhole but the power spectrum near 150 kHz is higher than any
other power spectrum in the stepwise pinhole. We propose a model as shown in Fig. 8 to explain
a part of the experimental results.

Fig. 5 Relation between the pressure of released air and the mean AE amplitude from a stepwise
pinhole whose depth is 0.2 mm

Fig. 6 Relation between the pressure of released air and the mean AE amplitude from a stepwise
pinhole whose depth is 0.8 mm

The leak air flows to adhere to one side of the wall at 0.11 MPa as shown in Fig. 8. In the
range of 0.11 MPa to 0.15 MPa, strong turbulent flow and vortex appear along the pinhole wall
because of remarkable stepwise effect. When the pressure is over 0.15 MPa, it is expected that
the stepwise effect along the pinhole wall diminishes somehow because of increase of air flow.
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Fig. 7 Frequency spectra of detected AE waveforms at the pressure of 0.30 MPa from Fig. 3 to
Fig. 6

4. Conclusion

Detection and inspection of AE during gas leak from pipes with straight and stepwise
pinholes have been investigated within the frequency range of 100 kHz to 1200 kHz. Results
obtained are as follows:
1. In stepwise pinholes, the mean AE amplitude starts to fluctuate when the pressure reaches

0.11 MPa.
2. With the stepwise depth increasing, the mean AE amplitude increases and airflow becomes

unstable.
3. In stepwise pinholes, the power spectrum near 150 kHz is higher than any other zones of

power spectrum.
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Fig. 8 Schematic model of the AE source.
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Abstract

The growth of line-speeds and the demand of high-quality products in process industry have
increased the importance of on-line operation monitoring of processes. The operation monitoring
of rotating components in process industry is typically carried out by an automatically operating
on-line monitoring system. Sensors attached to bearing housings monitor the vibration behavior
of the running. The operation monitoring system usually collects also process data like tempera-
ture, pressure, loading and torque or power of drive motors. Advanced systems like neural net-
work or expert monitoring systems can find out causalities between the vibration and process
data. These causalities can be used for fault diagnostics or automatic or supervised control of the
machine.

This paper describes an acoustic emission measurement system that is used for operation
monitoring of the cover of rotating rolls in line contact. The developed monitoring system is in-
stalled in a pilot roll station. The pilot roll station corresponds to a soft calendar or a soft coating
unit of a commercial paper machine. The paper describes the operation monitoring system and
presents measurement results of some running conditions. The running conditions simulate cover
damage and a situation where acoustic emission can be used in control of the running.

1. Introduction

Cylindrical rolls in rolling contact are typically used in paper machines and in steel mills. In
steel mills usually un-covered steel rolls are used. In paper machine sections, like in calendars
and coating units, soft roll applications are common. In these cases the rolls typically have poly-
mer cover with thickness of 10 – 20 mm. The reason for the use of soft-covered rolls is the larger
contact area that can be achieved by the soft cover. The production speeds have risen, especially
in paper machinery. Higher line speeds create growing requirements for the running stability of
the machine.

A new trend is to build the production lines complete integrated. In paper-making process
this means the integration all the sections of the machine in a single line. This sets high require-
ments for the reliability of process and increases the importance of operation monitoring.

When sensors are mounted strictly to machine parts, we can achieve the greatest accuracy in
measurement of running parameters and of process variables concerning this component.  Trans-
fer of the measurement data from rotating machine parts requires wireless data transfer solutions.
In the case of rotating rolls in contact, acoustic emission (AE) is generated by deformation of the
cover, micro-sliding between the contacting surfaces and crack nucleation and growth in the
cover. The cover can loosen locally from the casing of the roll. This causes frictional micro-
movement between the cover and the casing that generates acoustic emission.
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The operation monitoring system for polymer cover of rotating rolls is installed in a pilot roll
station at Tampere University of Technology. The system consists of measurement computer on
the roll, of a wireless LAN bus for data transfer from the rotating measurement computer to the
analysis computer and of the user interface implemented with LabVIEW™ development envi-
ronment.

2. Acoustic Emission Sources in Roll Contact

Acoustic emission generated by the contact of rotating rolls can be used in fault diagnostics
of the cover and in control of the running of the rolls. A typical and very serious failure mecha-
nism in soft covers starts when a detrimental dirt particle adheres on the surface of the cover. The
particle causes a local, strongly deformed place on the cover. This deformation generates local
heat, so called “hot spot”, and the thermal expansion can destroy the cover by cracking it. Some-
times the cracking can be like explosion. The clean cover can also locally loosen from the sur-
face of the casing of the roll. This generates friction and heat that destroy the cover.

The dominating phenomena in the soft cover in normal running are depending on the mate-
rial of the cover and on the contact and running parameters. The acoustic emission generated by
these normal running phenomena can be used in control of the running parameters like contact
line load, relative driving moment share between the rolls or the sliding in closing process of the
roll contact and the stability of the running of the rolls. An unstable running condition of the
rolling contact is a resonance vibration caused by time delay of the elastic deformation of the
cover [1, 4-6].

Acoustic emission can be generated by many other mechanisms than mentioned above.  This
can make it difficult to monitor the phenomenon under consideration. Acoustic emission can be
generated from pressure vessels of air and hydraulics systems, from welding, from mechanical
impacts, from fretting and from sliding contacts. These effects can disturb AE measurement es-
pecially in field environment. If the AE sensor is fitted inside a rotating roll, disturbances arise
mainly from the support bearings of the rolls [2].

3. Measuring System

In the pilot roll station, one of the rolls is coated with soft polymer cover and the other roll is
un-coated hard roll. The width of the line contact of the rolls is 4.4 m. The AE sensor is situated
inside the hard roll because the covered roll is heated by hot water. Because of the heat and in
order to get reliable fitting of the sensor on the inner surface of the casing a wave-guide is used.
The sensor is piezo-electric resonance sensor. In Fig. 1 the pilot roll station and the acoustic
emission sensor inside the non-covered roll are shown.

3.1 Measuring device

The measuring device is assembled on the shaft end of the hard roll, see Fig. 2. The AE
measuring device contains an analog filter having central frequency of 200 kHz and band-width
of one octave, a 46-db amplifier and an A/D converter with sampling rate of 1 MHz. The meas-
urement principle is AE count rate, and the measurement unit also contains variable threshold
level. The size of the unit is large due to other measurement facilities, like acceleration and strain
gauge measurements. The power supply for amplifier is fed via sliding rings.
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a) b)
Fig. 1. a) AE sensor inside the lower, non-covered roll. b) The pilot roll station.

Fig. 2. The measurement device on the end of the lower roll.

3.2 Wireless data transfer and user interface

The measurement data is transferred with wireless LAN Ethernet connection from the meas-
urement computer to the analysis computer that is located in the control room. The wireless
transfer distance is about 10 m. The link is in accordance with the standard IEEE802.11, and has
the carrier frequency of 2.4 GHz [7]. The WLAN transmitter is fitted on the box of the measur-
ing device, see Fig. 2.

The AE count method reduces the amount of the transferred data to the level suitable for the
capacity of the wireless connection. The measurement unit calculates the AE count rates and
transfers them as packets to the analysis computer. The AE packets are analyzed in the analysis
computer as a pulse queue that indicates changes of the AE on the circle of the roll. The roll is
equipped with a pulse encoder that makes it possible to position the pulse count packet. If the
measurement result contains many pulse bars the measurement result shows like a continuous
line. This can be noticed from the graphs of the measurement results presented later in the text.
In Fig. 3 the principle of the AE data acquisition and wireless measurement data transfer of the
roll station are shown.
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Fig. 3. The principle of the AE data acquisition and wireless measurement data transfer from the
rotating roll to the analysis computer.

The measurement computer in the roll uses RT-Linux™ operating system. The data commu-
nication is also implemented with Linux™ operating system. In transferring the AE pulse count
packets with WLAN, the UDP (User Datagram Protocol) protocol is used to send time-stamped
packets in 0.1-1000 ms intervals. The UDP protocol is faster than TCP protocol, because it uses
transfer mechanism of the net’s lower layers when TCP builds its transfer mechanism over these
layers [3]. The reason to use of the UDP protocol in this application is the real-time demands.
The definition of a real-time system is when a control value is given as an input, with a 100%
assurance the output comes during a certain time. The definition does not specify the length of
the time. The laboratory measurement analysis system can be considered as a so-called soft real-
time system with a real-time delay of 1000 ms maximum.

The user interface is implemented with LabVIEW™ development environment. From the
interface it is possible to adjust the threshold level for AE count, to adjust the sampling rate of
the AE count packets and total measurement time. With the “Configure” function the configura-
tion of the measurement is transferred to the measurement computer in the rotating roll. The
measurement result is saved on the hard disc of the analysis computer for further analysis. The
user interface is shown in Fig. 4.

4. Experiments

The operation monitoring system has been tested with a simulated cover fault condition and two
running conditions where the AE can be used in control of the running of the rolls. At first the
system was calibrated for adjusting the suitable threshold level. The test conditions were fol-
lowing:

simulated fault condition
− two pieces of paper on the surface of the hard roll
control condition
− chance of the line load in the roll contact and
− resonance-running condition caused by the delay of the relaxation of the roll soft

cover.
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Fig. 4. The user interface of the acoustic emission monitoring system. “Measure AE” is AE
measurement. “Measure AD” and “Inputs” are associated to other measurements.

The sampling rate in all measurements was 2 kHz that corresponds the sampling time of 500
µs. In the measurement results the “AE activity” shown in the figures means the number of AE
counts per 500 µs. Because the “AE activity” is proportional to the rotational speed of the rolls,
depending on the AE count method, the rotational speed of the rolls was stable during individual
measurement.

5. Results and Discussion

5.1 Calibration of the measurement system

The basic construction of a piezoelectric sensor is simple and reliable. However, bad meas-
urement cables, bad cable connectors or incorrect mounting of the sensor can cause errors in
measurements. Great care must be used in the case when the sensor is installed inside the roll. If
the fitting of the sensor or the cables are incorrect it is impossible to repair the installation with-
out removing the roll from the machine. In this investigation the absolute values of the AE activ-
ity was not under examination, so the calibration of the sensor was not such an important ele-
ment. The condition of the measurement system was confirmed by testing the measurement
chain before and after measurements. In these tests a spring-loaded impulse peak was used. The
impulse was focused on the end flange of the roll where the AE sensor was situated. Another
method could be the "Pencil Lead Break" method according to ASTM standard number E 976-
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84. One calibration measurement result is shown in Fig. 5. There are five impulses given during
a 10-s period.

The impulse is rather sharp compared to the phenomena that generate acoustic emission in
rolling contact of the test rolls. However, the threshold level was adjusted to suit the measure-
ments with the impulse tests. In these measurements the rolls were not contacting each other but
rotating slowly.

Fig. 5. Measurement result of one calibration test.

5.2 Two pieces of paper on the surface of the hard roll

This measurement simulates the conditions when there is a contaminant particle attached on
the surface of the cover or on the surface of the hard roll. A situation like this is also found if the
cover is locally loosening from the surface of the roll casing. The measurement result is shown in
Fig. 6.

The highest peaks in the Fig. 6a indicate the time when the paper pieces pass the line contact
zone. The paper pieces were round with diameter of 10 mm and thickness of 0.2 mm. In the fig-
ure the points of the passing time of the paper pieces are marked. The distance of the paper
pieces were 620 mm on the circle of the roll. Rotational frequency of the hard roll is 3.55 Hz,
diameter of the hard roll is 524 mm and line load is 18 kN/m. The time differences correspond
the location of the paper pieces.

5.3 The chance of the line load in the roll contact

The rolls are designed with crowning for nominal line load of 15 kN/m. With that line load
the pressure in the contact is designed to be even. In the measurements the line load was changed
from 10 kN/m to the value of 20 kN/m. The AE result of the influence of the line load is shown
in Fig. 7. With larger line load the hard roll penetrates deeper inside the soft cover. This in-
creases the deformation of the cover, the length of the contact zone and micro sliding. These
phenomena generate increasing level of acoustic emission. From the measurement result shown
in Fig. 7, it can be seen that there is a delay of about 5 s in the line load control system before the
line load stats to rise.
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Fig. 6. a) Result of the measurement “two pieces of paper on the surface of the hard roll”. b) The
measurement result when the papers were removed.

Fig. 7. Measurement result of the influence of the line load on the acoustic emission.

Furthermore there is some fluctuation in the line load control circuit just after the control
command. The result is strongly filtered therefore the graph looks smooth. By calibrating the AE
level to correspond the line load, it is possible to use the AE level for direct measurement of the
line load in the contact.

5.4 The resonance-running condition

The resonance condition caused by the relaxation time delay is especially harmful running
condition of the contacting rolls. This kind of resonance condition occurs when the rotational
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speed of the rolls is such that the cover has not enough time to relax from the deformation that
has exerted on it in the contact zone. The condition is at worst when the resonance frequency is
an integer multiple of the roll rotational frequency. In that kind of resonance condition the rolls
are vibrating relative against each other. This means that the line load is changing in the fre-
quency of the resonance. This phenomenon generates AE like the change of the line load.  The
result of the resonance condition is shown in Fig. 8.

Fig. 8. Result of the measurement of the resonance condition. a) Frequency spectrum of AE
count signal. b) The time signal of AE count. Line load is 18 kN/m.

From the frequency spectrum of the AE count result it can be detected the rotational fre-
quency 4.87 Hz of the covered roll and its several harmonic components. The resonance fre-
quency 121.7 Hz and its first harmonic component also can be seen clearly from the spectrum.
The resonance frequency is exactly 25 times the rotational frequency of the covered roll. This
tells us that the resonance is caused by the delay phenomena of the cover. The resonance condi-
tion can be eliminated by chancing the rotational frequency so that it is not an integer fraction of
the frequency of 121.7 Hz.

6. Conclusions

This paper presents a wireless on-line AE monitoring system of the cover of rotating rolls.
The monitoring system is implemented in a pilot roll station of Laboratory of Machine Dynamics
at Tampere University of Technology.
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The tests have shown that the AE count method is a suitable method for wireless measure-
ment data transfer of the AE signal. The AE count method has also the advantage that it is like a
“triggered” signal that makes it possible to position the AE source on the circle of the roll cover.
The disadvantage of the AE count method is that the AE count rate depends on the rotational
frequency of the roll.

The methods used in control of the line load of contacting rolls in industry environment typi-
cally are based on indirect measurement methods. The line load is calculated for example from
the hydraulic pressures according the geometry of the loading system. With the AE measurement
system presented in here it is possible to monitor the line load of the contact direct. The tests
have also shown that with the measurement system it is possible to detect contaminants, which
are on the surface of the rolls.

The resonance running condition caused by the delay of the deformation of roll cover is a
harmful phenomenon. It stresses the mechanical constructions and lowers the quality of the
product. The AE measurement can be used in adaptive control of the roll rotational frequency.
The goal in this kid of control is to drive the rolls in a certain driving window where the vibra-
tions are at an acceptable level.
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