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Abstract

Corrosion damages of tank bottom steel plates are recently diagnosed by in-situ AE moni-
toring. It is generally suggested that AE is produced by two types of fracture of hard rust; i.e.,
self-fracture and/or spallation of the rust due to volumetric-expansion during growth and me-
chanical fracture of grown rust by external forces. However, reliable information on the rust-
induced AE is absent.  This study examines the characteristics of AE signals produced by rust
fractures. Three kinds of AE monitoring were conducted; 1) Lamb-wave AE monitoring during
accelerated wet-and–dry rust growth test of steel plate (laboratory testing up to 30 days), 2) AE
monitoring during four-point bending of steel plate with rust grown by in-laboratory acceleration
and out-door exposure and 3) AE monitoring from rusting of a model tank bottom plate with
source location.

Strong Lamb-wave AE signals with frequencies of 100 to 600 kHz were frequently produced
by rust growth above 100 µm thickness, and event counts increased with rust thickness up to 400
µm (test 1). Emission rate increased when magnetite (Fe3O4) layer was formed underneath the
surface hematite (Fe2O3) rust.  AE event counts during four-point bending of corroded plate (test
2) increased with an increase of rust thickness. Hard magnetite rust, major component of the rust
produced by out-door exposure, appears to increase AE activities at lower surface strain of the
substrate plate. Due to the extremely long crack of rust fracture, crack opening volume of thin
rust is million times larger than those estimated for delayed fracture of high strength steel. Crack
extension rate is estimated to be ten times longer than those for the delayed fracture (test 3). Ac-
celerated atmospheric corrosion of bottom plate of water-loading model tank of 850 mm diame-
ter produced strong P-wave AE signals via water detectable by AE sensors on the side wall.
Propagation path of AE signals in liquid loading tank and source location method were discussed
in last section.
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1. Introduction

Monitoring of corrosion damage of storage tanks (1,2), buried pipelines, steel bridges and
concrete reinforcements is becoming important problems.  Integrity diagnosis of these steel
structures exposed to atmospheric corrosion must be performed periodically over several tens of
years. AE monitoring cannot estimate the reduction of wall thickness, but possibly it can monitor
whether the corrosion and wall reduction is progressing. This concept is based on an assumption
that AE signals are produced during rust growth and by fracture of grown rust. AE is advanta-
geous for monitoring the corrosion occurrence and progression on hidden structures and
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structural members such as the bottom plate of storage tank and the buried pipeline, to which
conventional NDT method is difficult to apply.  However, little is known whether AE signals are
produced by corrosion.  Corrosion covers a variety of material damage, such as wet and dry cor-
rosion. Wet corrosion involves general and localized corrosion and sometimes causes corrosion-
assisted fractures such stress corrosion cracking (SCC) and delayed fracture.  Among these cor-
rosion morphologies, delayed fracture of high strength steel is well known to produce strong AE
signals.

Mechanism of wet corrosion of steel depends on the environmental condition. For instance,
active corrosion or anodic dissolution of the steel immersed in an acidified solution (pH<3.0)
does not produce AE since iron dissolves as cation. However, processes accompanying cathodic
reaction, such as hydrogen gas evolution, may produce secondary AE when gas bubbles leave
the metal surface.  In slightly acidified or neutral solution (pH>4), steel produces rust composed
of oxides and hydroxides. In the mostly wet condition, loose and soft hydroxide rust, generally
Fe(OOH)x, are produced on the surface. This kind of rust and reduction of dissolved oxygen at
cathode do not produce AE. We once monitored AE from the steel plate immersed in pH=4 sul-
furic acid solution saturated with air, and no AE signals were detected even by 80 dB amplifica-
tion. Contrary to this, at alternate wet-and-dry condition, steel produces hard and thick rust
dominated by oxides such as Fe3O4 (magnetite) and Fe2O3 (hematite). These oxides are most
common black and red rusts on steel structures exposed to natural atmosphere and generally
hard. Hard rusts are likely to crack (self cracking) due to the volumetric expansion during rust
growth.  Underneath such rusts, localized reduction of wall thickness, generally proportional to
rust thickness, was clearly observed.  Therefore, AE monitoring of rust formation and/or rust
crack leads to integrity diagnoses. However, no scientific evidence of AE generation from rust
fracture has been reported so far.

In this paper we first studied whether the rusting of steel produces AE signals. Four types of
AE monitoring or rusting tests were conducted. Next we studied the characteristics of AE pro-
duced by mechanical fracture of grown rust. Finally, we monitored AE from accelerated rusting
of a model tank bottom plate by AE sensors mounted on sidewall and identified their location.
Location accuracy and sensor setting method are also discussed.

2. AE Signals during Atmospheric Rust Growth by Wet-Dry Acceleration Test

Using the equipment and AE sensor layout shown in Fig. 1, AE signals during rust growth by
accelerated wet-and-dry test were monitored.  Low-carbon steel plates (JIS SPC-C for cold
drawing) of 1 mm thick, 150 mm wide and 200 mm long were exposed to alternate wet-and-dry
rust growth test. Surface of the plate was coated with silicone grease except the rust growth area
or the inside of 40 mm diameter O-ring, and irradiated by an infrared lamp to keep the O-ring
area at 40˚C.  Five kinds of corrodants shown in Table 1 were sprayed into the O-ring area for 5 s
at 1.8 ks (30 min) interval, and dried at 40˚C.

These tests were also used to prepare the specimens used for next section (fracture test of
grown rust). AE in this section was monitored for samples 11 to 15 using 7 sensors (PAC, Type-
PICO).  Three sensors (#5,6,7) mounted on the plate monitored the Lamb wave AE signals pro-
duced by self-fracture of the rust. As these sensors monitored the So-Lamb packet, source loca-
tions were identified using the sheet velocity (5400 m/s). Outputs of sensors were amplified by
40 dB and then digitized by an A/D converter. Digital data were analyzed by using the software
developed in-house.
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Fig. 1  AE monitoring from rusting of steel plate by accelerated atmospheric rust growth.

Table 1  Specimen number exposed to accelerated rust growing test for maximum 30 days.

We also monitored AE signals using four sensors mounted on a 70 mm diameter cylindrical
cell with silicon oil in it. This intended to study whether AE signals can be monitored as the P-
wave via liquid in tank, as being utilized in TANK-PAC method (1). The cell was adhered to the
plate by high-damping silicon gum to reduce the propagation of Lamb wave to the cell wall.
Four sensors (#1 to #4) were mounted on the cell wall at 50 mm height. Both the silicon gum and
sensor at high position can eliminate the Lamb and mode-converted P-wave from Lamb wave,
and makes it possible to monitor the P-wave through liquid (direct P-wave).  Indeed, arrival time
difference between the direct P-wave and the mode-converted P-wave is less than 1 µs, when the
source is at the center of the cell. The arrival time of the direct P-wave to sensors on cell wall is
25 µs later than that of the fastest Ao-Lamb wave (3300m/s) to sensors on the plate. This time
difference is effectively utilized to determine whether the sources are in the corroding area.

Figure 2 shows cumulative AE counts with exposure time for sample No. 13, exposed to
(pH=2; H2SO4 + 1% NaCl) solution. Another solid line “from loaded steel plate” indicates AE
data when the plate was subjected to wet-dry-rusting test at being bucked (0.1 % compression
strain on the rusting surface) by a vise.

AE signals increased with exposure time or thickness of the rust. Sources of most AE events
are located inside the O-ring. X-ray diffraction analysis of dried rust showed Fe3O4, α-Fe2O3 and
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Fig. 2 Cumulative AE counts with exposure time for sample No. 13 exposed to pH=2 H2SO4 +
1% NaCl corrodant.

γ-FeOOH, but no NaCl crystal. We observed many cracks on the rust surface after the test. These
results strongly demonstrate that the atmospheric rust produces AE signals during their growth,
due to self-cracking by volumetric expansion.

Figure 3 show typical AE waves for sample No. 13. Sensors #5, #6 and #7 detected large am-
plitude Lamb waves of a few tens of mV as well as small So waves. Outputs of sensor #1 to #4
are P-wave via oil and their arrival times are 25 µs later than these of #5 - #7 sensors. This dem-
onstrates that atmospheric hard rusts produce the P-waves detectable by AE sensors on the shell
wall. Power spectra of these signals (mainly Ao mode wave) showed strong components from
300 to 600 kHz, close to the resonant frequency of the PICO sensor.

Figure 4 shows a relation between AE event counts and rust thickness measured by transverse
SEM observation after the test.  AE can be produced by the formation of only 100 µm thick rust.
Severe corrodants such as pH=2 H2SO4 with or without small amount of NaCl accelerated AE
generation.

3. AE Signals due to Mechanical Fracture of Grown Atmospheric Rust

AE monitoring during four-point bending of the steel plate with grown rust  (specimen 1 to
15 in Table 1) was conducted using the method shown in Fig. 5.  AE event counts were moni-
tored as a function of surface tensile strain measured by the strain gage at the center of inner
span.  Figure 6 shows relations between the cumulative AE counts and surface strains as a func-
tion of exposure times.  Sources of all the AE events are located inside of the O-ring.

Frequent AE signals are produced from relatively small surface strains of 0.35% for speci-
mens exposed to severe corrodants such as pH=2 H2SO4 with or without 1% NaCl solutions.
Specimens 9, and 10, exposed to mild corrodants; pH=3 H2SO4 and with 1% NaCl produced
small events due to thin rust.  Lamb waveform and wavelet contour map of AE detected for No.
15 specimen is shown in Fig. 6.
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Fig. 3  AE events detected during rust growth on sample No. 13.

In the four-point bend test, large Ao Lamb waves with 0.1 V output as well as weak So
packet were monitored, indicating a fast and large crack opening (Fig. 7).  In spite of large at-
tenuation of Ao components by silicone grease on the plate (3), waves are remarkably strong and
this demonstrates a large crack opening of rust.  Frequency components of the Ao packet are
ranging from 0.4 to almost 1 MHz, close to those of the Lamb waves produced by pencil-lead
breaking.  Long cracks of 1 mm to 3 mm length were observed on the rust surface after the test.
Longer cracks were often observed for the thinner rust produced by mild corrodants. Crack
opening volumes are estimated to be million times larger than those estimated for delayed frac-
ture of high strength steel (4,5).  Crack opening times, estimated from the rise time of first-
arriving So-mode wave, are from 2 µs to 4.2 µs, and ten times smaller than those estimated for
delayed fracture.

In order to study how the naturally grown atmospheric rust produces AE signals, we exposed
50 steel plates for 400 days at our campus: Setagaya, Tokyo.  Specimen has the same dimension
as that in Fig, 1, but coated with coal tar except a 30 mm diameter center circle.  Four kinds of
samples exposed for 100, 200, 300 and 400 days were submitted to four-point bending. Yellow-
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Fig. 4  Relation between rust thickness on steel plate and cumulative AE counts

Fig. 5  AE monitoring during four point bending of the steel plates with grown rust.

red rust was formed over the exposed area after 2-week exposure and gradually changed to
black-red rust after 30 days. Average rust thickness of 200 and 400 days exposed steel were
measured as 100 µm and 180 µm, respectively.  Compared to the relatively uniform rust thick-
ness prepared by accelerated wet-dry test in laboratory, thickness of natural rust was non-
uniform. In the thick part, the rust pegged into the substrate steel and produced uneven surface.
AE signals were detected for four specimens from elastic strain (0.1%) of the steel substrate.
Figure 8 represents AE event counts vs. applied strain of steel plate exposed 400 days. Event
counts increased exponentially with strain. This behavior is different from those observed for the
rusts prepared by accelerated laboratory tests.
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Fig. 6  Cumulative AE counts as a function of tensile strain of steel plates exposed to wet-dry
acceleration test for 10, 20 and 30 days.
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Fig. 7 Lamb waveform detected during four point bending test of steel plates with grown rust.

4. AE Signals from Bottom Plate Rusting of a Model Tank

We studied how we can monitor AE signals and identify their sources from rusting of bottom
plate of water-filled tank. We used an 820-mm diameter water-filled cylindrical tank of steel
(Fig. 9).  Three resonant AE sensors (PAC R6I) were mounted on shell wall at height of 100 mm.
Rusting were produced by wet-dry test of pH=3 H2SO4 solution at two locations (in 40 mm di-
ameter area at center #1 and annular position #2) of the bottom plate by separate corrosion test.
We also monitored AE signals from rusting using AE sensors mounted at 30 mm height, but
could not determine the arrival time due to small amplitude and continuous–type waveform.
Taking the radiation pattern (6) of P-wave in water into account, sensor height was changed to
100 mm so that it can capture much stronger signals. This height corresponds to 8 m height for
50 m diameter tank, and far higher than the sensor height used for TANK-PAC (1).
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Fig. 8  Cumulative AE counts as a function of tensile strain of steel plates exposed to weathering
test for 400 days.

Fig. 9  Setup for AE monitoring from rusting at #1 and #2 on the outer surface of bottom steel
plate of water-filled cylindrical tank and estimated source location of AE events.

About one hundred AE events were detected from 60 to 100 hr duration.  Source location
was possible only for four events in central rusting (#1) and five events for annular rusting (#2).
The positions are shown in Fig. 9 as filled circles (#1) and x (#2). For the latter, three events
were located outside the cylinder.

Figure 10 shows two typical waveforms and wavelet transform coefficients (WT) at 75 kHz
for #1 and #2 rust.  AE waveform due to rust fracture is complicated and looks like a continuous-
type AE, due to successive arrival of fastest Ao Lamb wave (3000 m/s), P-wave in water con-
verted from Ao Lamb wave, and direct P-wave in water.  Source location of pencil-lead breaking
on bottom plate of this tank was successfully determined by using the arrival time of WT at 70 to
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90 kHz and P-wave velocity in water (1500 m/s).  Therefore, we located AE source using WT at
75 kHz. Results are shown on the right of Fig. 9.

Fig. 10 Typical waveforms and their time transient of wavelet coefficients at 75kHz from rusting
at #1 and #2 positions

Location accuracy is poor for both #1 and #2 rust sources. This suggests that the AE signals
should not be monitored by sensors on shell wall, but should be monitored as Lamb waves by
sensors mounted on the bottom plate.

5. Conclusion

Scientific evidence for AE generation by self-fracture and mechanical fracture of hard at-
mospheric rust is presented by conducting three types of AE monitoring. Results are summarized
below.

1) Wet-dry acceleration rusting test of steel plate demonstrated AE generation from self-
fracture of growing hard rust. AE signals were produced by formation of rust thicker than
100 µm and total event counts increased with the rust thickness. Lamb wave AE signals,
monitored on the corroding plate, contained So-component as well as Ao mode, sug-
gesting large and fast crack opening. Frequency components of Ao-Lamb waves by rust
self-fracture extend higher ranges than those by pencil-lead break.

2) Mechanical fracture of hard rust composed of magnetite and hematite produced strong
AE due to extremely long crack length with large crack opening. Source volumes were
one million times larger than that estimated in the delayed fracture of high strength steel.
Total event counts increased with an increase of rust thickness.

3) Using an 820-mm diameter cylindrical tank filled with water, AE from bottom plate
rusting was monitored by three AE sensors (PAC, R6I) mounted on sidewall.  AE sensors
mounted at lower height  (30 mm) detected continuous-type signals and source location
was impossible. AE sensors mounted at 100 mm height monitored burst-type signal from
self-fracture of rust growth. Location accuracy, estimated by utilizing the arrival times of
wavelet coefficients at 75 kHz and P-wave velocity in water, was poor, possibly due to
misreading of in-water P-wave arrival time. AE for tank integrity evaluation should be
monitored as the Lamb wave by AE sensor mounted on the bottom plate.
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