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Comparison of the test results performed on the compact samples is shown in Fig. 9, which
illustrates meaningful rise of severity value for material in the degraded state. In Fig. 10, one can
see fracture of the sample made of the material after exposure, with visible micro-cracks
characteristic of degraded material. Microscopic examination revealed change of the fracture
character from ductile for samples in the initial state, to locally brittle and mixed brittle — ductile
(partly brittle for samples exposed to degradation).

Summary

Standard mechanical tests do not always allows the estimation of the degradation of the
material exposed to operating conditions with hydrogen environment. The use of acoustic
emission in connection with modified mechanical examinations showed significant differences in
AE signals recorded. Suggested method of examination was devised on the basis of numerous
tests conducted on the material charged with hydrogen under laboratory conditions. On this basis
a series of tests were performed on the material taken from cut-out of the pipe operated under
real life conditions. This clearly revealed the differences in AE signals recorded in relation to
material in the initial state.

Acknowledgement: This work was supported by the Polish Committee for Scientific Research
as research project N507/033 31/0813.
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AE ANALYSIS OF TRANSFORMED MARTENSITE VOLUME

VIJAY PAWAR, WILLIAM WOOD and RICHARD NORDSTROM
Department of Mechanical and Materials Engineering,
Portland State University, OR 97201, USA

Abstract

When alloys are modified, experimentally determining the new martensite phase transition
points during cooling may be obtained using a Gleeble with cross-strain dilatometer type meas-
urements. The resolution of these measurements is limited. Although acoustic emission (AE) is
much more sensitive to the martensite phase transitions, significant temperature gradients in
specimens prevent a reasonably accurate correlation between the AE start and stop and the phase
start and finish. Two steps are taken here to improve the possibilities with AE. First, specimens
are designed with regions of steep temperature gradients to control transformed martensite vol-
umes and to limit temperature variation. Second, the AE-rms is correlated to predicted marten-
site volume range following work by VVan Bohemian.

These experiments were realized on 4340 steel with resistance heating from a Gleeble. Both
lateral strain (dilation) and AE are recorded from the martensite transformation. “Hat” specimen,
and later double hat specimens are used to force steep temperature drops across hat shoulders.
Larger ratios of hat diameters gave the best control over martensite volume.

Scatter is the issue that dominates the correlation between the volume of transformed marten-
site and AE power. The main source of scatter was inconsistency of the acoustic energy transfer
from test to test.

Keywords: Martensite transformation, transformed martensite volume
Introduction

Martensite transformation in steels occurs during cool-down from the austenite (face-center-
cubic) phase to the martensite (body-center-tetragonal) phase. During this phase transformation,
the crystallographic volume increases by about 4%.

Detection of AE from martensite transformation was one of the earliest published accounts of
recording AE [1, 2]. Both threshold-based [3] and continuous [6-10] AE monitoring have been
successful in detecting AE from the martensite transformation. When the martensite transforma-
tion occurs because of mechanically induced strain, it has also been detected [4]. When the type
of transformation for an alloy is in doubt, AE has been used as evidence of the martensitic trans-
formation [5].

Gleeble-based lateral strain measurements are useful for measuring the start and finish of
martensite transformation. The AE response is highly accurate as to when it occurs, but because
of temperature gradients in test samples, the time of AE occurrence is not specific to one tem-
perature or even a sufficiently small range of temperatures. For AE to determine the actual
martensite start and finish temperatures, the temperature gradient must be controlled within the
desired temperature tolerances. The first objective is to control the volume of transformed mart-
ensite. Van Bohemian [6-10] published some interesting predictions on how much martensite
has transformed based on the total AE power (derived from AE-rms). The second objective is to
see if the controlled volume of transformed of martensite accurately correlates to AE-power from
specimen to specimen, and what factors limit the accuracy.
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Experimental

All tests used 4340 steel. A soak of 900°C for 60 seconds transforms ferrite to austenite dur-
ing heat treatment and insures complete dissolution of all prior ferrite and carbides. After this
soak, martensite transformation will occur during cool-down or quenching in the range of 175°C
to 300°C.

The Gleeble is a resistive-heating thermo-mechanical process simulation testing machine
manufactured by Dynamic Systems Inc. Specimens for the Gleeble are usually of uniform cross-
section, either circular or square. The temperature can be programmed through feedback of a
single thermocouple, typically placed in the middle of the specimen. As both ends of the speci-
mens are gripped with water cooled copper jaws, the specimen experiences a pronounced tem-
perature profile along its axis. Here, the specimen configuration was changed to a “hat” (Fig. 1,
dimensions in table 1) to better control the temperature profile. With the hat geometry, the tem-
perature profile will be disjoint with a steep temperature change across the hat shoulder. Al-
though a soak temperature near 900°C was desired across the entire hat, in this phase of the work
the goal at the edge of the shoulder of 727°C was sought. Any volume of the specimen that does
not see this temperature will not produce martensite on cool-down. This approximation will
overestimate the martensite volume as complete austenitization will require much higher tem-
peratures.

L1
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v

L2 ) 4
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Fig. 1. So-called “hat” specimen for Gleeble, and waveguide attached to later specimens.

One or more chromel-alumel (type K) thermocouples are welded to the specimen. One ther-
mocouple acts as control and is placed in the center of the specimen. The acoustic emission sys-
tem was an AMSY-5. The lateral strain (also called cross-strain or C-strain) was recorded with
the AE-rms. In the first two series of tests, the AE sensor (150 kHz) is placed on the copper jaws.
The jaws and the specimen are held in contact through mechanical force alone. Couplant was not
used between jaw interfaces because it could interrupt the conduction path. For the third series of
tests, the AE procedure utilized a detachable waveguide. In the first tests, coupling sensitivity
checks [7] were performed near the sensor. In the third test series of tests, checks were made on
the waveguide and in the middle of the test, both before and after testing.

Table 1. Dimensions and details of hat specimen tests.

Test Series | Overall Details

1 e DI1:D20f3:2 L1 =90 mm, D1=12 mm, D2= 8 mm.
e Vary L2 from 6-18 mm Length between copper jaws = 25 mm.
e One specimen without a hat AE sensor mounted on copper jaws

2 Reduce specimens to D1:D2 of 2:1 | Same except D2 = 6 mm

3 e Keep D1:D2 of 2:1 AE sensor mounted on waveguide
e Keep L2 fixed at 6 mm Also tried some two step specimens
e Vary D1 from 12to 6 mm

355



ICAE-6 Advances in Acoustic Emission - 2007

Results and Discussion

Detecting and Analyzing Transformed Martensite with AE and Strain

Figure 2A shows the C-strain (left axis) and AE-rms (right axis) from one cycle. The first
100 s of the test show the heating and temperature soak; at about 50 s into the cycle the soak
temperature transition can be seen. During this first 100 s, the resistance heating is active, which
generates noise seen in the AE-rms; and when the active heating is turned off, the AE-rms can be
seen to return to the background levels. The martensite phase transformation occurs after 100 s,
as seen in Fig. 2A where the AE increases and the C-strain sees an inflection.

The total AE power was calculated from the square of the AE-rms, subtracting the noise
component as was done in [10] and seen in Fig. 2B. Total AE power is taken as the area under
the curve. A background noise level within one decimal place could be estimated from the noise
at the end of the graph. However, choosing the value of AE-noise?, which levels the total AE-
power curve before and after the test was found to be good to three decimal places.

The main difference between C-strain and AE-rms recordings of martensitic transformations
is that C-strain detects the process at only one plane, while the AE detects any transformation
occurring anywhere in the specimen. The C-strain, mounted in the center of the specimen, will
be the last part of the specimen to reach the martensitic start temperature. AE detects the marten-
site before the C-strain gage as seen previously in [12].
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Fig. 2A C-strain and AE-rms from entire heating-cooling cycle.
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Fig. 2B. AE-power derivation during martensite transformation.
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Controlling Transformed Martensite Volume

Table 2 shows measured temperatures inside (T4) and outside (Ts) the hat shoulders when T¢
=900°C for various geometries. More complete temperature profiles for some tests are shown in
Fig. 3. For this phase of the work, the target tolerances were to get a floor temperature of 727°C
to fall in the shoulder region (between T, and Ts) during soak, although tighter tolerance would
be desirable in further work. In these cases, the transformed martensite volumes were taken as
the hat volumes. In other cases, the transformed martensite volume was estimated as the volume
within the region where the temperature profile intercepted the austenitizing temperature.

The volume of transformed martensite was estimated by finding the positions, which exceed
the austenitizing temperature and taking the volume within this temperature zone as the trans-
formed martensite volume. With the best hat-specimen geometries, the hat volume equals the
transformed martensite volume (the austenite limit falls within the shoulder) and there is a small
variation of temperature across the soak.

Table 2. Temperatures across hat shoulder and relations to desired austenitizing range.

T, T
T
_I C ! .—];‘
| Length Ratio of
L2 Diameters T4 Ts
Fig. 3A Thermocouple positions for Table 2. [mm] D1:D2 [’Cl| [C]
[mm:mm]
Tc Center Thermocouple (900°C at soak)
T, Temperature at inside the shoulder )
Ts Temperature at outside the shoulder 18 12:8 528
T., Temperature at the copper grips (T, = 20°C)
i 12 12:8 720
Thermal Profile
T Diameter Ratios 12 mm : 8 mm 9 12:8 852
i B~ = 6 12:8 888
— 800 { . 3 .
O oot P : 18 12:6 371
S 6001 12 12:6 430
B = : 9 12:6 540
8 400
g 300 Extent of Transformed 6 12:6 796 | 643
= 200 Martensite from Interpolation
100
0 T T : : r r T T T T T T \
0 1 2 3 4 5 6 / 8 9 10 1 12 13 .
Distance From the Center [mm] 75 12:6 750 | 525
Fig. 3B. Plot of temperature — distance profile.
6 10:5 540
Desired Temperature Range 55 6:3 580

357



ICAE-6 Advances in Acoustic Emission - 2007

AE as a Function of Martensite Volume

Figure 4 shows total AE power plotted against the estimated volume of martensite. Scatter is
much more obvious than the hoped-for trend. About 50 of the 100 tests can be distinguished,
with many data points actually lie on top of each other (less than 0.5% difference), even in the
first test series. The highest level of reproducibility was achieved when tests were run one after
the next, which required no jaw adjustments (tightening). The waveguide was used in an attempt
to remove this source of scatter altogether.

Effects of the specimen geometry on how much acoustic energy is transferred to the speci-
men is a concern for the AE power to volume trend.

In correlating AE power to transformed martensite volume as in [10], scatter from specimen
to specimen was significant. Among the lessons learned: the acoustic path must be as consistent
as possible (which significantly reduces scatter) and the simulated AE should be monitored in a
linear fashion to the degree of accuracy of the correlation (linear, with energy) as opposed to
general AE practice which allows logarithmic accounting of peak amplitude [11].
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Fig. 4. Total AE power against estimated martensite volume.
Conclusion

To control transformed martensite volume a hat Gleeble specimen was used. Only two of the
geometries met the first phase goal of accepting a range of temperatures between a lower limit to
desired soak of 727-900°C within the hat region. Double hat specimens provided multiple gradi-
ents and this approach appears to be the best way to proceed to get tighter tolerances on tempera-
ture range in the controlled volume.

Scatter makes the correlation between total-rms power and martensite volume look weak. Ef-
forts to control the amount of scatter are necessary to make use of this relationship.
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HYDROGEN RELATED BRITTLE CRACKING OF METASTABLE
TYPE-304 STAINLESS STEEL

HIDEO CHO and MIKIO TAKEMOTO
Faculty of Science and Engineering, Aoyama Gakuin University,
5-10-1 Fuchinobe, Sagamihara, Kanagawa 229-8558, Japan

Abstract

Among stainless steels, Type-316 steel is stable and shows high resistance to hydro-
gen-induced brittle cracking, but the meta-stable Type-304 steel shows a high susceptibility to
the hydrogen-induced embitterment and cracking. Mechanism of hydrogen-induced brittle
cracking of the Type-304 steel was studied by AE monitoring under various combination of
static and dynamic elastic and plastic deformations in a charging solution at room temperature
and 80°C. Here, the hydrogen was supplied before and during tensile testing. We detected a
number of AE signals from the Type-304 steel with hydrogen charging during dynamic plastic
deformation at room temperature and observed hydrogen-induced cracks, while no AE for the
Type-304 charged by hydrogen and deformed at 80°C. Maximum load of the Type-304 steel with
hydrogen charging decreased to 30% that of the steel without charging. Type-304 steel, hy-
drogen charged after being quenched in liquid nitrogen, produced few AE during tensile loading
at room temperature. We detected no AE from Type-316 steel during plastic deformation in
charging solution at both temperatures. Hydrogen-induced brittle fracture of Type-304 steel
was confirmed to be induced by both gliding dislocations and deformation-induced lath marten-
site. Hydrogen is supposed to be transferred to the martensite by gliding dislocations accompa-
nying protons.

Keywords: Meta-stable austenitic stainless steel, hydrogen induced brittle fracture, strain in-
duced martensite, gliding dislocation

Introduction

Meta-stable austenitic stainless steels are known to be susceptible to hydrogen embrittlement.
Many researchers reported that strain-induced martensite suffered hydrogen embrittlement [1, 2].
Fracture type was intergranular (IG). Carpenter et al. reported that AE signals from sensitized
Type-304 steel, during tensile loading in a charging solution, were produced by the 1G-cracks
caused by the grain boundary separation. Here the 1G-cracking occurred when hydrogen charg-
ing was continued till the maximum load. They proposed a transport model by moving disloca-
tions [3, 4]. Direct demonstration of this model is impossible at present, even if we use any
kind of advanced analysis equipments. Collection of reliable data, which can or cannot support
this model, is needed.

In this report, we studied the hydrogen embrittlement of Type-304 and -316 steels by moni-
toring AE during quasi-static loading in a charging solution at 25°C and 80°C.

Experimental procedure

We used commercially available Type-304 and -316 stainless steels. Chemical composition
is shown in Table 1. Test specimens of Fig. 1 were prepared by an electro-discharge machine
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to produce identical specimens. Width in gage section was controlled to 15 mm. A notch
with the tip radius of 0.2 mm was induced on one side. These samples were abraded by silicon
carbide abrasive papers of 150, 300, 400, 600, 800, 1000 and 1500 mesh, and mirror polished by
aluminum oxide powder. The specimen was sensitized at 650°C for 24 hours in low-pressure
furnace after solution treatment at 1050°C for 1 hour, and quenched in water. The specimen
was sealed by rubber-based coating material, except for the exposure area of 15 mm x 10 mm.
Hydrogen was charged in an H,SO, solution of pH:2, at cathodic current density of 1 mA/cm?
using a potentio-galvanostat.

We monitored AE using four
small AE sensors (PAC, Type-
PICO), which were mounted on

Table 1 Chemical composition of austenitic stainless steel

used (mass %).

C|Si|Mn| P S Ni | Cr Fe

the sample as they make a line Type 304 0.05[0.61|1.56| 0.04 | 0.024 |8.55 18.2 | balanced
" [Type 316 0.05]0.570.82] 0.02 | 0.0006| 11.3| 17.5 | balanced

Outputs of two sensors (channels

2 and 3 in the gage section) were amplified by a pre-amplifier (Gain: 40 dB) and fed to a per-
sonal computer. Two more sensors (channels 1 and 4 on the shoulder) were used to discrimi-
nate the friction noise from the signals. We monitored the crack propagation by a CCD camera.

Experimental results

Tensile loading in charging solution

Tensile load was applied to Type-304 specimen in a 1?3 ( 3
charging solution using crosshead control method, in the ol =
following sequence: (1) Increase the load at constant il M
crosshead speed. (2) When a small load drop (~0.1 kN, o N =
probably from the start of cracking) was detected, ] L
crosshead was stopped and held. (3) Then, monitor the COhl

load decrease for 3 hour.

In these tests, hydrogen charging was started with the |
loading. The crosshead speed was varied between 0.05
mm/min to 0.4 mm/min. Figure 2 shows the load-time
diagram at crosshead speeds of 0.4, 0.2, 0.1 and 0.05 Fig. 1 Schematic of specimen
mm/min for the sensitized Type-304 specimen at 25°C. and sensor location.

A fine smooth line indicates that of a non-charged speci-

men at crosshead speed of 0.1 mm/min. Five specimens show different behavior in the plastic
range. The specimens hydrogen-charged during loading showed extensive load decay. Initial de-
cay and the total load decay were larger at higher loading rates. The curve of the charged speci-
men at crosshead speed of 0.1 mm/min agrees fairly well that of the non-charged specimen, but
deviates slightly at large loads. The maximum load reached was 5 to 6.5 KN. The maximum
load increased with an increase of crosshead speeds.

Figure 3 shows changes of cumulative AE counts with time. Detected AE signals were clas-
sified by their frequency characteristics into two types (Type-A and -B) as shown in Fig. 4.
Type-A was detected after the maximum load and showed broad frequency components. In
contrast, Type-B was detected throughout loading. Frequency spectrum of the Type-B showed a
limited frequency component and resembles the noise from hydrogen gas evolution in SCC [5].
We selected Type-A as the crack signal. We detected many signals during load increasing pe-
riod, but few signals during the initial portion of the load decay. For two samples with
crosshead speeds of 0.2 and 0.4 mm/min, we again detected signals during rapid load decay

25 | t=1 (mm)
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Fig. 2 Load - time diagram for the sensitized Fig. 3 Cumulative AE counts for the sensi-
Type-304 specimens with various crosshead tized Type-304 specimens with various
speeds in a charging solution. crosshead speeds in a charging solution.

period after incubation times. However, we did not detect AE during load decay for two speci-
mens with lower crosshead speeds of 0.05 and 0.1 mm/min. Detail mechanism of AE genera-
tion rate and its dependency on the crosshead speed is a future problem.

Figure 5 shows CDD images of crack progression. White spots in the image are hydrogen
gas bubbles. Timing of crack progression from the notch bottom agreed roughly with the first AE
timing at 1,100 s, as shown by the photo (a) at 1,800 s. We observed a crack with large opening
at the maximum load (photo (c)), but after that, a fine crack during load decay (photo (d)).

Figure 6 shows post-test SEM of the sample with the crosshead speed of 0.1 mm/min. We
observed a number of 1G-cracks and falling-off of grains around the notch. Here the falling-off
of grains was caused by the grain boundary separation. As these cracks were considered to be
caused by strain-induced martensite, we measured ferrite amount near the main crack using a
ferrite meter. It was measured as 7%. Figure 7 shows fracture surface of another sample loaded
to final fracture in the same charging condition. We observed both dimple and cleavage frac-
ture surfaces, and deep grooves along the elongated grains.

40) .

Z 20 g10 | Effect of strain-induced martensite on

2, &l' W‘% g_o hydrogen mgjuced cracking .

‘é ) ] We studied effect of strain induced
20 10 martensite on the hydrogen-induced
-4 100 200 100 00  cracking using Type-304 and -316

ime,us Ti 3 iy
(a) Waveform of Type-A (I))W'al\Tl:)erm t:'l?']‘_\‘pc:-B SteeISTranS|t|0n temperature (Md) Of
2 austenite to martensite of the Type-

._4 304 steel is 30°C, so we then com-
2 g 1 pared the crack susceptibilities of the
=

=2 s Type-304 steel at 25 and 80°C. We

deformed the sensitized Type-304
% o0s 19 0.5 sample, with charging at 80°C (0.1
Frequency,MHz Frequency,MHz mm/min) and detected no AE. The

(¢) Power spectrum of (a) (d) Power spectrum of (b)

maximum load was not reached in
Fig. 4 Two types of AE signals detected and their loading up to 6 kN, while we observed
power spectra.

362



ICAE-6 Advances in Acoustic Emission - 2007

Fig. 5 CCD images of crack propagation of the sensitized Type-304 specimen with crosshead
speed of 0.4 mm/min in charging solution. (a):1800 s (after detection of first AE ) (b):2300 s
(c):2440 s (at max load ) (d)13200 s.

e

Fig. 6 SEM images of the sensitized type-304 specimen surface around the notch with crosshead
speed of 0.1 mm/min at 25°C in charging solution.

high AE activity and the maximum load of 5.3 kN for the loading at 25°C (Fig. 3). Martensite
amount was measured as below 1.0%. This result implies that the martensite is a necessary factor
to cause the hydrogen-induced cracking.

The My temperature of the Type-316 steel is -28°C, and this steel produces no strain-induced
martensite at 25°C.  In order to confirm this, the sensitized Type-316 steel was tensile tested in
the charging solution at 25°C, by the same method as in the previous section. This steel produced
three AE during the loading to 6 kN, indicating no susceptibility to hydrogen-induced cracking,
as shown in Fig. 8.
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Fig. 7 Fracture surface of the sensitized
sample with crosshead speed of 0.1
mm/min at 25°C in charging solution.
Both dimple and cleavage fracture sur-
faces are shown.

Effect of Hydrogen charging and thermal martensite

Experimental data of previous sections suggested an importance of both the martensite and
gliding dislocations during plastic deformation. The test in this section intends to confirm these.
We attempted AE monitoring from the sensitized, and then nitrogen quenched and pre-charged
Type-304 steel during tensile loading in air. Hydrogen was charged for 144 hr at current den-
sity of 10 mA/cm? (charge amount of 5184 C/cm?) prior to the loading. This specimen pos-
sesses thermally-induced martensite of approximately 15% near the notch bottom.

Figure 9 shows load-time curves of the quenched and pre-charged specimens in air. We de-
tected no AE and no crack. Thermally-induced martensite increased the yield load by approxi-
mately 14% over that of the sensitized Type-304 steel without hydrogen charge, but is immune
from the hydrogen-induced cracking. This implies that simultaneous supply of protons and
generation of dislocation are needed for hydrogen-assisted cracking.

10 g
6 = Quenched sample
Load 3 with pre-charging o=
S | TR e
S, L\
% 4 2z 0% L
= 5 g '-\i F T
g ! 2N
- = S 47 S . 1
Only 3 AE = S /" Sensitized sample
2 E without charging 1
S ging
@)
2 -
G 2000 4000 6000 8000

Time, sec Q) | 0000

Fig. 8 Load-time diagram and cumulative  Fig. 9 Load-time diagram for the pre-charged sam-
AE count for sensitized 316 specimens ple quenched in liquid nitrogen in air. For compari-
with charging at 25°C. son, sensitized sample without charging was shown.
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Discussion

The martensite is necessary condition for hydrogen-induced cracking but not the sufficient
condition, as demonstrated by the last section’s experiment using quenched samples. Figures 2
and 3 imply that both the gliding dislocation by dynamic plastic deformation and the
strain-induced martensite, and of course the diffusible protons, are necessary for hydrogen em-
brittlement. The grain boundary separation occurs when these three condition were simultane-
ously satisfied. These results agree with the results by Carpenter et al. [4]. We, however, could
not explain the complicated AE behavior during load decay in Fig. 3. These must be explained
based on the rate process of proton diffusion and martensite formation. Unsolved problems are
1) How the protons are transferred to the martensite at the tip of notch and growing crack, and 2)
How the martensite distributes in the austenitic grains.

Diffusion coefficient of proton in the austenitic phase is as low as 10™ cm?/s, million times
smaller than (10° cm?/s) in the ferritic phase. Thus the proton can not quickly diffuse through the
austenitic grains. Fast and sufficient supplement of protons to the martensite will be possible
by gliding dislocation accompanying the protons or self diffusion through the martensite.  This
cannot be studied by any type of advanced analysis equipment at present, but we can compare
the crack velocity and proton diffusion rate under controlled stress intensity. The second prob-
lem includes a contentious martensite path for proton diffusion and the grain boundary separa-
tion. The grain boundary separation can be explained by the martensite formation along the
chromium depleted zone. Distribution of the martensite, and possibly the initiation of crack,
will be revealed by the advance analysis equipment.

We recently observed frequent grain boundary separations in polythionic APC-SCC of sensi-
tized Type-304 steel [5]. AE were detected when the steel suffered the grain boundary separa-
tion. Detailed mechanism is not well understood. There is a possibility of hydrogen-induced
grain boundary separation in the APC-SCC.

Conclusion

In order to study the mechanism of hydrogen embrittlement of austenitic stainless steel, we
monitored AE. Results are summarized below:

1) We detected AE and crack for the sensitized type 304 when it is exposed to both the dynamic
plastic deformation and hydrogen charging simultaneously. Much AE were continuously
emitted during plastic loading at higher cross head speeds.

2) Experiment suggests that hydrogen assisted cracking occurs when sufficient protons were
transferred to the strain induced martensite. Diffusion path and trap site of protons have to
be studied in future.
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CHARACTERIZATION OF TITANIUM HYDRIDES USING A HYBRID
TECHNIQUE OF AE AND FEM DURING INDENTATION TEST
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Abstract

Pure titanium (Gr.1) and titanium-0.6 mass% palladium (Gr.17) are prone to produce brittle
hydrides when they absorb hydrogen. This research studied structures and mechanical character-
istics of two hydrides in Gr.1 and Gr.17. Fracture strength of thin hydrides was measured by a
hybrid method of AE and FEM during micro-indentation. We determined the threshold indenta-
tion load to cause the Mode-I fracture during Vickers indentation by AE monitoring and then
computed the critical strain to cause the Mode-I fracture by the FEM. Utilizing the stress and
strain curves of base metals and hydrides obtained by a dual indentation method, the fracture
strain of the Gr.17 hydride is calculated as half that of the Gr.1 hydride. X-ray diffraction re-
vealed that the Gr.1 and Gr.17 hydrdies are TiH1g971 and TiHy, repectively Palladium in Gr.17
contributes to produce hard and brittle hydride with higher hydrogen content.

Keywords: Titanium hydride, mechanical property, fracture strain and strength, indentation,
critical indentation force, FEM, Mode-I crack

Introduction

Study is underway to assess the endurance capability of titanium-clad overpack of high-level
radioactive waste in deep underground water. The overpack will be exposed to oxygen-free
3.5% NacCl solution. Thus, pure titanium (Gr.1) and titanium-palladium (Gr.17) are likely to pro-
duce brittle hydrides by the cathodic current density (proton reduction) corresponding to the pas-
sivation holding current density. We previously reported both the fracture behavior and fracture
dynamics of Gr.1 hydride [1]. Measurement of mechanical properties of hydrides is, however,
difficult since the hydrides are thinner than 100 um. We used a hybrid technique of AE and FEM
during Vickers indentation on the thin hydrides.

This study reports AE results on the progression of micro-cracks in growing hydrides in a
simulated underground environment. Next we report the mechanical properties of Gr.1 and
Gr.17 hydrides using an indentation technique. AE was successfully utilized to determine the
critical indentation load to cause the Mode-1 fracture in the hydrides. Mechanical properties of
Gr.1 and Gr.17 hydrides were found to be much different, due to chemical compositions of the
hydrides.

AE from micro-fractures in growing titanium hydrides
Experimental method

The amount of hydrogen charge to the overpack in underground environment is calculated to
be 10 MC/m?for 60,000 years storage [2]. We supplied the specimens with hydrogen at cathode
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AE sensor

Heater Load = Digitizer 3 ey 0 v & |\§(: (
Pre-amplifier (d) Q=5MC/m?
Fig. 1 Expenmental setup for hydrogen Fig. 2 Changes of the Gr.17 hydrides with hy-

charging and AE monitoring for Ti. drogen charge.

current density of 10 A/m? in a 0.6 mol/I NaCl solution purged by nitrogen gas at 70°C. The
amount of hydrogen charging was 1, 3, 5, 6.5 and 10 MC/m?.

Figure 1 shows the hydrogen charging and AE monitoring method for plate-shaped Ti speci-
mens of 11-mm thickness, 50-mm width and 145-mm length. The specimen was subjected to 3-
point bending with surface tensile stress of 200 MPa. AE was monitored by four resonant-type
small sensors (PAC: Type-PICO) mounted on the side surfaces of the specimen. Sensor outputs
were amplified 40 dB by pre-amplifiers and fed to a personal computer.

Chemical composition of Gr.1 titanium is 0.01 mass%C-0.0007H-0.0310-0.0005N-0.032Fe
and <0.02Pd. That of the Gr.17 is 0.014 mass%C-0.0007H-0.090-0.003N-0.035Fe and 0.062Pd.

Growth behavior of hydrides

We studied growth behavior of Gr.17 hydride as seen in Fig. 2. Below 0.5 MC/cm?, we ob-
served needle-shaped hydrides as shown in photo (a). Above 3 MC/m?, the needle shaped hy-
drides coalesces and forms colonies of dense layer of 10-um thickness. Characteristic features of
Gr.17 hydride are that these are non-uniform and irregular in shape. Above 4 MC/m?, plate-
shaped hydride layer is produced. At 5 MC/m?, the hydride layer grows to thick plates of 20 pm
as shown in (d). Thickness of Gr.17 hydride does not exceed 150 pm at 10 MC/m? but the hy-
drides tend to crack by themselves.

Figure 3 shows changes of cumulative E'”
AE counts with hydrogen charge for Gr.1 fo @ § (b)
and Gr.17 Ti. In Gr.1 Ti, AE counts in- & E‘m
creased gradually till the charge amount of g %
6 MC/m? and rapidly increased above 6 § )
MC/m?, while it increased rapidly above R T T B st

4.5 MC/m? for Gr.17 Ti. Sources of AE  _. _ :
were located using both the arrival-time Fig. 3_ Changes of_cumulatlve AE counts with H
difference of the So-wave and sheet veloc- charging to Gr.1 Ti (a) and Gr.17 i (b).

ity of 5990 m/s. All 33 events with strong So-wave were located in the corrosion cell. Figure 4
compares the transverse structure of two hydrides produced in Gr.1 and Gr.17 Ti at 10 MC/m?.
Thickness of Gr.17 hydride layers reached approximately 120 um, while that of Gr.1 hydride is
10 pm. For Gr.17 hydride, we observed dish-shaped shallow exfoliation. It is noted that crack
morphology changes depending on the geometry and mechanical properties of the hydrides. We
sometimes observed vertical and/or slant cracks.
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Mechanical properties of Ti and hydrides

We first studied whether the Gr.17 hydride
suffers median crack by micro-indentation.
We observed no median crack, but slight extru-
sion around the periphery of the Vickers inden-
tation, indicating that the hydride is not so brit-
tle like ceramics, but possesses some extent of
ductility.

Next, we measured the stress-strain curves
of the substrates and hydrides using a dual in-
dentation method. Indentation load: F vs. pene-
tration depth: h curves were first obtained us-
ing a dynamic micro-indentation machine
(Shimadzu, DUH-W201). Figure 5 compares
the F vs. h curves of Gr.1 and Gr. 17 Ti, using
two indenters with different tip-angle. Details
of the dual indentation method can be found
elsewhere [3, 4]. It estimates the Young’s
modulus: E, yield strength: oy, strength coeffi-
cient: R and work hardening coefficient: n of
the stress-strain curves with o=R¢" in the
plastic region.

Figure 6 compares the o -¢ curves of Gr.1
and Gr.17 Ti. Three parameters: E, R and n are
shown in the figure. The fracture strains (38%
for Gr. 1 and 54% for Gr.17) of the base metals
were determined by the tensile tests. Experi-
mental o-¢ curves agreed quiet well with those
predicted by the dual indentation method.

Fracture strains of the hydrides

We determined the fracture strains by in-
ducing a fine Mode-I crack using a new inden-
tation machine. We studied whether the Mode-
I crack can be induced by Vickers indentation,
using a commercial indentation machine
(HVM-2000). Figure 7 shows examples of
cracks induced into thin hydride layer of Gr.1
Ti. The upper figure shows the crack induced
by loading up to 15 N, and the lower by load-
ing to 20 N. The vertical crack is produced by
tensile stress induced by the indentation, and is
the Mode-I crack. Large loading of 20 N pro-
duced both the partial exfoliation and subse-
guent Mode-I1 cracks as well the Mode-1 crack.
These data indicates that we can determine the
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Fig. 4 Transverse SEM of Gr.1 (left) and Gr.17
hydrides after charging 10 MC/m?.
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Fig. 5 Indentation force F vs. penetration
depth h curves of Gr.1 and Gr.17 substrates
by the dual indentation method.
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Fig. 6 o -€ curves of substrates and hydrides
by the dual indentation method.
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Fig. 7 Cracks induced in the hydride by Vick-
ers indentation at 15 N (left) and 20 N (right).

critical strain to induce the Mode-I crack by FEM method, if we can correctly determine the
critical load or the critical penetration depth correctly.
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The commercial indentation machine, however, does not measure the F vs. h curve. Thus, we
developed a new indentation machine, which can measure the F vs. h curve and used AE system
to monitor the critical load to cause the first Mode-1 crack.

The new indentation machine was constructed by modifying the micro-servo testing machine
(Shimadzu, Microservo MNT-1000NB-10). We controlled the load using a feedback program
developed in laboratory and monitored the penetration depth by an eddy-current displacement
meter to the accuracy of 0.1 um. Construction of sliding device of the sample from a microscope
to the indentation machine was difficult. Positioning accuracy of this device is not so good as
hoped for.

The critical load to cause the first Mode-I cracks was monitored by AE. We mounted two
small sensors (PAC, Type-PICO) on the two counter surfaces. Output of the sensors were ampli-
fied by 60 dB and fed to a personal computer. AE from friction between the indenter and hydride
were separated from AE by the Mode-I crack, using the polarization distribution of the first ar-
riving So-mode waves [4]. The Lamb waves with the same So polarity was diagnosed as the AE
from the Mode-I crack. Amplification of 60 dB is needed since the Mode-I crack is generally
less than 5 um and emitted weak Lamb waves.

Figure 8 compares the F vs. h curves for Gr.1 and Gr.17 hydrides. Vertical triangles near the
curves indicate the first AE timing from the Mode-I cracks. The critical load to cause the first
Mode-1 crack is determined as 19.6 N for Gr.1 hydride and 7.4 N for Gr.17 hydride. We previ-
ously reported the critical load of 16 N for Gr.1 hydride [1]. Larger critical load and penetration
depth for Gr.1 hydride than those for Gr.17 hydride indicates that Gr.1 hydride is less brittle.

Figure 9 shows the Mode-I

cracks in two hydrides. Due to *T¥ Mode-t AE timing

poor positioning capability of the & :

sliding device developed, indenta- £ %s =~~~ """ Y Y

tion location could not be accu- ém ol v e :

rately determined. Short crack of & | ©r1 I § Gr.17 :

8.6-um length was induced in ! ' i 12.8)

Gr.1 hydride when the indenter ’ Penstratondepth, ym = Penetrationdepthh um -

reached the hydride. FEM analy-
sis was performed in the region
surrounded by dashed line. Here,
the triangle by solid line desig-
nates the ridge of the indenter. Center of the indentation was originally indented in the base
metal. Figure 10 shows elements of quarter model for 3-dimensional FEM. Lower left corner of
the triangle corresponds the center of the tip of the indenter. We computed the strain &3z in the
direction of X3 using the package software of MARC and MENTAT.

The strains €33 were computed using the F vs. h curves of both substrates and hydrides by
changing the penetration depth (displacement controlling condition). Figure 11 shows the results.
Detail strain distribution in the X, directin is shown in Fig. 12. The strain €4, is lower at interface
of the base metal/hydride, but inreases toward the free surface. The critical strain is dertermined
as 0.081 and 0.043 for Gr.1 hydride and Gr.17 hydride, respectively.

Deviation of the critical load to cause the Mode-1 crack in Gr.1 hydride was studied by two
graduate students (A and B) for three years. The student A reported the critical load of 16 N and
20. Student B reported, using another sample prepared by the same hydrogen charging condition,
19.6 N (this study). Average critical load for Gr.1 hydride is 18.5 N. Thus, the critical strain of
0.081 for Gr.1 hydride, obtained using 19.6 N, is supposed to be close to the critical strain
computed using the average critical load of 18.5 N. Student B attmepted to obtain more data for
Gr.17 hydride, but could not, since the location accuracy of the sliding device was poor. He

Fig. 8 F vs. h curves for Gr.1 and Gr.17 hydrides with
timing of AE from the Mode-I crack
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could not induce the Mode-1 crack in the
hydride. Thus we cannot discuss the correct
critical load of Gr.17 hydride. We examined
propriety of the FEM method. Figure 13
compares the experimetal F vs. h curve with
that by the FEM. Though the curve by the
FEM is slightly lower than the experimental
data, there observed a fairly good agreement,

i i indicating a reliable simulation of experiment
Fig. 9 SEM photos with the Mode-I cracks, by FEM.

indentations and region for FEM analysis.

The stress-strain curves in the final form
were already presented in Fig. 7. Both the
fracture strength and strain of Gr.17 hydride
are smaller than those of Gr.1 hydride. This
difference was thought to be due to chemical
compostion of the hydrides. We studied
chemical composition of the hydrides by X-ray
diffraction method and observed a broad dif-
fraction peaks at around 98.6° for Gr.1 hydride
and that at around 62.8° for Gr.17 hydride.
According to the ASTM code 07-0370, Gr.1
hydride was determined as TiH; 971 and Gr.17

Flg 10 Elements of quater model for three hydrlde as T|H2 Brittleness of Gr.17 hydrlde

dimentional FEM for strain computation appears to be due to its higher hydrogen con-
during indentation. centration. From Fig. 8, we note three AE

signals from the Mode-1 cracks for Gr.17
hydride. This suggests that surface layer of the
brittle Gr.17 hydride suffers small exfoliations
following the first Mode-lI crack. Another
example is in the Fig. 5. We observed small
multi-layer exfoliations in thin surfcae layer of
the Gr.17 hydride.

X1
X2

Conclusion

In order to study the mechanical properties of hydrides produced in pure titanium (Gr.1) and
titanium-0.06 mass% paradium alloys (Gr.17) , a hybrid method of AE and FEM was utilized for
indentation test.

Results obtained are summarized as below.

1) Gr.1 titanium emitted AEs by cracking at charges of more than 6 MC/m?, while Gr.17 Ti
emitted abrupt AE at 4.5 MC/m? Thickness of the hydride layer of Gr.17 at 10 MC/m?
reached approximately 120 um, while that of Gr.1is 10 um.

2) Stress-strain curves of Gr. 1 and Gr.17 Ti and hydrides were estimated by dual indentation
method. There observed a good agreement between the estimated and measured for the
substrates.

3) Fracture strain of the hydrides were estimated using a new indnetation machine and FEM.
Critical indentation load to cause the Mode-1 crack was correctly determeind by AE
monitoring. Fracture strain of Gr.1 hydride was calculated as 8.1%, while that of Gr.17
hydride as 4.3%. The Gr.17 hydride is more brittle than the Gr.1 hydride. Chemical
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composition of the Gr.17 hydride was measured as TiH,, and that of the Gr.1 hydride as
TiH1 971 by the X-ray diffraction method.

S Ti-Gr.17

. hydride hydride

Fig. 11 Strain distribution around the Vickers indentation computed by 3-dimensional FEM.
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CAN WE USE AE TECHNIQUE FOR SOIL CORROSION MONITORING

OF UNDERGROUND PIPELINE?
- MONITORING LIMIT OF AE SIGNALS FROM RUST FRACTURE
BY SOIL CORROSION -

HIDEO CHO and MIKIO TAKEMOTO
Faculty of Science and Engineering, Aoyama Gakuin University,
5-10-1, Fuchinobe, Sagamihara, Kanagawa 229-8558, Japan

Abstract

Most pipelines in Japan have been used for the past 30 years or more. AE method is expected
to estimate the corrosion zone. We first studied AE activity of the rust produced by 10-week soil
corrosion. Next, we studied attenuation of cylinder wave by the rust-prevention tape and wet soil.
Finally, we report AE activity of the steel pipe subjected to soil corrosion for 20 years. For this
pipe, AE signals were monitored for a short period using low-frequency AE sensors mounted
close to the rust. We, however, cannot predict the active period of the rust. Thus, AE monitoring
from the rust fractures of underground pipes is limited for short distances less than one meter. It
takes a long time to monitor the AE signals from soil-produced rust.

Keywords: Underground pipe line, soil corrosion, cylinder wave, attenuation, rust fracture
Introduction

Underground pipelines in Japan were constructed during the time before Tokyo Olympics in
1964. Corrosion of the underground pipes is becoming serious problems both in chemical plants
and public utilities. Japanese companies are recently inspecting the wall reduction of the under-
ground pipelines using a guided-wave inspection system. This system generates strong F- or T-
mode cylinder waves using piezoelectric or electromagnetic transducers and detects the waves
reflected by wall reduction. The guided waves, however, cannot propagate more than 2 m for
underground straight pipes due to large attenuation of the cylinder waves [1, 2].

Acoustic emission (AE) technology cannot monitor the wall reduction, but can estimate the
corrosion zone, if we can detect AE signals from rust fracture. Strong requirement to the AE
technique is the detection of localized corrosion of the pipelines, due to local damage to the rust
prevention tape and asphalt cloth. AE activity of the rust produced by soil corrosion (soil-
produced rust, hereafter) is considered to be different from the rust produced by atmospheric
corrosion (atmosphere-produced rust). We first compared AE activities of the soil- and atmos-
phere-produced rust using steel plates exposed to weathering. AE activities of these plates under
mechanical loading and thermal cycles were studied. Next, we studied attenuation of the cylinder
waves by wet soil and new rust-prevention tape. Lastly, we monitored AE signals from a steel
pipe with thick rust produced by underground corrosion for 20 year.

Structure of the Rust Produced by Soil and Atmospheric Corrosion
We prepared 250 steel plates (45-mm wide, 90-mm long and 2-mm thick), subjecting them to

soil or atmospheric corrosion for 2, 5 and 10 weeks. The soil-produced rust was prepared by
burying the plates in two types of soils. One is the so-called “red-soil” and another “black soil”.
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The former is pasty and the latter is muddy when they absorb water. These soils correspond to
two layers of the four-layered loam of volcanic trass in Tokyo area [3]. The soil is slightly acidic.
The plates are coated by the rust-prevention adhesive tapes except the center portion of 20-mm
square on one side, and buried in the soils.

The soil-produced rust was very hard and well ad-
hered to the steel even after brushing by a fine brass
wire brush. Thick rust of 1 mm or more were produced
over 60% of the exposed area. In contrast, the plates

exposed to the atmospheric corrosion produced thin rust, A si
which were easily removed by brushing. Thick rust (!' [FeandO] © °
more than 0.5 mm were produced on only 5% of the Al SN ey 8

exposed area. Z ]/

As shown in Fig. 1 (transverse EPMA of the soil-
produced rust), the rust contains a number of soil ele-
ments (SiO,, Al,0O; Fe O3 and less CaO, MgO, NaO

JEOL SEI  20.0kY 990 10pm WD1lmm

and K;O) in addition to the iron oxides (Fe,O; and
Fes0,4) shown as [Fe and O]. We observed a number of
branched cracks in the soil-produced rust.

Fig. 1 Distribution map of elements
in the soil-produced rust produced
by soil corrosion.
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and stored in a computer as digital PN 0.030 % | 0022% |52
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Figure 2 shows nine diagrams
of cumulative AE event counts and
strains for three rust produced by 2,
5 and 10 weeks exposure. Average
temperature of June was 22°C with
140 mm rain and that of July was 25°C with 170 mm rain. Average amplitude of the F-mode
Lamb waves is also shown in the diagrams. The plates with atmospheric rust produced 100
events after 5-week exposure, while those buried in the red soil produced 600 events after 2-
week exposure. Vertical arrows near the curves indicate the threshold strain, above which AE
signals were continuously detected. The threshold strains are much smaller for the plates buried
in the soils. This plate produced AE signals continuously at strains above 0.022%. It is noted,
however, that the amplitude is almost identical for the atmosphere- and soil-produced rust. AE
activities in term of the event counts are much higher for the soil-produced rust. This suggests
that the external loading such as internal gas pressure to the underground gas pipelines is effec-
tive for monitoring the integrity loss.

Strain , %

Fig. 2 Cumulative AE counts with applied strain for the
steel plates exposed to soil and atmospheric corrosion.
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AE activity the rusts by wet and dry cycles 5 380 ———————
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These results suggest that drying of the rust g e R: Red soil

must be avoided to measure the AE activity.  § f

Unfortunately, we dried all samples in room air g w0y I

and kept them in a desiccator, so we wondered § o \ P
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trials of many types of tests, we decided to 2 % L -3.:7-’ "-5_..” ,

measure the AE activity after immersing them PR L e i |

in water for one day. We detected a few AE 0 50 100 150 200 250

during the first heating, but no AE during sec- Cumulative AE counts

ond heating. Fig. 3 Changes of event counts and average

Figure 3 shows changes of the cumulative amplitude of AE signals from rusts.
AE counts and average amplitude with exposure
time. These show a strange change. Strong AE
signals were produced after 5-week exposure, 604
while the amplitude of AE signals decreased at g
10-week exposure. There also observed no clear
difference in both the amplitudes and event
counts of the rust produced by atmospheric and
soil corrosion. Atmosphere-produced rust pro-
duced strong AE, as seen in 5-week data. It is
again noted that the result obtained by the pro- 0
posed method does not necessary represent the Time, ks
AE activity of the rust as they are in natural Fig. 4 Changes of cumulative event
weathering. AE activity must be measured at the counts and amplitude during drying.
site of a structure.

As the rust grows slowly and is generally brittle, large cracks rarely occur just after frequent
large cracks. This is studied by another test and shown in Fig. 4. This figure shows change of
cumulative event counts and amplitude of Lamb waves during natural drying of the rust pro-
duced by black soil by 4-week exposure. Drying is done in air-conditioned room at 27°C. We
observed vigorous AE signals with large amplitude during natural drying. This strongly indicates
that AE must be monitored during the drying period of grown rust. It is, however, almost impos-
sible to estimate the drying timing of the rust in the soil. Underground pipelines (1-m depth) are
almost always in wet condition. If we dry the pipeline using inert hot gas, we can perhaps moni-
tor the integrity loss of underground pipelines. This technique was once used for the field test of
corroded pipes with cooperation with steel-making company. Result was inconclusive since the
corroded pipes were once dried before being buried.

1 250

400 ]
150

1 100
200

Cumulative AE counts

Amplitude of AEs, Vpp, mV

Attenuation of the Cylinder Waves by Rust Prevention Tape and Wet Soil

We measured the attenuation. Accurate attenuation measurement of the cylinder waves is dif-
ficult. We have to use an advanced method for calculating the energy of the separated mode [4].
We, thus, measured an apparent attenuation using the amplitudes of the L- and F-modes. Even in
this method, a problem often arises for the F-mode wave, since the amplitude of the F—-mode
changes along the pipe circumference [5]. Figure 5 shows a method for measuring the attenua-
tion. Method A is for measuring the attenuation by the rust-prevention tape (JIS 21901, 0.4-mm
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thick polyvinyl chloride adhesive tape), and
method B for that by the wet black soil with
40 mass% water. The cylinder wave was
excited by a 100-kHz PZT transmitter of 80-
mm diameter mounted to the right end sur-
face and monitored by three AE sensors
(PAC, Type-PICO) mounted at angel of 0°,
120° and 240°. Attenuation was measured by
changing the width of the double wrapped
tape and wet soil in the right portion.

The left of Fig. 6 shows changes of the
amplitude of L- and F- modes with the length
of the tape. Surprising is that the average
attenuation (-12.7 dB/m) of the L-mode
by the tape is larger than that (-6.8
dB/m) of the F-mode wave. The at-
tenuation by the wet soil is much
smaller than that by the rust-prevention
tape. Another interesting finding, for
the wet soil, is that the average attenua-
tion (-3.8 dB/m) of the F-mode wave is
larger than that (-0.8 dB/m) of the L-
mode.

These data suggest that the attenua-
tion by the new tape becomes hazard to
AE monitoring. In another word, if AE
IS detected, it means the rust-prevention
tape is aged. This timing may coincide
with the timing of corrosion initiation of the

Output , dB

F

p
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Fig. 5 Method for measuring the attenuation
of cylinder wave due to the rust-prevention
tape and wet soil.
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coated pipeline. We also attempted to measure the

attenuation with the asphalt cloth, but could not measure it due to too large attenuation.

AE Monitoring of the Steel Pipe Buried for

This pipe was made of plain-carbon steel,

pipe was buried in soil for 20 years and some
the pipe with thick rust was tested. Figure 7

20 Years

39-mm diameter, with polyethylene coating. The
parts had through-wall corrosion. A 1-m section of
shows the steel pipe after removing the coating. It

had ~2-mm thick rust over 100 mm long at the mid portlon The center 300 mm of this p|pe was

again buried in wet black soil for 4 months
using a plastic box before AE monitoring.
The soil was allowed to naturally dry, but
was kept wet by supplying 1000 ml water
every 2 weeks. This operation was meant to
revive the rust activity.

AE was monitored using three types of
sensors, i.e., PAC Type R15 (150 kHz
resonant frequency, channels 1 and 6),
PAC Type-PICO (450 kHz, channels 2 and
5) and JT (broadband sensor up to 1 MHz,
channels 3 and 4). All sensors were located

ich  2ch 3ch Wot black Soil 4ch  6ch 6ch
R15 PICO JT JT PICO R15

e o o o o o

)

100 | 100 200 100 200 100 | 100

Fig. 7 A steel pipe buried for 20 years (the up-
per) and monitoring method of AE from the pipe
in black soil. White dots indicate located AE.
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within 450 mm from the thick rust. Outputs of .

-0.56+

the JT sensor were amplified 60 dB, but those
of other sensors were amplified 40 dB. = 4 :' i

We monitored AE from the pipe wrapped  § ‘ KR * <
by the rust-prevention tape for 2 days, but de- 9 sl ME 3 ~\ o AE 2
tected no AE. Then we monitored AE of bare ~ © . 3
pipe. Figure 8 shows change of cumulative ks : I §
event counts and corrosion potential with time € osed ¢
over one day. Vertical open arrows indicate &
the timing of water supply of 300 ml. We de- s . s Lol
tected few AE after water supply at 5-10, 40-50 Time. ks

and 75-80 ks. This suggested that we cannot
monitor the integrity loss of the pipe by short-
time AE monitoring.

Next we attempted another experiment 2 -0.52— . . -60
weeks later. We monitored AE during thermal %
cycles. The soil was 15 times heated and
cooled by on-off operations of an infrared lamp
during 2.5 days. Both the corrosion potential
and AE were monitored simultaneously. Water
(300 ml) was supplied 3 times (vertical open
arrows). Figure 9 shows change of corrosion
potential, temperature and cumulative event -0.55}
counts during thermal cycles. We detected an -
abrupt AE at around 140-160 ks, after 10 heat QAR :
cycles, but no AE after this. This timing corre- 0 Tj’gg i 200
sponds with shifting of corrosion potential to '
noble direction. However, we cannot predict
this timing. Difficulty in damage monitoring of
the underground structure is the estimation of such timing.

Source locations of AE, estimated using the arrival times of the F-mode waves, are shown in
Fig. 7. 27 of 70 events were located in the zone with thick rust as shown by white circles in the
upper photo. Waveforms of the AE detected at 122 ks are shown in Fig. 10. Amplifications are
shown in each figure. Output amplitudes of the sensors (Ch. 1, 2 and 3) mounted on the left half
of the pipe are higher than those on the right half (Ch. 4, 5 and 6), indicating the rust fractures
occurred at the left portion of the 100-mm long rust. This gives us important information, i.e.,
large attenuation of the cylinder wave by wet soil. This attenuation appears to be much larger
than that (-3.8 dB/m) in the Fig. 6. The reason is not well understood, but appears to be soil
thickness. It was 50 mm in Fig. 5 and 300 mm in Fig. 7.

Other information on the resonance frequencies of the sensors are as follows. Ampli- tude of
the two PICO sensor outputs is much weaker compared to those of the R15 sensors. Frequency
components of the F-mode detected by the JT sensor are from 80 to 100 kHz. In order to moni-
tor AE from underground pipes, we need to use sensors with resonance frequency lower than 80
kHz. Another important point is wrong sensor layout. We mounted all sensors on the upper line
of the pipe where the rust is produced. This layout appears to be wrong. We have to determine
the sensor position, at which we can monitor the strong AE in advance.

Our conclusion from these tests is that AE monitoring of underground pipes over long dis-
tance is very difficult due to the large attenuation of the cylinder waves and the capricious nature
of rusts. Monitoring distance of AE for the underground pipe may be limited to less than 1 m

Fig. 8 Corrosion potential and AE of the
rusted pipe from natural drying of wet soil.
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40
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Potential vs. Cu/CuSO, V
H
[ ]
&
g

Potential || | A°

Cumulative AE counts or Temperature 'C

Fig. 9 Corrosion potential, temp. and AE
from the rusted pipe during thermal cycles.
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even if we use high ampli- B e —
fication with resonant sen-

sors at lower frequencies. "
When we detect AE from E
underground  pipes, it 3
means the pipes are under 3 |
severe corrosion attack. 0|
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wet soil and rust-preven-

Fig. 10 Waveforms of cylinder wave signals detected at 122 ks

tion tape. Monitoring of AE from the corroded pipe with thick rust taught us important informa-
tion on the integrity loss monitoring of underground pipe by AE. Results obtained are summa-
rized below.

1) The rust produced by the soil corrosion grows thicker including soil elements and emits AE at

being subjected to mechanical loading. The rust loses their AE activities once they were
dried. AE activity of the survived rusts, however, changes in quite complicated manner, in-
dependent of the exposure period.

2) Attenuation of the cylinder waves by new rust-prevention tapes is larger than that by the wet

3)

soil. As the amplitude of the F-mode changes by sensor position on the pipe circumference,
we have to determine the appropriate sensor position, which can measure the cylinder waves
with higher sensitivity.

We monitored AE from the steel pipe with thick rust produced by the soil corrosion for 20
years. Few AE were detected in a limited period during thermal cycles. However, we cannot
estimate the timing of rapid emissions of AE. Integrity loss monitoring of the underground
pipe by conventional AE technique appears to be difficult due to large attenuation and capri-
cious nature of the rust, and needs advanced inexpensive system, which makes a long-term
monitoring possible. External loading may be effective for exciting the rust by fracturing.
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DEVELOPMENT OF AN ACOUSTIC EMISSION DIAGNOSIS OF
STEEL-CONCRETE COMPOSITE DECKING

MITSUHIRO SHIGEISHI and MASAYASU OHTSU
Department of Civil & Environmental Eng., Kumamoto University, Kumamoto 860-8555, Japan

Abstract

In recent years, the steel and concrete composite slabs have been increasingly adopted as
decking of bridges. Inspections of the concrete condition of such composite slabs are relatively
difficult tasks because the steel plates hide the concrete body. The establishment of an inspection
method for these structures is urgently required for the security of traffics on the bridges. The
aim of this research is to develop a non-destructive inspection method of the steel-concrete
composite slab using AE technique. The AE measurements were implemented through a wheel
load running test using an actual size specimen of Robinson-type steel-concrete composite slab.
As a result, variation of AE activities and characteristics of the AE waveform parameters reveal
the fatigue progression of the specimen. In addition to fatigue, rain-water infiltration into the slab
from the surface crack is a matter of concern because it can lead to fast deterioration of the slab.
The wheel load running test of the slab specimen with infiltration of water into the surface crack
was carried out. From the results of AE events observation, the detectability of AE measurement
for the infiltration of water into the slab was verified.

Keywords: Bridges, fatigue, wheel load, water infiltration, steel-concrete composite slab
Introduction

Acoustic emission (AE) provides unique capabilities for the continuous monitoring and non-
destructive evaluation of the structural health and functioning of bridges. A sparse array of AE
sensors is used to detect and locate active damage and damage-related processes. Convincing
arguments for using AE arise in monitoring a bridge. No other monitoring method has either the
sensitivity of AE to detect damage processes, or the ability to locate remote damage. AE can de-
tect damage that other methods cannot, and can detect the damage long before it becomes critical.
AE monitors the bridge using only a small number of lightweight, inexpensive, low-power, rug-
ged sensors with almost no need for operator intervention. Finally, AE can be easily imple-
mented on bridges that are already in service.

In the early stage, AE has been utilized for survey of defects in steel bridge structures [1].
Probably the first application of AE for testing bridges was done by Pollock and Smith in 1971
[2]. They demonstrated that signals recorded in the field could be associated with test results on
laboratory specimens. Since that, many researchers collected data on many steel bridges. How-
ever, in concrete bridge, it is uncommon that the AE measurement is utilized. A significant por-
tion of the deterioration of highway bridges is due to corrosion of the reinforcing steel in con-
crete bridge slabs. In Japan, many studies on the application of the AE measurement to concrete
bridge inspection have been conducted to improve the inspection efficiency [3].

Steel-concrete composite slab

Recently, the demand for increasing traffic volume and providing higher durability has be-
come stronger, so steel-concrete composite (SCC) slabs have been adopted in more cases. Figure
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1 shows the work of a typical SCC slab, which is generally known as Robinson slab. Concrete
body is bonded with steel bottom plates by steel studs that are welded to the steel plates. Trans-
verse ribs are installed to reduce the deflection caused by the dead load during the hardening
process of the concrete.

Waterproofing membrane

Transverse [
stiffeners

Udr steel

Fig. 1 Sketch of a typical SCC slab (Robinson slab).

However, on SCC slabs, unlike on reinforced concrete or prestressed concrete slabs, visual
inspection of concrete condition is difficult because the steel plates are installed under the paved
concrete. Therefore, establishment of concrete inspection methods is urgently required. This
study focuses on AE technique, which is one of nondestructive inspection methods, and aims at
development of an inspection method for this Robinson-type SCC slabs using by AE technique.

Fig. 2 Detail of bottom side of a typical SCC slab.

The authors have been making AE measurement for SCC beam and slab specimens under
static and cyclic loading [4], and identifying the characteristics in typical AE waveform parame-
ters of SCC structures damaged by the bending load. In this study, AE measurements on SCC
slab were carried out under moving wheel loading, which was aimed for reproducing more
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precisely behavior of the actual road bridge slab. We also examined the applicability of AE tech-
nigue for the evaluation of damage in actual bridge inspection.

This paper also describes the fluctuations of AE activities owing to water infiltration into the
concrete part through the top surface cracks. Water infiltration is a critical issue. As water
reaches down to the bottom, it would corrode the steel plate rapidly and the durability of SCC
slabs is shortened. Therefore, establishing methods to detect the water infiltration into SCC slab
IS desired.

Experimental Procedure and Results

Steel/concrete composite slab specimen

A two-thirds (2/3) part of the Robinson-type SCC slab for an actual bridge was made as a test
specimen. The specimen has the dimension of 2300 x 4500 x 160 mm. The thickness of the con-
crete part and the bottom steel plate were 154 mm and 6 mm, respectively, as shown in Fig. 3.
The test specimen has reproduced the actual slab construction and has a junction by the splice
plate and the bolted connection.

Acoustic emission measurement

Eight AE sensors were attached on the bottom surface of the steel plate. AE sensors have
resonance frequency at 150 kHz and those were general type for the AE measurement of steel
structure. The AE sensors were placed so that the sensors can detect more AE events accurately
(Fig. 3). The AE sensors were fixed by using silicone-grease coulplant and magnet holders. The
signal was amplified 40 dB by pre-amplifier and the threshold for storing the data of the ana-
lyzed AE wave parameters was set to 100 pV defined at the sensor output.
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Fig. 3 Sketch of the SCC slab specimen and AE sensor positions (e).

Running wheel loading procedure

In the moving wheel loading test, a crack penetrating through the slab was formed at the
middle of the beam specimen between the supports by applying a negative flexural load. There-
fore, AE measurement should be also made under the similar condition in this research. In ad-
vance, the pre-bending load was applied to the center of the slab (Fig. 4) so that the cracks oc-
curred on the top surface of the slab at mid-span. Then, the composite slab specimen has become
vulnerable to be damaged by water infiltration from the top surface.

Figure 4 also shows the process of loading. In the first 100,000 cycles, the wheel load was
120 KN. The axle load was raised to 160 kN in a 20 kN step every 100,000 cycles.
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Fig. 4 Wheel loading test condition and procedure of the loading test.

Results and Discussion

At the end of the 300,000 cycles, the slab suffered substantial damage as shown in Fig. 5.
Subsequently, the running wheel loading test was continued at lower axle load for another
100,000 cycles, while supplying water on the top surface of the slab to infiltrate into the concrete

through the cracks.
LY ' i)
?r — Cracks

X | = Water Infiltration Cracks
T 4ch

Tk

Water Infiltration Points

Area of Wheel Load

Fig. 5 Situation of the water infiltration (upper) and water seeping thorough a crack.

AE was measured for 15 minutes at certain intervals during moving wheel loading to verify
fluctuations of AE characteristics. AE detected during the test is indicated in Fig. 6 using the re-
lationship between the durations and counts of waves, which were general AE parameters calcu-
lated from the waveform [5].

At the start of wheel running test with water-feeding (a), the correlation between the AE pa-
rameters, the duration and the counts were nearly proportional to each other. After 500 cycles of
wheel motion after water infiltration began (b), the duration was longer but the count was low at
sensors 5 and 6. Similar phenomena were observed at sensors 1 and 7 in AE measurement after
2000 cycles (c) and after 4800 cycles (d).
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Based on the AE results, the water infiltration progress was evaluated as red dotted line as
shown in Figure 5. The AE sensors were located near the cracks through which water was al-
lowed to infiltrate. Water infiltration through other cracks was also confirmed as shown in Figure
5.
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Fig. 6 Relationship between duration and count of detected AE.

The specimen was cut into four sections after the end of the fatigue test. Cracks penetrating
to the steel plate and water infiltration were found as shown in Fig. 7. No water infiltration was
found near the AE sensors 4 and 8. As a result of the above observation, it was suggested that
AE characteristics during water infiltration could be easily verified by using the duration and the

count of waves.

Closing Remarks

The test revealed that water infiltration through cracks, a matter of grave concern for
steel-concrete composite slabs, can be verified using AE technique.
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Fig. 7 Internal crack situation by cutting the specimen.

Water infiltration progress can be observed by AE parameter distribution in correlation be-
tween the duration and the threshold-crossing counts of the AE wave. The hit number of AE
events with lower counts and longer duration indicates the progress of the water infiltration into
the concrete body through the surface cracks due to the wheel running reciprocation. Moreover,
the location of the AE sensor that detects such AE could give the progress of the water infiltra-
tion area.

In the future, traffic noise in the measurement of actual structures and optimal positioning of
sensors are to be investigated.
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DEFECT DEVELOPMENT AND FAILURE EVALUATION
IN PRESTRESSED CONCRETE GIRDER BY ACOUSTIC EMISSION

MALGORZATA KALICKA
Department of Civil Engineering, Kielce University of Technology,
Aleja Tysiaclecia PP 7, 25-314 Kielce, Poland

Abstract

Acoustic emission behavior during proof loading of pre-stressed concrete girders was ana-
lyzed using supervised pattern recognition. Classes that grouped AE signals characterize deterio-
ration evolution in girder. The girders were divided into zones and AE analysis was performed
for each zone. AE activity of virgin girder was compared to AE activity of cracked girder. The
zones with the strongest AE were selected and their responsibility in damage evolution in girder
is studied. It was noticed that high loaded zones of girder not always coincide with strong AE
activity zones. Moreover, we noticed that zones with a similar crack density exhibit different AE
activities. The failure events that lead to girder collapse and AE signals produced by these events
are analyzed.

Keywords: Pre-stressed concrete girder, pattern recognition analysis, deterioration mechanism
Introduction

Proof tests of 6 full-scale pre-stressed concrete girders have been made using a health moni-
toring procedure. Details concerning this procedure were presented during AEWG-49 and are
given in [1]. The basic testing technique is acoustic emission (AE). AE signals were classified
employing NOESIS supervised pattern recognition (SPR) procedure [2]. Different types of AE
sources characterized the deterioration mechanisms. We used zonal method for AE sources lo-
calization. The performed studies confirmed the SPR method’s usefulness for detection, classifi-
cation and source localization that are produced by destructive processes in girders. Employing
reference AE signals, it is possible to identify the possible deterioration mechanisms.

However, tests performed so far indicated a variety of AE behavior of girders during proof
tests, even when their structures and loading modes were similar or even the same. Acoustic ac-
tivity in girder zones differs from expected ones concerning intensity and severity of deteriora-
tion processes; i.e. classes of AE sources. The results indicated that there is no simple way for
health monitoring performance, residual-life and loading-capacity prediction and influence of
damages introduced earlier on service-life evaluation. In addition, we do not know if AE tech-
nique can detect the “critical event” that leads to girder collapse and warning against incipient
failure. These problems were not studied extensively yet and this paper aims at elucidating some
of them on the basis of AE results recorded during proof tests on two prestressed girders. AE
activity is demonstrated on point diagrams, where AE signal strength is plotted against time. The
loading sequence consists with a number of steps. The number of steps changes from 8 to 20
depending of loading capacity of girders (see [1]). The AE events recorded during each step are
added and presented vs. time of the longest step. The colors and points’ shape indicate AE source
classes and severity codes of damage processes in accordance with Table 1.
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Table 1. AE signals classification.

No. of AE class C4 Co C1 C3 C5 C2 C6
Point patterns @) O ¢ V | A @ +
Severity code 1 2 3 4 5 6 7

Experimental Procedures and Results

We utilized standard AE instrumentation. The 12-channel MISTRAS or 24-channel SAMOS
systems from PAC were used along with DECI 55-kHz sensors. For each signal, we recorded 12
signal parameters. Details concerning AE location mode, signals classification, expected deterio-
ration mechanisms in girders, the length of zones and reference signal parameters, see [1].

The first tested girder was 18.8 m in length double-tee WBS under four-point bending. The
girder was divided into 11 zones. The zone 6 was bent while loading points were situated in
zones 5 and 7 and shearing loads were added. We were interested in AE activity differences for a
virgin girder and damaged one in the same loading ranges. The girder was loaded from 0 to 600
kN unloaded to 0 and reloaded to the same load. This load was twice the load of first crack ap-
pearance. AE activity for whole girder is presented in Fig. 1.

*=Time (*),Y=Signal Strength - Main Set - As Loaded:k-Nezrest Neighbour (Supemised)

8e+007 | a) o Mrd
: * [
6e+107 -
i) - 5 N2
2e+007 | a N rlj
3 ? ¢ 2 > - . 5 v g -4 ' N r3
o | R R iy X RN i3 b R G S L S o DA ek A0
0 200 400 600
X=Time ("), Y=Signal Strenqgth - Main Sat - As Loadead k-Naarest Neighbour (Suparvisad)
Ga+007 | o Nrd
z b) * N1
) » N5
4e+007 - -
7 . i X g M2
s T ; o NiD
2e+007 | - - - - R T - 5 v i
oo 3 ¥ NG

Fig. 1 a) AE activity in WBS girder during first loading from 0 to 600 kN; b) second loading.

Number of hits during first loading in all classes for virgin girder exceeded the hits number
during reloading. Signal strength during first loading was higher. On both diagrams C1-blue, C3-
black and C5-purple sources indicate crack initiation and propagation accompanied by some
plastic deformation of wires. Results show that damage in the form of cracks and plastic
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deformation of reinforcement have little influence on AE activity. This AE behavior was ob-
served in other girders too. The exception is when new class of AE sources with higher strength
takes place.

The second T-shape girder was 26.5 m long. For AE source location, it was divided into 12
zones as shown in Fig. 2. Work with this girder analyzed AE activity evolution in zones and its
relationship to cracks and deterioration processes. This analysis concerned AE hits recoded dur-
ing load increase in the range from 0 to 996 kN; i.e. up to ~70% of the collapse load.
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Fig. 2. Scheme of T girder with sensors and zones location.

Intensive AE activity took place in 5 of 12 zones. These are shaded in Fig. 2. Zones Z3 and
Z4 were symmetrically situated to zones Z9 and Z10. Both bending moment and shear force
loaded all four of them. However, only in Z9 and Z10 appeared AE signals that belonged to C5
that suggests plastic deformation of wires. Different AE behavior may take place because of tor-
sion in the left side of girder. Observation of larger crack-mouth openings and differences in
crack inclination (vertical in the left side and sloped on the right) supports this suggestion. The
reasons may be internal inhomogeneity or/and lateral slenderness of girder.

Only bending moment loaded zones Z6 and Z7. While Z6 produced strong AE, the activity in
Z7 was significantly weaker. Similar numbers and length of cracks existed in both (see Fig. 3).
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Fig. 3. AE activity and cracks distribution in neighbor zones of T girder, load range 0 - 996 KN.

Loading was increased to up to 90% of the collapse load and this increased the intensity of
AE activity in all zones. The strongest one was still in zones Z3, Z4, Z6, Z9 and Z10, however.
The AE activity exhibited an intermittent nature even in the most active zones. Example is dem-
onstrated in Fig. 4, where recorded hits are demonstrated in zones Z9 during load ranges 934-996
kN and 1186-1245 kN.
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The five zones Z3, Z4, Z6, Z9 and Z10 exhibited strong AE activity. This activity was at the
same level while in other zones it was clearly lower. Thus, the five zones were “hot spots” (HS)
of girder that have to be monitored for structural health evaluation. To find HS of other girders
we monitored them at lower load equals to ~15% of predicted collapse load. The HS demon-
strated themselves by elevated AE activity although these hits were in classes CO and C4 only.
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Fig. 4. AE activity in zone Z9; a) loading range 934-996 kN, b) loading range 1186-1245 kN.

Performing studies on deterioration development in prestressed girders, there is a question
whether it is possible to detect the critical event that leads to girder collapse with the help AE
technique. Can AE activity warn us early enough against failure? Our research demonstrates that
girder fracture frequently takes place in zones with low AE activity, although these cross-
sections were heavy loaded. We present one example concerning the 18.8-m-long WBS girder,
which had collapsed at the load of 681 kN. The diagrams in Fig. 5 show AE activity in two
neighbor zones — Z6 where failure took place and Z7 where AE activity was high.
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Fig. 5. AE activity in zones Z6 and Z7.

Careful AE monitoring in zones did not provide signs of incipient failure. AE events record
during loading range from 640 to 681 kN, that is up to fracture, can be seen in Fig. 6. During
more than 90% of this loading time AE was a typical one and did not indicate coming collapse of
the beam. About 20 sec before collapse (corresponding to 2.5 kN below the collapse load) some
increases in AE activity (in the form of blue points) can be seen. Such signals are produced by
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concrete crack initiation. High-energy signals can be seen only during girder collapse. Thus, AE
cannot warn against failure early enough to protect the girder during the proof loading.
However, when the girder becomes a part of structure, AE indicates and localizes its collapse
clearly by a spike that contains hits from all high-energy classes.
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Fig. 6. AE activity in the WBS girder from 640 kN to collapse at 681 kN.

It is necessary to describe the mechanisms that resulted in the failure of the pre-stressed gird-
ers tested. Most of tested girders collapsed as a result of concrete compression. Just before fail-
ure in compressive part of girder a local plastic deformation is observed in the form of tiny slip
lines. Weak AE accompanies this plastic deformation that is indicated by blue diamonds. Be-
cause of limited “concrete plasticity” of strain under 0.3%, this plastic deformation leads to frac-
ture in a short time and girder collapse. The above mechanism took place in the WBS girder,
while the “critical event” for the T girder was lateral buckling. Both processes need only several
seconds and AE technique cannot detect the incipient failure early enough.

However, both critical events took place as a result of destructive processes leading to stress
redistribution in the girders. The cracks in concrete shifted the neutral layer of the beam toward
compressive zone (roughly it is situated at the crack tips) and the area of compressive part of the
beam is reduced while the compressive stress increases. Wires take the loading in the tensioned
zone of the cross-section. When girder loading increases, the stress in wires can equals their
yielding stress and stress redistribution in zones of the girder takes place. This process acceler-
ates the failure of the girder.

Buckling may initiate the girder collapse as well. The equation that determines the lateral
buckling critical load is:

o _ ByEL GI,

cr |2
where: EJ; is bending rigidity with respect to vertical axis and GJ; torsional rigidity. Material
modules, moment of inertia and torsion constant depends on concrete deterioration and neutral
layer position. In addition, the torsional rigidity decreases with the number of damaged zones
increasing. Thus, the buckling critical load can be decreased significantly.

Although the critical events of failure cannot be indicated by AE monitoring, all the deterio-
ration processes that control it, like microcracks in concrete, crack initiation and propagation,
plastic deformation of wires and concrete crumbling can be characterized with the help of AE
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SPR analysis. Blue (C1) and black (C3) points indicate the intermediate damage while purple
(C5) and green (C2) points show heavy damage. Results of this study on girder suggest that AE
events appearance in classes C5 or C2 systematically indicates severe damage of a girder that
may have to be replaced.

Discussion and concluding remarks

A set of proof tests on pre-stressed concrete girders have been made with AE monitoring. AE
SPR analysis was employed for AE signal classification and used in the characterization of the
deterioration evolution in the girders. Especially, the AE behavior was analyzed and can influ-
ence the results interpretation for health assessment.

AE activity during proof loads of a virgin girder concerning both number of hits and strength
of signals was stronger in comparison with AE activity of the same girder after serious cracking
and reloading. It was noticed that in girder zones with the same loading, AE activity differs sig-
nificantly. Therefore, it is recommended to localize HS and monitor them at first. Usually num-
bers of HS do not change with loading and HS keeps high AE activity all the time.

In bent and sheared zones, we observed stronger AE than in zones loaded in bending only.
However, we do not find a relationship between AE activity and number and length of cracks.
Similar cracked zones can exhibit different AE. Even at high loads AE activity in zones exhibit
intermittent nature. This necessitates monitoring time to be long enough during all field AE tests.

The performed proof loadings of pre-stressed concrete girders underline the complexity in
deterioration development. The AE behavior of similar girders can be quite different. Therefore
to evaluate the health condition of a girder and especially bridges on the basis of AE monitoring
an experienced staff familiar with AE equipment, AE data processing is necessary. Database of
previously monitored structures and reference signals play a key role as well.

This study on pre-stressed girders shows that the critical events of girder collapse are com-
pression failure of girder concrete or lateral buckling. Both of these processes may produce only
weak AE activity over a short period of time. These hits are difficult for separation from other
AE activities. Thus AE cannot be used for warning against collapsed.

However, AE-SPR analysis is a suitable tool for monitoring the deterioration development
and for the assessment of damage severity in order to prevent the collapse of pre-stressed con-
crete girders and bridges. All stages of deterioration development can be estimated. C5 and C2
classes of AE signals indicate the dangerous deterioration according to the database built from
our previously performed tests.
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Abstract

The present paper discusses the mechanical and acoustic emission (AE) behavior of two
large reinforced concrete beams. One was constructed in two parts, which were assembled later
to evaluate the behavior of the joint. The beams were tested in four-point bending. It is found
that the structural performance of the two beams is quite different but at initial loading stages,
strain and deflection measurements do not show significant discrepancy. On the contrary, AE
parameters indicate that the damage accumulation happens earlier in the assembled beam. This is
confirmed by the calculated sources of AE events, which are close to the construction joints. The
results show that AE is a suitable technique to monitor the fracture process of structures and
yields valuable information that cannot be obtained at the early stages of damage by any other
method.

Keywords: Bending, structural integrity characterization, cracks, fracture process
Introduction

The number of aging concrete structures increases continuously worldwide. The damage
assessment and maintenance are essential in order to secure or even extend the safe service life
of these structures. One of the techniques used for the characterization of their structural integrity
IS acoustic emission (AE).

Overstraining of a material results in cracking, giving rise to elastic waves propagating to all
directions. These transient waves (AE signals) can be detected by AE sensors attached to the
surface of the material. The advantage of AE is the recording of the damage process during the
entire load history, which enables us to determine the onset of fracture and to follow all the
subsequent stages. In laboratory studies, AE parameters have been correlated with the damage
process [1-11]. There are also applications of AE in actual structures with the aim of damage or
repair evaluation [2, 6, 12-15]. Important parameters of AE are the number of AE signals (hits),
events and their peak amplitude. At the early stages of damage, the number of emissions is
limited and their intensity is low. As the stress increases and the damage propagates, the number
of emissions becomes larger as well as their amplitude [2, 3, 6, 9, 12].

For damage quantification purposes, certain indices have been proposed. In addition to AE
when a material or structure is stressed, the behavior during unloading is also crucial. When the
material is intact, the AE activity during unloading is of low intensity. For damaged material
though, the emission continues even during unloading. The number of AE events during
unloading divided by the number of events during the whole cycle is defined as the calm ratio
and values near zero indicate intact material condition [6, 13-16].

Another index comes from the “improved b-value” analysis of the amplitude distribution of
the events [17]. Generally, a large scale fracture corresponds to large AE amplitude; however,
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the use of the amplitude alone is inappropriate because of the increased material attenuation after
damage accumulation. In this respect, the amplitudes are studied through their cumulative
distribution that changes with the progression of damage. It has been confirmed that extensive
cracking is accompanied by a severe drop in the Ib-value [2, 15, 17-19].

In this paper, the AE behavior of full-scale reinforced concrete beams under 4-point bending
is discussed. The aim is the comparison between two different construction methods. The
location of the AE events revealed the sensitive areas of each design that acted as crack sources.
The AE indices also predicted which beam would exhibit higher ultimate strength even from the
first cycle of the loading process.

Experimental procedure

Concrete beams

The length of the beams was 6.5 m while the cross section was 0.65 m (height) by 1 m
(width). They consisted of two layers of concrete. The lower layer had a thickness of 150 mm
and after the complete hydration of this layer, the second layer was cast on top with no
reinforcement. The basic difference of the two beams was the construction process. Beam A was
constructed in two steps, i.e., each layer was cast as one piece. In contrast, the bottom layer of
beam B was constructed in two separate parts that were then joined during the casting of the
upper layer; see Fig. 1. The advantage of beam B is easier handling, but the structural
performance should be evaluated first. The beams were loaded in a four-point-bending test. The
span between the supports was 6 m, as seen in Fig. 2. The test consisted of 5 loading cycles: the
first two were up to 500 kN, the third and fourth up to 750 kN and the last loading is to failure.

Acoustic emission monitoring

Twelve R6 sensors of Physical Acoustics (PAC) were employed for the AE monitoring. They
were attached using wax on the positions 1-12, as shown in Fig. 2. The signal was pre-amplified
40 dB, digitized with a sampling rate of 1 MHz and stored in a 16-channel PAC-DiSP system.
Apart from the analysis of parameters and waveforms, the software AEWin of PAC provided
automatic, real-time event source location.

— Reinforcement D35

layer

2" Jayer
cast later

1% layer

Fig. 1 Detail of the assembly of beam B.
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Fig. 2 Geometry of the experiment and sensor location (unit: mm).
Results and Discussion

Figure 3 shows the cumulative AE events along with the applied load for beams A and B.
During any cycle the events increase, reaching for beam B a number more than double that of A,
indicating more intense cracking. More important though, is the value of AE indices, like the
calm ratio. In Table 1, the numbers of events during loading and unloading of steps 1 and 3 are
presented. The activity of B was intense even from the first unloading. The number of the events
during unloading was almost of the same order with loading, leading to a calm ratio of 0.39. This
value is related with high degree of damage in relevant works [6, 12-16] and shows that the
damage of beam B was extensive even from the first loading cycle. Beam B constantly exhibited
higher calm ratio values for all stages, as shown by the results of step 3 in Table 1. At this step,
beam A also exhibited high calm ratio (0.23), implying that it was seriously damaged as well.

The calm ratio indicated that beam B started to develop damage much earlier than A,
something that could not be evaluated by strain or deflection data. This early damage led
eventually to a lower maximum load of beam B (approx. 10%, as seen in Fig. 3)
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— Load i b - 8000
1000'5 ---AE event A b . - 7000
~. 800 - ! - 6000 o
Z c
= 500 ' - 5000 3
8 B - 4000
— 400 - B - 3000
B - 2000
S o : - 1000
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Fig. 3 Time history of load and cumulative AE events.
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Table 1 Number of events for different loading steps and calm ratios.

Beam A Beam B
. . Calm . . Calm
Loading | Unloading ratio Loading | Unloading ratio
1% step (500kN) 1412 121 0.079 1286 807 0.386
3" step (750kN) 390 117 0.230 1718 934 0.352

Source location

Figure 4 shows the locations of the events for the first loading and unloading step for both
beams along with the pattern of surface cracks developed. The events are indicated by circles,
the center of which is the location of the source and the diameter stands for the amplitude of the
first detected hit. Beam A exhibits widely distributed events over the whole monitored area.
During unloading, the number of events is lower indicating minor damage.

In beam B, most of the events are located above the position of the left joint. This means that
the joint contributed to local stress concentration leading to accumulation of cracks. Even more
indicative is the behavior during unloading. It is clear that a large number of events were
nucleated again from the area above the construction joint, most of them with high intensity,
implying damage accumulation. This led to the lower strength for beam B.
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Fig. 4 Locations of AE events and surface crack pattern for the 1st loading cycle for beams A
and B. The solid lines denote cracks observed on the front side and dashed lines on the rear side.
The dash-dot line denotes the centerline of the specimens.
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Ib-value

The AE event amplitude distribution changes with time as extensive cracking develops.
When strain gauges are in the vicinity of a crack, a sudden change can be seen in the strain
behavior as well. Such a case is presented in Fig. 5 for beam B. The strain histories of two strain
gauges (S4 and S5 of Fig. 2) are shown for the first 2 hours of the experiment. After about 2000 s,
the strain readings started to change direction and in the time span of 3800 to 4250 s they
exhibited sharp drops, while the load was still monotonically increasing. This behavior was
recorded on multiple strain gauges, showing that it was due to cracking and not due to a failure
of a single strain gauge.
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Fig. 5. Time history of (a) strain and (b) Ib-values for beam B.

The Ib-value history exhibited many points of fluctuation during the experiment, indicating
different cracking events, see Fig. 5. Note that the Ib-values presented were calculated from AE
events of the zone 0.70 m to 1.05 m, which includes the strain gauge positions, see Fig. 4. A
large drop of Ib-value occurred at the moment when the strain readings changed direction (~2000
s: 1% arrow). Three sharp drops of the strain (2" to 4™ arrows) happened at 3300~ 4200 s,
accompanied by large drops of Ib-value. These effects are the consequences of cracking of the
beam.

Furthermore, the Ib-value dropped below 0.05 at many instances. This value has been
established as indicative of extensive damage [2, 15, 17]. Ib-value below 0.05 is another
indication of the severe condition of the beam, even from the first loading cycle in beam B.

Conclusions

The AE activity of two full-scale concrete beams is reported. One (beam B) had a
construction joint in order to evaluate relative performance. AE results showed that the joint
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acted as crack initiator, and significant damage was accumulated in their vicinity from the early
stages of loading. This damage was indicated by the location of AE events, while the activity
during unloading, quantified by the calm ratio, confirmed the extent of damage from the early
stages of loading. As a result, the beam with a joint had 10% lower ultimate load. The AE
amplitude distribution quantified by the Ib-value, indicated the crack propagation events,
something that strain and deflection meters cannot monitor unless the fracture occurs in their
vicinity. AE analysis shows the ability to monitor a large volume, with real time crack
localization as well as correlation of cracking process with the applied load even from the early
stages of damage.
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ACOUSTIC EMISSION AND X-RAY TOMOGRAPHY IMAGING OF
SHEAR FRACTURE FORMATION IN LARGE REINFORCED
CONCRETE BEAM

TATYANA KATSAGA and R. PAUL YOUNG
Civil Engineering Department, Lassonde Institute, University of Toronto, Toronto, Canada

Abstract

This study investigates the mechanisms of shear fracture formation in a large shear-critical
reinforced concrete beam with large coarse aggregates by using acoustic emission (AE) and
computed tomography (CT) techniques. AE and elastic wave velocities were measured using the
Hyperion GigaRAM AE Recorder developed for ultra-detailed investigation of brittle fracture
and failure of rock and rock-like materials. The analysis revealed complex spatial and temporal
fracture development during the slow quasi-static fracture process. When AE events are related
to cracks and concrete microstructure via CT images, they show how coarse aggregates influence
fracture nucleation and development. Fractured aggregates are found at the place of fracture nu-
cleation, and large aggregate particles cause non-uniform fracture propagation. Predominant mi-
crocrack mechanisms were revealed for different stages of fracture formation.

Keywords: X-ray computed tomography, concrete, aggregates, shear fracture
Introduction

Fractures in concrete are directly influenced by the complexity of concrete microstructure in
all aspects from nucleation and propagation to surface roughness formation. Researchers have
studied the influence using different techniques and approaches. One approach is to measure and
analyze the fractal dimension of concrete fracture surfaces depending on the kind of aggregate
[1] or the maximum aggregate size [2]. A correlation was found between fractal dimension and
fracture toughness. Another approach involves non-destructive 3D studies using AE techniques
[3-5]. These studies show how concrete microstructure influences fracture process zone, fracture
energy and fracture toughness. Additionally, advanced AE techniques can be used to define AE
source mechanisms [6-8].

Detailed nondestructive investigation of cracks inside materials becomes possible with the
development of X-ray computed tomography (CT) techniques. Landis et al. [9] calculated frac-
ture energy using the actual surface area of internal cracks using CT data collected during load-
ing. Chen et al. [5] compared cracking paths, obtained by X-ray inspection, in concrete with dif-
ferent maximum aggregate size, and found that widths of the crack zone increase with increasing
maximum aggregate size. Young et al. [10] combined CT imagery and AE to relate physical fea-
tures within the sample to AE locations and phases of micro-scale damage.

In this study, in order to gain improved insight into 3D micro-mechanics of failure, AE tech-
niques were employed during the shear failure testing of large reinforced concrete beam. The
recorded AE event source locations were related to high resolution X-ray CT images obtained
from core samples extracted from the beam after testing. Further, various aspects of failure were
studied by analyzing the AE mechanism evolution throughout the fracture formation.
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Experimental Procedure and Data Processing

A large, lightly-reinforced normal-strength concrete beam with large coarse aggregates (max
size = 55 mm) was loaded to shear failure in a three-point bending test using the Baldwin test
frame at the University of Toronto [11]. The specimen, designed to be shear-critical, was 9000
mm long, 1510 mm tall, 300 mm wide, and was supported on rollers spaced at 8100 mm apart.

AE setup

One half of the specimen was instrumented with AE sensors to record acoustic emissions in-
duced from micro-cracking during loading. The concentrated array of 24 sensors, 16 receivers
(V103, Panametrics) and 8 pulsers (R15, PAC) was designed to investigate diagonal shear frac-
ture development before failure and was installed on the surface of the beam using special hold-
ers screwed into the concrete (Fig. 1a). The monitoring parameters were selected, based on the
results of pencil-lead break or artificial shot (ultrasonic pulse) tests: 60 dB pre-amplification and
10 MHz sampling frequency.

e\

TR

Fig. 1 (a) Beam with array of sensors after testing (front view); (b) AE activity related to slow
fracture below final; (c) 300-mm cores extracted from the beam: the jagged black line identifies
fracturing that has occurred in the cores; (d) CT images for two cores (section view).

Signals from the sensors were recorded using a 16-channel recording system called the Giga
Recorder. The unique feature of this equipment is the ability to continuously monitor, in great
detail, critical periods of acoustic activity during failure. Continuous waveforms can be sampled
at rates up to 10 MHz on 16 channels, with durations up to 4 minutes long. These waveforms
capture all AE events emitted during the recorded period and allow for the detailed investigation
of failure. Traditional triggered data was also recorded throughout the entire experiment. The
Giga Recorder approach is described in detail by Thompson et al. [12].
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Computed tomography imaging

After the failure of the beam, four core samples were extracted from the beam with the seg-
ments of the fracture that preceded the final fracture. Position for the coring was defined based
on AE event locations (Fig. 1b, c). Two samples were sent to the University of Texas for high-
resolution X-ray CT [13]. The samples were imaged separately using the high-energy scanning
system, which was designed for scanning large samples. Horizontal CT images were taken at 1
mm intervals across the sample diameter with resolution of 1024x1024 pixels (Fig. 1d) and
clearly show the microstructure of the concrete including the aggregates, fractures and air voids.

Data processing

InSite [14] software was employed to analyze AE events and velocity data. Before AE data
processing, P-wave velocities were defined, assuming straight raypaths between pulsers and re-
ceivers. Wave velocities transmitted through concrete beam did not show any preferred direction
in velocity variations; so a homogeneous-isotropic velocity structure was assumed throughout
the concrete volume. A combination of Simplex and Geiger methods was used for locating AE
events. A custom Visual Basic application was developed to study the CT scan images in precise
relation to the AE locations in AutoCAD. Events were filtered by £7-mm slices from the plane
of the image and were superimposed into this image.

To analyze the evolution of microcrack mechanisms during shear fracture formation, P-wave
first-motion polarities were defined and analysed using a first motion polarity method (Zang et
al., 1998):

18
pol _KZ’SIQn(A )

where A is the first motion amplitude and k is the number of sensors. In this study, positive polar-
ity represents compressional pulses initiated by tensile fractures. Events are considered as tensile
if 0.25 < pol < 1; shear if -0.25 < pol < 0.25; implosion or collapsed events if -0.25 < pol < -1.

Results and Discussion

AE locations

AE source locations, divided into time periods A to E, are presented on Fig. 2 from the top
point of view. Events for each time period are shown in different color. Symbol sizes are scaled
according to their event magnitude. Periods A, B and 36 seconds of period C show triggered AE
events, while the rest of period C, periods D and E show AE events extracted from continuous
waveforms. AE locations exhibited non-uniform event distribution along the fracture surface
width. During period A, 5 isolated events occur in the space ahead of the fracture front. During
period B, several events nucleate at the position near to the front surface of the beam. Period C
showed AE event development in two directions: forward and sideways, across the width of the
beam in a narrow band leaving uncracked concrete between the band and the primary fracture
front. During period D, the sideways fracture connected with the primary fracture front and
propagated a few cm forward. Overall, 121 events were located. At the end of period D, mi-
crocracking is throughout region of eventual fracture surface. Period E showed 120 events occur-
ring due to the shearing of the cracked surfaces at the fracture.

AE locations and crack topography

Studying CT images and AE events together allows the investigation of the relationship be-
tween fracturing and concrete properties. Figure 3a shows the first AE event nucleation at the
level 70 mm during period B and Fig. 3b the secondary nucleation at the level 195 mm during
period C. It is interesting to observe that both nucleations associate with aggregate fracturing.
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Stronger than the surrounding material, aggregate particles cause stress concentration and trigger
fracture nucleation. AE event accumulation was also found at the positions where fracture
changed its direction (Fig. 3c).

Combination of CT images and AE events revealed the reason of non-uniform spatial frac-
ture development during period C. Large particles of coarse aggregate were found on both sides
from the AE band. These large aggregates locally strengthened material so the fracture was
forced to propagate only between aggregates.
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Fig. 2 AE source locations for different periods of fracture propagation.

AE Focal Mechanism

Table 1 combines the results of mechanism analysis and Fig. 4 shows examples of fault plane
solutions. Moment tensors were analyzed for selected complex events with the equal number of
positive and negative polarities.

The events during Period A, which signify fracture nucleation, are dominantly tensile. The
number of tensile events decrease and the number of shear events increase with the fracture de-
velopment. The implosion events are rare and there is no pattern of their occurrence. The shear
events release the largest amount of energy and produce high magnitude events. Predominant
number of shear events indicates the final stage of the fracture development.

Figure 4 shows the evolution of events and their mechanisms in 70 mm section. AE mecha-
nisms are based on fault plane solutions obtained using first motion polarities. Tensile cracks
(#2639, #2654, #2729, #2836) and one larger CLVD (compensated linear vector dipole) event
(#2668) initiate the fracture. CLVD event occurred at the place where aggregate was fractured at
the edge. Tensile events also appear during the next period ahead the fracture (#3336, #3496,
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#3538, #3566, #3606). It was found that subsequent events that occurred close to the preceding
events are shear events. For example, shear event #3328 (period C) appeared next to events #
2639 and #2654 (Period B). Events occurred during Periods D and E are predominantly shear
events.

70 mm section - Period B 195 mm section - Period C 70 mm section - All periods

Fig. 3 CT images and corresponding AE events for different sections.

Table 1. Variation of event types with fracture development

- Mechanism
P]fr'OdS of Duration Number of i i
racture sec events Tensile Shear Implosion
propagation % % %
Period A 240 5 80 20 0
Period B 227 11 67 33 0
Period C 365 39 58 33 8
Period D 81 121 49 32 19
Period E 60 120 25 66 9
Conclusion

The combination of CT and AE imaging gives a unique opportunity to study AE events in re-
lation to the microstructure of material. The AE event locations revealed complex non-uniform
spatial and temporal fracture development in the concrete with the large aggregates at the slow
quasi-static stage of fracture propagation. The high-resolution CT images resulted in detailed im-
ages of the concrete microstructure including the aggregates, cracks and air voids.

As expected, the cracks on the CT images showed a close correlation with AE events. Ana-
lysing the temporal and spatial evolution of AE events in relation to the CT images allows the
precise reconstruction of the failure sequence. Coarse aggregates are shown to play an important
role in fracture nucleation and development: aggregate fracturing is found at the place of fracture
nucleation and non-uniform fracture propagation is explained by the influence of large pieces of
aggregates. AE event accumulation takes place when the fracture changes its direction.
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AE mechanism analysis revealed that new fracture development associates mainly with ten-
sile events and subsequent events at the nearest position are shear events. During fracture devel-
opment, the number of tensile events decreases and the number of shear events becomes domi-
nant (66%) due to shearing of cracked surfaces. Therefore, studying the predominant mecha-
nisms during monitoring or inspection can be helpful in defining the stage of fracture develop-
ment.

The overall results of the work show that the combination of AE and CT imaging provides an
extremely effective tool for the investigation of the process of fracture formation in materials
with complicated microstructure.

70 mm section 70 mm section

Period B Periods B&C

Fig. 4 CT images, corresponding AE events and their fault plane solutions: shaded regions on the
fault plane solutions represent compression.
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GLOBAL MONITORING OF CONCRETE BRIDGE USING ACOUSTIC
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Abstract

Global monitoring of civil structures is a demanding challenge for engineers. Acoustic
emission (AE) is one of the techniques that have the potential to inspect large volumes with
transducers placed in strategic locations of the structure. In this paper, the AE technique is used
to characterize the structural condition of a concrete bridge. The evaluation of AE activity leads
to information about any specific part of the structure that requires attention. Consequently, more
detailed examination can be conducted once the target area is selected. In this study, surface
wave investigation was subsequently performed to detail the condition of the target area.

Keywords: Concrete structures, damage assessment, global monitoring, surface wave velocity.
Introduction

The deterioration of civil infrastructure worldwide calls for effective methods for damage
evaluation. One of them, AE monitoring technique, uses signals generated within the structure,
which are due to crack growth under stress, as well as secondary emissions due to friction of
crack interfaces. This unique monitoring technique parameterizes the fracture/failure process,
and distinguishes it from other nondestructive tests. This is the only one capable of real-time
mapping of fracture processes. In addition to real-time source identification from the acquired
AE signals, the energy level or “magnitude” of the detected signals can be evaluated, and
provides immediate evidence of the degree of damage. A particular engineering advantage of the
AE technique is its efficiency for global monitoring since a large and complex structure can be
monitored with a limited number of sensors. Consequently, the most crucial part of the structure
can be targeted with a more detailed AE monitoring for quantification of AE indices [1-4], or
using other suitable techniques [5]. Results obtained from the AE testing depend highly on many
external parameters such as the applied load and loading rate, the properties of the material and
the type of structure. These factors restrict the development of comprehensively applicable tools.
Additionally, due to the complex composition of most civil structures, AE waveforms depend on
their propagation path from the source to the sensors [6]. However, in any case, valuable
information can be extracted concerning which part of the structure has sustained the most severe
deterioration.

In the specific case presented herein, a 45-m bridge span is under examination. Preliminary
investigations of surface-crack observation and physical tests of excavated cores did not reveal
any extensive damage. The cores can characterize only the area where they were extracted and
the surface observation cannot reveal internal damage. Therefore, further monitoring was
conducted with AE technique. The AE testing was performed by applying stress with the mobile
load of a heavy vehicle. Based on the AE activity the part of structure more likely to exhibit
higher degree of damage than the other areas in the longitudinal direction was selected for the
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detailed investigation. A similar application on a much smaller scale was reported in [2]. A
surface ultrasonic examination, which is indicative of the quality [7, 8], followed in order to
investigate the pulse velocity of concrete at the area of interest.

Experimental Procedure

For the AE monitoring, 28 sensors were attached in all to the bottom surface of the bridge
using a wax. They were placed on the longitudinal axis of the bridge with a separation of 1.4 m
as shown in Fig. 1. Specifically, the sensitive AE sensors to concrete structures, R6 of PAC,
were used. These sensors exhibit nominally the maximum sensitivity at 60 kHz and are widely
used for concrete monitoring. The detected AE signals were pre-amplified by 40 dB and
acquired by two synchronized data acquisition systems, namely a 16-channel DiSP and a 12-
channel Mistras of PAC. Strain gauges were also placed in three locations on the top surface of
the bridge, as shown in Fig. 1.

45m

v

<
<

22.5m

<& >
< '

Strain gauges

g, —

Increasing number
I of sensors

L
‘H 123, eem o g314. 2SR 2627 28

o

Increasing number

Fig. 1. Representation of the crane passing over the bridge and sensor location.
Acoustic Emission Activity

Damage indices

The interpretation of the detected AE activity is not always easy. This is the reason why
different indices have been suggested and applied for the purpose of damage quantification. As
stated earlier, when a material or structure is stressed, AE is produced. Additionally, the behavior
during unloading is also crucial. In case the material is intact (or the applied load is low), the AE
activity during unloading is of low intensity. For damaged material, the emission continues even
during unloading. The number of AE hits during unloading divided by the number of hits during
the whole cycle is defined as the calm ratio and values near zero indicate intact material
condition [2, 4, 9].

Another index comes from the analysis of the amplitude distribution of AE events, or so
called the improved b-value analysis [1, 4]. Although a large-scale fracture in general
corresponds to large AE peak amplitude, the use of the amplitude solely can be misleading. This
IS because the accumulated damage increases the materials’ attenuation rate due to scattering at
the cracks. Therefore, even a high amplitude signal will be severely attenuated before being
recorded by the sensors. In this respect, the amplitudes are studied through their cumulative
distribution that uniquely changes as the damage is accumulated. Specifically, the gradient of the
distribution is calculated. With the evolution of damage, this slope decreases, meaning simply
that the ratio of the large energy AE events to that of the small relatively increases in the total
population of AE events. It has been confirmed that at the moments of extensive cracking, the Ib-
value exhibits severe drops [10-14].
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AE monitoring results

The load for the AE monitoring was applied by a 20-ton crane vehicle, which passed three
times over the bridge with a constant speed of approximately 0.5 m/s, as seen in Fig. 1. As the
crane moved over the bridge, the strain and stress fields changed. The compressive strain
measured on the top surface of the bridge at the mid-span can be seen in Fig. 2. The maximum
strain was recorded at 88 s, when the vehicle was in the middle of the span, suggesting the
highest tensile stress at the bottom layer of the structure. In the same figure, the cumulative
number of AE hits recorded by all the sensors is depicted for one passage. It can be seen that the
rate of AE hits was more intensive before the crane reached the center of the bridge at 88 s. Up
to that moment, more than 70% of the total number of hits was recorded, implying that more
active sources were located in the first half of the bridge.
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Fig. 2. Time history of strain at the center and cumulative AE hits during crane passage.

As stated, in order to calculate the calm ratio, the AE activity should be correlated with a
measured mechanical parameter. In this case, this was conducted using the measured strain at the
middle point and the AE activity of the center part, recorded by the two sensors placed closest to
the center (13 and 14 of Fig. 1). The activity of these sensors and AE hits of all sensors
combined are plotted in Fig. 2. For clarity, the middle sensor hits are multiplied by a factor of 5.
The hits of the middle sensors started at 74.5 s as the crane was approaching, and the last hit was
recorded 10 s after the crane had passed over the bridge center, showing the intensive AE
activity even during unloading. The number of hits for three different trips of the crane and the
resulting calm ratios are presented in Table 1. The calm ratios concerning the center part of the
bridge range from 0.3 to 0.45 for any individual passage of the crane, indicating serious damage
according to past studies [2, 11, 12, 16, 17]. The attenuation rate of the material was measured at
7.0 dB/m and the average first hit amplitude reaching a sensor was 54 dB. Accordingly, the
sensors can capture hits originating at least 2 m away. Considering also the separation of 1.4 m
between sensors 13 and 14, one can assume that this calm ratio is characteristic of a span of 4 to
5 m in the middle of the bridge.

Ib-value analysis

In Fig. 3, the Ib-values based on the AE events located at different zones of the bridge are
plotted for the three different passages of the crane. The span was divided into 12 zones of
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Table 1. Number of AE events for different stages of loading and calm ratios.

Trip Loading | Unloading Calm ratio
1 175 146 0.455
3 409 179 0.304
5 295 208 0.414

3 m each, in order to allow the number of events for the Ib-value calculation. Specifically, the
total number of events to be considered for the calculation of the Ib-value should be above 50 [1,
10-14]. The number of events for the same zones is also shown in the chart. It is evident that
some areas of the structure exhibited larger number of events than others as seen in Fig. 3 and
the Ib-value is calculated for the zones only exhibiting more than 50 events. Focusing on the Ib-
values, it is seen that they vary between 0.05 and 0.13. According to established correlations,
values above 0.2 imply the intact condition, between 0.1 and 0.2 suggests the moderate damage
and it is becoming more intense as the Ib-value decreases below 0.1 [1, 2, 12]. This shows that a
large part of the structure is deteriorated. While the limited AE activity of the rest does not allow
the evaluation of this parameter, there were not many active sources in that area.
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Fig. 3. Ib-values for three different trips of the crane and indicative AE events for the first trip.
Velocity measurements

In order to make a more detailed examination of the active area of AE activity, wave velocity
measurements were made. Velocity has been established as an indicator of concrete quality for
many decades and it is accepted that velocity above 4000 m/s indicates high quality, while below
3000 m/s suggests poor quality [7, 17].

For the velocity measurement, nine AE sensors were used in an arrangement of three parallel
arrays of three. The separation distance was 1.5 m, resulting in an examined area of 3 m by 3 m,
see Fig. 4. The excitation was conducted by pencil-lead break near the location of each
transducer. Therefore, each time, one sensor was used as trigger for the acquisition and eight as
receivers. In this way, a number of intersected paths were examined, and the results can be
considered more representative of the area and more reliable than single measurement between
two points. The velocity was measured by the time of the first detectable disturbance of each
waveform, which corresponds to the onset of longitudinal waves.
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Fig. 4. Velocity structure of the bottom surface of the concrete bridge. The positions of the
transducers are indicated by circle and the examined wave paths by dashed lines.

The transit times of the individual paths, along with the sensor positions were supplied to a
suitable tomography program [18]. This way the visualization of the velocity structure was
obtained and the information of which parts of the surface area exhibit lower velocity than others
was obtained as shown in Fig. 4. From this figure, considerable discrepancies of the wave
velocity were found within the area of 9 m?. Specifically, a zone approximately in the center of
the selected area exhibited velocities close 2500 m/s, while other areas had velocity higher than
4000 m/s. Presumably there is a certain defect in this area although the cause inducing the AE
activity has yet to be identified. Concrete cracks, delaminations of different layers (e.g. asphalt
on concrete) or friction between the tendon ducts and matrix concrete are possible origin
contributing to the AE observed. Follow-up investigations focusing on this weak area will clarify
the source. This sequential investigation started with AE activity followed by detailed
measurements of ultrasonic velocity is useful in characterizing the quality of large-scale concrete
structures.

Conclusions

In this paper, the suitability of acoustic emission to monitor large concrete structures is
presented. The AE technique was initially used to select the most deteriorated area based on the
number of AE events and the values of quantification indices like the calm ratio and Ib-value.
The subsequently conducted ultrasonic examination exhibited very low velocities confirming
that the area indicated by AE activity was actually deteriorated. This shows the potential of AE
testing as a global monitoring for examination of large volumes using a limited number of
sensors. Even if AE indices or parameters cannot be directly correlated with the degree of
damage, they suggest which part of the structure needs further and detailed investigations.
Subsequently, wave velocity measurements were conducted allowing a more general evaluation
through the reported correlations between velocity and concrete quality. It is suggested that the
combination of such stress wave techniques as AE and surface wave examination can assess the
degree of damage of large civil structures that so far has been difficult to attain.
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MAPPING OF WHEEL FLANGE RUBBING ON RAIL USING AE:
LABORATORY TEST
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Abstract

Abnormal contact stresses between wheels and rails can give rise to excessive rail wear and,
in more extreme cases, to rolling contact fatigue (RCF) and gauge corner cracking (GCC). The
independent investigation into the Hatfield train disaster in the UK, whose primary cause was a
rail defect, highlighted the need for improved awareness of the condition of railway rails. This
work is aimed, not specifically at detecting rail cracks, but at monitoring the intensity of contact
between wheel and rail using acoustic emission with a view to making an in-service update of
estimated remanent life.

A test-rig has been built in order to simulate rail-wheel contact, providing for variations in
normal contact force and rolling speed, and allowing the simulation of a range of defects in a
way that would not be possible at full scale. In this paper, wheel flange rubbing on the rail (a
precursor to GCC) has been simulated and monitored using acoustic emission (AE).

A simple analytical model for AE arising from normal wheel contact has been used to locate
parts of the track where a wheel flange is rubbing on the rail. The method works by comparing
AE peaks above normal with natural defects with and without the additional defect of flange
rubbing, calculating a cross-correlation function, whose peakedness is an indication of how well
correlated the defects are with the AE peaks. In all cases, cross-correlations were better when
rubbing was present indicating that flange rubbing can be detected even in the face of natural de-
fects.

Keywords: Rail/wheel interaction, structural integrity monitoring.
Introduction

Fracture of railway rails can have serious consequences [1], and some shallow angle defects
cannot easily be identified even by the most advanced NDT defect detection techniques [2]. Con-
tact stresses are responsible for rail defects and Miller [3] has identified the main factors affect-
ing contact stresses as external load, traction force, and rail-wheel contact area. Contact area and
hence the stress between rail and wheel had been measured as a function of load using ultrasonic
NDT although this has not yet been used to establish the exposure to wear and surface fatigue
under a range of conditions, such as load, speed and surface lubrication [4, 5]. More detailed me-
chanics analyses based on contact stresses (e.g., Ringsberg and Josefson [6]) have established the
conditions for RCF initiation on rail heads.

Acoustic emission monitoring has been applied to a number of contact problems, such as
bearings and defects, and has been found to be sensitive to bearing defects [7] and gear defects
[8] in reciprocating and rotating machineries. Contacts involving curved surfaces lead to particu-
lar issues with durability and, given that contact between a ball bearing and race and between
rails and wheel have some similarities [9], it is reasonable to suppose that AE monitoring can be
used to examine the rail-wheel interaction and perhaps also be sensitive to surface and subsur-
face condition. It has already been claimed that fatigue initiation and propagation in rolling
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contact fatigue (RCF) can be detected using AE, Guo et al. [10]. Equally, it has been found that
ultrasound is not useful for identifying gauge corner cracking in rails and even the eddy current
technique is not able to find all individual rail surface defects [2].

The principle of this work is that AE can be used to determine whether the contact between a
rail and wheel is “normal” or abnormal, abnormalities being defined as rough areas of the rail
surface, out-of-round wheels, poor flange conformity or misshapen rails. Being able to do this
would allow a rail-mounted sensor to be used to count the contact cycles in terms of intensity as
well as number in a way that could not be derived from traffic figures alone, thus supplementing
rail maintenance management systems. In earlier work, Thakkar et al. [11] devised an analytical
model for the particular experimental set-up used, which describes the AE level from normal
rolling using some simple AE propagation coefficients derived from pencil-lead break tests on
the track. This model was used to identify areas on the track where natural surface defects cause
additional AE in a similar way to defect identification in bearings and gear teeth. In this paper, a
parallel set of experiments is reported, using the same track surface condition, but with an eccen-
tricity of the wheel trajectory in relation to the track, so that flange rubbing takes place over a
controlled length of the track.

Experimental Procedure

The test rig (Fig. 1b, c) consisted of a circular track round which a single wheel was driven
using a motor at the centre of the track and a rigid arm, to which the wheel was attached. To ob-
tain a rubbing effect of the wheel flange on the track, the motor shaft was displaced by about 2.4
mm (Fig. 1a) from the centre of the circular track. The variation of contact around the circumfer-
ence was therefore mostly “normal” with an arc, within which the flange comes into contact with
the rail, reaches a maximum contact load and then comes out of contact with the rail.

PAC Micro-80D AE sensors and PAC type 1220A preamplifiers (dual gain 40dB-60dB)
were mounted on one side of the joint in the circular track (Fig. 1b) and connected to an NI 6115
data acquisition board used to collect raw AE data.

(0,0) 1.24 mm

1.95 mm

(a) (1.34,-1.95) (b)

Fig. 1: (a) Motor shaft displacement, (b) Sensor positions on rail, (c) Wheel flange rubbing on
rail.

The sensors were mounted on the web of the rail at 0.1 m and 1 m from the joint, the sensor
nearest the joint being used as the trigger sensor and the other to collect the data for processing.
The mounting points were cleaned with sand paper and vacuum grease was used as a couplant
with the sensors being held against the surface using magnetic clamps. Data was acquired at 2.5
MHz, for 5 million samples corresponding to 2-seconds recording time in which the wheel
moves, for a speed of 3.5 ms™, 7 m including the pre-trigger distance (0.14 m), completing more
than a full revolution of the test rig (5.4 m circumference). Four different wheel speeds (1 ms™,
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1.5ms™ 3 ms™ and 3.5 ms™) were used and four different contact loads (4 kg, 5 kg, 6 kg and 6.5
kg) were applied. Five records were taken for every wheel speed and load giving a total 80 re-
cords under 16 different conditions. The track was made from 50 mmx6.25 mm profiled mild
steel bar cold bent into the circular shape and joined by a simulated fish plate with a 3 mm gap.
The wheel was of cylindrical shape of diameter 90 mm with a flange on the inner edge and was
mounted on two rolling element bearings (Fig. 1c).

A dial gauge was mounted on the supporting arm (Fig. 2a) to measure the position of the rail
relative to the motor shaft after displacement (Fig. 1a) and measurements of the radial distance
between the rail and the arm tip taken at regular intervals around the track circumference. The
actual fitted (through measured points) and nominal circles are shown to scale in Fig. 2b, the
nominal circle being the one, which assumes the design radius of 850 mm and a centre at (0,0).
Figure 2c shows the same data with the radial coordinate amplified by subtracting 840 mm from
each radial value, and shows the flange contact zone, which corresponds to distances of 1.4 to
2.4 metres from the joint.
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Fig. 2. (a) Dial gauge on supporting arm, and measured points and fitted and nominal circles, (b)
at full scale and (c) with amplified radial scale

Results and analysis

A simple attenuation model has been developed [11], which treats the wheel as a moving
source generating AE energy, Eo. The energy, E;, recorded at a fixed sensor at a circumferential
position X; or X; relative to the wheel for the wheel approaching and travelling away from the
sensor is given by equations 1 and 2, respectively:

Et — Eoe—kxl + REoefk((cfxl)*'CZ)_l_ REOe—k(Cl—(Cz‘XD*'(Q—Cz)) +TEoe‘k(01—X1) +TEOe—k(°1+X1) (l)

Et — Eoe*kxz + REOe*k(Xz+Cz+Cz) + REoe*k(le(Cz+Xz)+(0rCz)) +TEOe*k(Cer) +TEOe*k(01+Xz)
)

The model considers various paths from the wheel to the sensor. The attenuation coefficient
(k = -0.57 dB/m), reflection coefficient (R = 48%) and transmission coefficient (T = 25%) were
measured using separate pencil-lead break tests with a four-sensor array, leaving a single un-
known (Ep), which can be varied to produce a best-fit level of the model. Comparing the circum-
ferential variation in AE with the best-fit model allows the identification of areas where there is
an indication of abnormal contact. Figure 3 shows five independent measurements of the rms
averaged AE (averaging time 0.01 s) along with the fitted normal contact curves for one example
of a wheel velocity of 3.5 ms™ and a preload of 4 kg. As can be seen, the signal is significantly
and consistently above the model fit in the flange rubbing zone, highlighted by black fill, be-
tween D1 and D2.
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Fig. 3: Measured rms AE at a wheel speed of 3.5 m/s. ——rms AE; — analytical model.

The dashed lines marked with “J” are the positions where the wheel passes over the joint and
here spikes are evident due to wheel impact on the joint. The location of the joint in the AE re-
cord is an important part of the curve-fitting process as it allows the discontinuity between Eq. 1
and Eq. 2 to be identified. At the example wheel speed of 3.5 ms™, the wheel arrives twice at the
sensor during each record.

In the earlier work [11], the natural defects on the surface of the rail were measured and Fig.
4 shows their intensity, measured as the total length of defect per 0.1-m length of track alongside
the rms AE above background noise again averaged per 0.1-m length of track for each of the five
records at the example condition of 3.5-ms™ wheel speed and 4-kg load. Figure 5 shows the cor-
responding autocorrelation function for each of the five records with their corresponding kurtosis
values, ranging from 1.9 to 2.07. Figure 6 shows the defect intensity distribution with flange
rubbing added, along with the corresponding AE signal above normal rolling. Figure 7
shows the cross-correlations for the flange-rubbing case along with the corresponding
values of kurtosis (1.66 to 1.88) for comparison with Fig. 5, again for the example condi-
tion. As can be seen, the kurtosis is improved over the case without flange rubbing.

Applying the same approach to the remaining speeds at a 4-kg load yields similar results, and
Fig. 8 shows the averaged value of kurtosis for the five records at each condition. It is clear that
the average kurtosis is always smaller with flange rubbing, indicating a more peaked cross-
correlation function, although the difference is more marked at the lowest speed, where the kur-
tosis is generally higher, indicating generally poorer cross-correlation. It is suspected that the
poor correlation for low speeds is partly due to the fact that a complete revolution is not acquired
in the low-speed records and, more importantly, to the fact that the sensitivity to natural defects
is low at low speeds; this is also the case for low loads. Whereas the effect of speed and load on
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sensitivity to natural defects is a matter for future investigation, it appears at present that the sen-
sitivity to flange rubbing is not affected as much by the experimental conditions.
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Kurtosis

3: K‘urtosis without flange rubbing Conclusions
25 )/ Kurosls with flange rubbing Using a simple model of AE for normal roll-
o | \ ing and correlating the AE signal above the
1% | model value with a measure of defect intensity
7 | per unit length of track, the following conclu-

sions can be drawn.

% 1 1. The signal-above-normal-rolling can be corre-
08 ° m - m ° lated with the intensity of natural defects and
Condition flange rubbing can be treated as defect of unit

Fig. 8: Kurtosis with and without flange intensity.

rubbing for all wheel speeds at 4-kg load. 2. The correlation is improved when flange rub-
(Conditions 1-4, 1 ms™, 1.5 ms™, 3 ms™ and bing is present and the correlations persist for
3.5 ms™, respectively) flange rubbing under conditions where it is poor

for natural defects.

3. The effect of experimental conditions (speed and load) on defect sensitivity is matter for fu-
ture investigation.
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Abstract

This paper surveys how AE techniques have been utilized to study and monitor stress corrosion cracking (SCC)
by reviewing both the literature and experimental data at Aoyama Gakuin University for the past 35 years. The au-
thor started AE research in 1984, expecting that “‘the source analysis technique of AE will be powerful tool to study
the SCC mechanism”; in particular, “‘whether the SCC is caused by active path corrosion (APC) or by a mutual ac-
tion of corrosion and mechanical fracture”. This paper deals with APC-SCC of Type-304 steel by chloride, fluoride
solutions and polythionic acid, carbon steels by hot nitrite solutions and brass by ammonia, but not the delayed frac-
ture of high-strength steels, which produce vigorous AE due to hydrogen cracking.

We have studied SCC mechanisms using AE systems developed in-house and a corrosion potential fluctuation
technique. No AE from transglanular (TG)-SCC of Type-304 steel in concentrated hot chloride solution was de-
tected and this strongly suggests that the TG-SCC is caused by the APC. The progression of chloride TG-SCC yields
no primary AE, but we can monitor secondary AE from hydrogen gas evolution and fractures of the rust produced in
SCC. In contrast, intergranular (IG)-SCC of sensitized Type-304 steels by dilute fluoride-chloride solutions and
polythionic acid solutions emit primary AE due to fast fracture. We also observed falling-off of grains by the grain
boundary separation along with AE. Here, AE is produced by mechanical separation of the grain boundaries at-
tacked by advancing corrosion. IG-SCC of carbon steel by hot nitrite and brass by ammonia produced strong AE.
However, it is difficult to separate AE by the fracture of thick passivation films from the primary AE by the grain
boundary separation. Finally, the author discusses what have remained as the future problems in understanding the
APC-SCC.

Introduction

SCC of austenitic stainless steels had been important problems since they were used as the corrosion resistant ma-
terial after the Second World War. SCC of Type-304 and -316 steels by chloride-bearing solutions as well by high-
temperature water are serious problems in chemical and nuclear plants. SCC is well-known to be caused by mutual
action of material, environment and stress. Electrochemical reaction plays an important role determining the propaga-
tion rates of the SCC.

The author started as a corrosion researcher, studying the chloride SCC of Type-304 steel during the 1970s, and
came in the field of AE research in 1984. My motivation to the AE research was “‘the source wave analysis technique
will be a powerful tool to study the SCC mechanism”. It is remembered that the source analysis technique had been
actively developed in the 1980s. In the field of corrosion, there was a hot argument on “whether the SCC is caused by
the anodic dissolution or by the mutual action of dissolution and mechanical fracture”. There was, however, no ex-
perimental data to demonstrate either of these hypotheses. My expectation to the AE method was “AE can clearly
reveal whether discontinuous brittle fracture is involved in the APC-SCC and if so, we can study the source dynam-
ics”. In spite of intensive studies, we could not detect AE signals from transgranular (TG)-type SCC of non-sensitized
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Type-304 steel in concentrated hot chloride solution. No AE, however, gave us important information on the mecha-
nism of the TG-SCC.

In the first portion of this paper, the author briefly introduces the APC-SCC and what had been discovered in the
1960s and 70s based on the literature survey, and discusses whether the mechanical fracture in involved in the chlo-
ride SCC of Type-304 steel based on our data. We are recently using a hybrid technique of AE and corrosion poten-
tial fluctuation (CPF), and found some interesting information on the AE mechanism of intergranular (IG)-SCC.
The IG-SCC of sensitized Type-304 steel in dilute fluoride and polythionic acid solutions emits primary AE due to
the grain boundary separation. The author discusses ‘“‘How primarily AE is produced and what are the primarily and
secondary AE?”

Difficulty of AE techniques arises when we study the SCC of carbon steel in hot nitrite and brass in ammonia.
These materials produce thick oxide films and the fracture of the thick films produces vigorous AE. Such AE cannot
be separated from those by the grain boundary separation.

The author discusses only the APC-SCC and does not discuss the delayed fracture (hydrogen embitterment) of
high-strength steels, which produces strong AE signals. He, however, has to discuss the role of hydrogen in the APC-
SCC as needed and will briefly discuss what remain as future problems.

‘What Is the APC-SCC and What Had Been Discovered?

Naming of “‘Stress Corrosion Cracking” appears to give confusion to field engineers, who are not familiar with
SCC. Some textbooks include the delayed fracture in the category of “SCC”. Field engineers consider that the SCC
produces AE, since it is “‘cracking”. It SCC is produced by the corrosion along active path (APC), it does not pro-
duce primary AE or AE signal. Joseph Kaiser called the SCC as “‘Stress Corrosion” in the 1950s [1]. This naming
appears to be correct, since the SCC is mostly controlled by the corrosion originated and accelerated by stress.

Typical APC-SCC of Type-304 steel in chloride bearing solutions is TG-type. The SCC by high-temperature
light water in BWR nuclear power plants is also the APC-SCC [2], but IG-type. The IG-SCC is also caused by dilute
fluoride and tetra-thionic (H»S4Og) solutions at room temperature [3], and produces tremendous falling-off of grains
by the grain boundary separation. The APC-SCC occurs at noble corrosion potentials, in which fast anodic dissolu-
tion of metal can take place, while the delayed fracture occurs in the active potential range where a reduction reaction
of proton takes place. Thus, it is important to know the corrosion potential to determine whether hydrogen is associ-
ated in the APC-SCC and to estimate the corrosion rate.

The APC-SCC occurs when a passivation film (oxy-hydroxide film) protects the base metal from general corro-
sion. Then, the base metal suffers a rapid anodic dissolution when the passivation film is locally broken by stress. An-
odic current density of base metal without the passivation film reaches 1 A/c’, which corresponds to the crack ve-
locity of 1 pum/s. A plate of 1 cm thickness is completely destroyed in only 3 hours. It is reminded that the crack ve-
locity by the APC is quiet fast.

The Faradic reaction has been considered in SCC mechanism for a long time. In this model, electrons produced
by anodic dissolution (M —M 7+ Z¢) are consumed by the reduction reaction of dissolved oxygen (O, +2H,O +
4¢ — 40H and 4H" +O,+ 4¢ — 2H,0) and/or the reduction reaction of protons (2H" + 2¢' — H; ). Indeed, we
can observe continuous evolution of hydrogen gas bubbles from SCC in concentrated chloride solutions. The pH in
SCC is generally lower than 2 due to hydrolysis reaction of metallic chlorides. The cathodic reaction in the progress-
ing SCC becomes the proton reduction. Thus, hydrogen cannot be ignored even in the APC-SCC.

Recently, non-Faradic reaction model can successfully explain the fluctuation of corrosion potential (CPF) in the
APC-SCC [4]. In the non-Faradic model (see Fig. 1), electrons produced by the anodic reaction were once charged in
a condenser (Helmhortz double layer), and gradually consumed by the reduction reaction of dissolved oxygen and
cause so-called RD-type fluctuation. Here, the RD-type CPF means that the corrosion potential rapidly shifts to active
direction and gradually recovers to original noble potential. The rapid shift to active direction implies a rapid increase
of anodic current due to the film fracture. When proton reduction reaction occurs in the SCC, we cannot detect the
RD-type CPF. This technique is now becoming a powerful tool to monitor the early stage of the APC-SCC.
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It is noted that there are two
types of the passivation films. One
is a selfpassivation film, which is
produced by reaction with water in
air, and another a thick oxide film
produced by oxidation reaction with
special solutions. The former in
austenitic stainless steels is a very
thin film of less than 1 nm. The lat-
ter are often called as the precipita-
tion-type oxide film and de-alloyed
layer in binary alloys, and generally
thickens (few tens to hundreds pm)
and brittle. Typical examples are the
tamish film (CuyO) on brass in
ammonia, and magnetite film
(Fe304) on carbon steel in hot ni-
trate solution. We often detect AE
from the fracture of these films, but
cannot monitor the AE from the
fracture of the self-passivation film.

A research group on the SCC
of binary alloy claimed that the fast
SCC velocity (3x10° mys) of brass
cannot be explained by the APC
[5]. They used AE technique for
studying SCC mechanism. New-
man’s group [6] first discussed tim-
ings of AE and fluctuation of an-
odic current as shown in Fig. 2.
Their research is highly regarded as
the first one for the CPF. It is im-

Advances in Acoustic Emission - 2007

0, H* cCF
02 H* CI

2 o, cl
H%)ubble H* |
o M [ 0, + 2H,0 + 4e- — 40H-

Passivation film

Secondary AE source:
1) Rust fracture
2) Hydrogen gas

M— M%<+ Ze
along {111} and {100} planes

2H* +2e- — H,

Fig. 1 Non-Faradic electrochemical model for TG-SCC of Type-304 steel in
chloride solution and AE source.

»
®

301
201 l

0 A

I

il I

§
]
1
]

u
~

T, pA  AE AMPLITUDE ,d8
o i
O S 0

5 3.3

E 3 ‘ i A A 1 1 . |
> 10 20 30 40 50 60
TIME, s

Fig. 2 Timing of AE and current fluctuation at zero potential of brass in
a 1 mol/l NaNO; solution. [6]

portant, however, to separate AE into the primary and secondary AE, based on the waveform analysis. The primarily
AE makes an important contribution to study SCC mechanism. The secondary AE include AE from gas bubbles,
fracture of thick passivation films and oxides in SCC. The secondary AE is often used to detect SCC in process
plants [7]. The primary AE is, in this paper, defined as the AE, which directly relates to the crack propagation veloc-

ity.

Chloride SCC in the 1960’s and 70’s were studied using a boiling 42 mass% MgCl, solution (146°C in the U.S.
and 145°C in Japan as standard solutions by NACE and JIS) and made the AE monitoring difficult, due to boiling
noise. Okada [8] first studied AE from APC-SCC in a boiling 42% MgClL solution in 1974, and reported no AE
from the APC-SCC, but AE from delayed fracture. For the last 20 years, this solution has been scarcely used in Ja-
pan. When we use a dilute (but still concentrated compared to the sea water) and non-boiling MgCl, solution such as
30% MgCl, solution at 90°C, we can detect clear RD-type CPF and sometimes AE, without being disturbed by

Noise.
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Role of Passivation Film in SCC

Mechanical behavior of the self-passivation and
precipitation-type film is important for discussing the
SCC mechanism and susceptibility. The author esti-
mated the mechanical characteristics of these films by
studying the threshold stress criteria of the chloride
SCC of Type-304 steel pipes and nitrate SCC of low
carbon steels [9-11]. The hot nitrate solution produces
thick magnetite film. Threshold stress criteria are com-
pared in principal stress diagrams (Fig. 3). Threshold
stress of Type-304 steel is arranged by the equivalent
stress of the Von-Misses shear strain energy, which is
valid for ductile materials, while the SCC criterion of
the carbon steel is by the maximum principal stress.

Left locus of Fig. 3 implies that the passivation
film on the Type-304 steel is ductile and SCC is caused
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Fig. 3 Threshold stress locus of chloride SCC of Type-
304 in boiling 42% MgCl, solution (the left) and nitrate
SCC of carbon steel in (60% Ca(NOs), + 3%
NH;NO, ) solution at 100°C.

by break-down of the self-passivation film. In contrast,
the precipitation-type film (right locus) is brittle and
fractures by the principal tensile stress. Ammonia-SCC
of brass obeys the maximum principal stress criteria.
Figure 4 shows surface photographs of carbon steel
and brass after tensile loading with (bottom) and with-
out (top) precipitation-type film. With no film, wavy
slip lines for carbon steel and cross slips for brass were
observed. These occur in the direction of the maximum
shear stress or 45° to the loading direction (horizontal
direction of the photos). For the metals with precipita-
tion-type film, we observed IG cracks along the steel
grain boundaries (left bottom) and fine TG cracks
within grains of the brass. Fracture of these films pro-
duces AE since the films are thick and brittle. Figure 5
shows step-wise elongation and AE timing (V) of car-
bon steel with and without the precipitation-film in
silicone oil at 100°C. We detected AE at the timing of the film rupture, which occurs at step-wise elongation due to
the serration. These AE signals are regarded as the secondary AE, not the primary AE due to corrosion reactions.

In case of chloride SCC of Type-304 steel, we observed very clear slip lines in the direction of maximum shear stress,
but detected no AE from the film fracture. Figure 6 shows initiation of chloride SCC in Type-304 pipe subjected to
torsional loading [11]. Shear stresses are acting both in the vertical and horizontal directions. It can be seen that slip
lines are attacked and appear as parallel black lines. We can see corrosion pits along slip steps. Pickering [12] pro-
posed an initiation model of chloride SCC as shown in Fig. 7. His model suggests that the corrosion pits were con-
nected by ductile fracture, indicating a mutual action of corrosion and mechanical fracture. However, our observation
in the boiling MgCl, solution (Fig. 6) did not catch the progression of corrosion pits. The corrosion pits stop their
growth. In these photos, SCC is observed along grain boundary (a) and as slant black bold lines (b and ¢). They
propagate from the grain boundary into neighboring grains in the direction normal to the maximum principal tensile
stress.

Carbon steel Brass

8, With film B With tarnish fi

Fig. 4 Surface photos of carbon steel and brass without
(the upper) and with the precipitation type thick films.
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sional loading.

Both the sensitized and non-sensitized Type-304 steels suffer TG-SCC in concentrated chloride solutions. How-
ever, TG-SCC changed to IG-SCC when torsional loading was applied [10]. Figure 8 is the fracture surface showing
both TG and IG cracks in non-sensitized Type-304 pipe subjected to the torsional loading. Both TG cleavage cracks
with river-patterns and IG cracks with smooth grain boundaries were observed. It should be, however, noted that the
smooth grain boundary has some irregular protuberance like extrusions. These are considered to be the source of the
primarily AE in the IG-SCC.

AE From Chloride SCC

We have repeated many SCC tests of non-sensitized Type-304 steel in 35%-MgCl, solution at 90°C (no boil-
ing), but could not detect any AE signal from TG-SCC even with 80-dB amplification [13]. This lack of AE obser-
vation suggests that the TG-SCC of Type-304 steel in chloride solutions is caused by APC mechanism of entirely
chemical nature, and no cleavage fracture is associated with the TG-SCC.

Using sensitized Type-304 plates in 1999, we detected a few and weak Lamb AE signals before the final frac-
ture. We next monitored both the AE and CPF from sensitized Type-304 thin plates in non-boiling solutions [13].
As shown in Fig. 9, AE signals were detected when large and frequent RD-type CPFs in Zones Il and III. Detail
analyses of AE and CPF in Fig. 10 showed that the potential shifted to active direction a few seconds after the timing
of AE observations (V). These AE signals were generated by fast cracks with source rise time of 0.7~1 ps. This
source parameter was estimated by the waveform matching of the So-mode Lamb waves. This finding strongly
suggests the mechanical separation of grain boundary. We again detected both the RD-type CPF and cylinder wave
AE signals during an early stage of IG-SCC in the HAZ of butt-welded Type-304 pipes, as shown in Fig. 11.
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Fig. 10 Timing of AE (triangles) and RD-type CPF (left). Waveform matching of the So-mode Lamb wave for
source analysis (right).

Figure 12 shows falling-off of grains from the surface of the HAZ [14]. The grain boundary separation is the
only AE source since AE monitoring was performed during SCC initiation, during which there is no hydrogen gas
evolution or rust fracture. It is noted, however, that the timing of AE and CPF in Figs. 10 and 11 is not same; i.e., al-
most the same timing in Fig, 10 and late AE in Fig. 11. This is probably because the sources for the AE and CPF are
different. The solution temperature and stress levels were also different. In order to differentiate and clarify micro-
scopic fracture mechanisms, accurate source location of AE and CPF is needed and this is a future challenge.

419



ICAE-6 Advances in Acoustic Emission - 2007

AE timing
5 _ |
2 S
= < E.C.49-50
< 2
¢ 1 g o0t
>
£ z
2 | 8 340
c E.C.: Event Count of 5
E AE s
055 1033 1615 1616 1817
Time, ks Time, ks

Fig. 11 Timing of AE and RD-type CFP from IG-SCC of Type-304 pipe weld in 35% MgCl, solution.
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Fig. 12 Top- (a,b) and side- (c,d) surface SEM of IG-SCC of 304 pipe weld in MgCl, solution.
AE from IG-SCC by Fluoride and Tetra-thionic Acid

IG-SCC of sensitized Type-304 steel in tetra-thionic acid (H,S4Osat pH=2) and fluoride solution [15] produce
strong AE signals. Tetra-thionic acid (H,S4Og) is readily produced by the reaction of FeS with water, and is the most
detrimental for sensitized Type 304 steel. Fluoride solutions are also detrimental for sensitized stainless steel, more so
than the chloride solutions [15]. Either of them causes typical IG-SCC and produces strong AE at room temperature.

We monitored bulk-wave AE from IG-SCC using a CT specimens in 1993 [3]. In the early 1990s, we
established a combined AE detection-analysis system (called ADAS) of source location, source simulation and
moment tensor analyses [16]. Figure 13 shows the AE monitoring system with 8 sensors. Seven sensors (#1 to #7,
PAC, PICO) were for the source location and moment tensor analyses. Sensor #8 (displacement-type sensor,
Dunegan S9208) measured the out-of-plane displacement of the bulk waves utilized for source dynamics study.
Concentration of these solutions was as low of 1000 ppm. Figure 14 shows AE timing during a CERT (constant
extension-rate test) of the CT specimen at room temperature.
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Fig. 13 AE monitoring from IG-SCC of a CT speci-
men for source wave analysis. L

Fig. 14 AE timing during CERT of the CT specimen
in fluoride and tetra-thionic solution at room tempera-
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Crack velocity =8.2—44 mys. Fig. 16 1G-SCC with falling-off of grains by fluoride
(left) and tetra-thionic acid (right) solution at room
temperature.

Room temperature test is quite suitable to AE monitoring. We detected a number of AE signals, at around the
general yielding (loading was stopped at this point). Using the moment tensor analysis, AE signals from Mode-I
(crack-opening) AE signals with tensile ratio higher than 80% were shown by solid triangles. Source parameters of
AE signals from the fluoride-SCC are shown in Fig. 15. Here, the parameters were obtained by waveform matching
of the P-waves using the theoretical Green’s function of the second kind. SCC velocities were estimated to be from 8
to 44 mv/s. SCC velocity by tetra-thionic acid was also estimated as 10 to 36 m/s. Crack size, estimated by assuming a
crack opening of 1 pm, was less than 20 um. Another SCC experiment using plate specimens relying on the analysis
of the So-Lamb waves showed the fracture velocities from 7 to 30 m/s.

In the IG-SCC due to tetra-thionic acid and fluoride solutions, an especially noteworthy feature is the frequent
falling-off of the grains as shown in Fig, 16. This is less prominent in chloride solutions, but is produced very fre-
quently by the co-existence of trace of fluorine (100 ppm) and chlorine (1000 ppm) ions. Fluorine ions strongly ac-
celerate the grain boundary separation and chlorine ions promote pitting. The ASTM recognized the harmfulness of
fluorine ions to environmental SCC from early 1980s, but this has been obscure in Japan.
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Crack Velocity of Grain Boundary Separation and Delayed Fracture

Comparison of micro-crack velocities in the IG-SCC and delayed fracture of high-strength steels often supplies
us with important information on the mechanism of the cracks. The maximum velocity (approximately 40 my/s) of
the grain boundary separation in the IG-SCC of meta-stable, sensitized Type-304 steel coincides with the lowest ve-
locity of the delayed fracture of high strength steels [17]. Thus, there is a possibility of delayed micro-fracture of the
strain-induced martensite and the chromium depleted zone in the tetra-thionic acid solution (pH=2) , but the delayed
fracture is almost impossible in neutral fluoride solution.

Carpenter et al. [18] reported AE from grain boundary separation for the sensitized Type-304 steel subjected to
simultaneous plastic deformation and hydrogen charging. In that system, AE was attributed to grain boundary sepa-
ration due to hydrogen embrittlement. Accurate source location with a pm-precision enables a detailed study of the
grain boundary separation mechanisms, but it is out of the current AE technology.

Intergranular Corrosion ahead of IG-SCC

We are studying how far the intergranular corrosion progressed ahead of the crack tip. This is a serious issue in
sizing of IG-SCC in nuclear power plants. Figure 17 shows the stress-strain curve with AE timing during ambient
bending of the specimen pre-exposed to the polythionic IG-SCC induced at tensile strain of 1.4%. The specimen was
washed after the SCC pre-exposure and thoroughly dried. We detected strong Mode-I AE signals (V) during a
subsequent 3-point bending in air. Figure 18 shows SEM of IG-SCC at 1.6% strain. We observed IG-SCC with
crack tips surrounded by two red ellipses at 1.4% (the strain, at which SCC test was done). After applying 1.6%
strain, grain boundary separation becomes apparent as shown by white arrows . This strongly indicates that the grain
boundaries ahead of IG-SCC had been attacked by advancing corrosion. Here, the active path is assumed as the Cr-
depleted zone and/or strain-induced martensite existing at the grain boundary.

Source Model of AE in IG-SCC of Sensitized Type-304

The author prepared two schematic drawings for feasible models of AE sources in IG-SCC. These models are
constructed based on the grain boundary attack by advancing corrosion. Figure 19 represents the AE sources for the
IG-SCC by fluoride and polythionic acid solutions, and Fig. 20 for the IG-SCC by concentrated chloride solutions.
As shown by symbols €/, mechanical separation occurs in limited portions of the grain boundary. The separated
portions correspond to the grain boundaries not corroded previously. Their fraction is large for IG-SCC by fluoride
and polythionic acid solutions, but small for IG-SCC by concentrated chloride solutions. This is because the chloride
solution attacks only the grain boundary with large misorientations of {111} planes.

Recall the extrusion-like protuberance in Fig. 8. These are supposed to be the intact (non-corroded) portions of
the grain boundary. Cohesion strength of the intact portions is expected to be lower than regular grain boundary. This
may be induced by either stress sorpotion of specific anions [10] or hydrogen embrittlement [ 18].

AE from IG-SCC of Carbon Steel in Hot Nitrate Solution

‘We monitored vigorous Lamb-wave AE and CPF from low-carbon steel plates in non-boiling nitrate solution
(100°C) [19]. Most AE signals detected in noble potential range were diagnosed as the AE by the film fracture due to
the serration (Fig. 5). We also detected a few AE at later stage, during which SCC propagated and potential shifted to
active range. However, these were supposed to be produced by fracture of thick film produced on the sidewall of IG-
SCC, since the estimated crack volume is very small. The IG-SCC of carbon steel does not produce any falling-off
of grains. Stress sorption model was proposed for the IG-SCC in this system [20], but experimental research of this
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Fig. 17 AE detected during bending of dried specimen
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Fig. 18 Extension of polythionic IG-SCC by applying
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Fig. 19 AE source due to the grain boundary separa-  Fig. 20 AE source due to the grain boundary separa-
tion caused by IG-SCC of sensitized Type-304 steel in - tion caused by IG-SCC of sensitized Type-304 steel in
fluoride and polythionic acid solutions. concentrated chloride solution.

model has not been performed so far. AE technique can monitor the progression of the IG-SCC, but appears to be
difficult to study detailed mechanisms.

‘What Remain as Future Problems?

There appears to be no unified mechanism, which can explain the SCC in various combinations of metals and
environment. Followings are unsolved problems and will be future challenge.

1) Why does the different material-environmental combination cause different fracture type of TG and 1G?
What is the active path(s) in the TG-SCC and IG-SCC?

2)  Why does the Type-304 steel suffer TG-SCC in the concentrated chloride solution even if it is sensitized,
where weak grain boundaries should be susceptible to IG-SCC? This needs an advanced understanding of
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grain-boundary chemistry to study the active path.

3) Why does the Type-304 steel suffer TG-SCC in the concentrated chloride solution even if it is sensitized,
where weak grain boundaries should be susceptible to IG-SCC? This needs an advanced understanding of
grain-boundary chemistry to study the active path.

4)  Why is the TG-SCC of 2) partially converted to the IG-SCC under biaxial stress state (role of shear stress
component)? This needs advanced micro-mechano-chemical techniques.

5) Conceming the mechanism, accurate source location of AE and CPF is needed to study the grain-boundary
separation mechanism. How is the grain boundary cohesion strength lowered by what chemical reaction?

Conclusion

Advanced AE techniques can listen to what is happening in the SCC, and can make important contributions to
corrosion research. However, we have to diligently understand what AE techniques can and cannot do.

Both the TG-SCC and IG-SCC of austenitic stainless steels appears to be caused by anodic dissolution along ac-
tive path (APC). A few AE signals from IG-SCC indicate small-size mechanical separation of grain boundary.

The author could not go into the counter-measures to SCC in this article. It is, however, acknowledged that most
SCC of field equipment are caused by the residual tensile stresses induced by welding and material processing, and
can be easily mitigated by converting the tensile residual stresses to compressive stresses.

One hundred years were needed to understand the mechanism of the boiler embrittlement due to caustic SCC.
Sixty years passed since Dr. Joseph Kaiser studied the Stress Corrosion by AE. He could not analyze the waveform,
but we can do this at present. However, we will still need quite an advanced AE system with both extremely high
source location precision and source dynamics capabilities in order to pinpoint SCC mechanisms.
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