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S U M M A R Y .
 Tnis PaPer describes acoustic emission behavior of C-Mn steels, 4130 steel and SA533B
' steels during tensile and fracture toughness tests. Non-metallic inclusions were
*ound to be the primary source of burst-type emission.

R E S U M E • Get article décrit le comportement des emissions acoustiques dans les aciers au C-Mn
ainsi que les aciers 4130 et SA533B au cours d'essai de traction et de fragilité. li
s'avere que les inclusions non-métalliques constituent la source principale des
emission du "burst."

I. INTRODUCTION

Numerous acoustic emission (AE) studies on structural steels have been
reported over the last ten year [1-4]. This is natural, as many practical applica-
tions of AE techniques involve nondestructive evaluation of steel components and
structures. Most of the studies have relied on AE count measurements, which are
valuable in assessing the relative AE behavior, but are difficult to correlate with
underlying physical processes that act as the sources of AE. Consequently, our
knowledge on the origins of AE is still inadequate and is devoid of factual evidence.

Our previous studies emphasized the power density spectrum analysis of AE
signals [3,5-9]. It was found that structural and transducer resonances are dominant
factors in the observed spectra and that relative intensities of different vibration
modes provide an additional means of characterizing the nature of the AE signals. It
appears that multiple transducer arrangements are required for wideband power density
spectrum determination [10,11]. We also found that the amplitude distribution analy-
sis of continuous-type AE signals to follow the Rayleigh distribution, which is known
to describe narrow-band random signals even when a wide frequency range (e.g. 30 to
2000 kHz) is employed [12]. In the same study, we evaluated the effect of peak dis-
tribution on the resultant amplitude distribution of AE counts arising from burst-type
signals [12].

In the present study, these techniques have been applied to the analysis of
AE signals recorded during tensile and fracture toughness testing of three structural
steels. These include 1) C-Mn steels with three levels of S (0.006% to 0.027%), 2) an
AISI 4130 steel with five different heat treatments, and 3) SA533B steel plates and
weldment. Results indicate that non-metallic inclusions are the primary origin of
burst-type AE signals in these steels.

II. MATERIALS

The C-Mn steel tensile specimens (round, one-half size ASTM; 6mm o.uge
diameter by 40mm gauge length) were machined from three 25mm thick hot-rolled plates.
These steels have ferritic-pearlitic microstructures and no further heat treatment was
given. Specimens of longitudinal and transverse directions were taken at the mid-
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thickness, and those of thickness direction were machined after friction welding of
16mm diameter rods to the both surfaces of a plate. The latter had 5mm gauge diameter
and 19mm gauge length. Except for the S content, the chemical composition of the
three plates were nearly identical as follows: C 0.15-0.17%, Mn 1.29-1.42%,
Si 0.35-0.37%, P 0.015-0.027%, Aí, 0.032-0.045%. The S content of the low S plate
was 0.006;., whereas those of medium S and high S plates were 0.020% and 0.027%,
respectively. The yield and tensile strengths of these steels showed little direction-
ality or S dependence and were 31.4-36.8 kg/mm2*51.9-55.7 kg/mm2, respectively. How-
ever, the elongation and reduction in area of the thickness direction specimens were
reduced by a factor of two to three with increasing S from 0.006 to 0.027%. These
specimens were generously supplied by Nippon Kokan K. K., Kawasaki, Japan.

The half-size ASTM sheet tensile specimens (6.3mm gauge width, 32mm gauge
length) of an AISI 4130 (1 Cr-0.3Mo-0.3C) steel were prepared from 1mm thick sheets,
cold-rolled from a 10mm thick starting stock. Five different heat treatments employed
were as follow; Normalizing (870°C 1 hr, air cool), Furnace Cooling(870°C 1 hr),
Quench and Temper (870°C 1 hr, water quench plus 430°C or 650°C 1 hr), and Spheroidi-
zation Annealing (750°C, 1 hr plus 680°C, 17 hr).

Two heats of SA-533 grade B, Class 1 steel plates and a section of submerged-
arc weldment of the same steel were supplied by Electric Power Research Institute
(EPRI), Palo Alto, Calif. Steel plates (EPRI Codes: EAB and CEB) were 21 cm and 27
cm thick , respectively, while the weldment (CGS) was 18 cm thick. Chemical analyses
of principal elements are given below [13,14].
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Round tensile specimens (6.3mm diameter, 32mm gauge length; transverse direction) and
compact tension fracture toughness specimens (ASTM E399, 2.54 cm thickness) were
machined from the quarter-thick sections of the plates (the L-T orientation; crack
plane normal parallel to the transverse direction), or from the quarter to mid-thick
section of the weldment. The nil-ductility temperature of the three materials were
-18°C (EAB), -10°C (CEB) and -57°C (CGS), respectively [13,14].

III. EXPERIMENTAL PROCEDURES

All the mechanical tests were performed using a floor model Instron. Tensile
specimens were tested at 23°C using nominal strain rate of 3-7xlO"Vsec (10"3/sec for
friction welded specimens because of reduced gauge length). Fracture toughness tests
also utilized a constant cross-head speed of 0.021mm/sec. Fracture toughness tests
were conducted at 23°C as well as at lower test temperatures of -15°C and -35°C.
Compact tension specimens were fatigue precracked using a final cyclic load of 18 KN.
The length of the fatigue crack was 2.5mm, which required a total of 50 to 80,000
cycles.

AE characteristics evaluated were AE counts and their dependence on threshold
voltage, the waveform and frequency spectrum of AE signals, and the rms voltages. In
most tests, two transducers, one resonant type and the other broad band type, were
attached to a specimen. Results with a broadband transducer based on a 3 MHz compres-
sional-mode PZT-5 element (6.3mm diameter) will be described below for the tensile
testing of the C-Mn and 4130 steels. A resonant type transducer (Model AC 175L,
Acoustic Emission Technology (AET) Corp., Sacramento, Calif; nominal resonant frequen-
cy of 175 kHz) was used for the SA 533 B steel data reported here (3 MHz congressional -
and shear-mode PZT-5 transducers were also used for spectrum analysis study). Pream-
plifiers (Model 160, AET Corp.) with 30-2000 kHz or 125-250 kHz filter plug-ins were
employed. The input noise levels were 3.2 yV and 1.2 yV, respectively. AE count and
rms voltage measurements dmpioyed a signal processor (Model 201, AET Corp.), supple-
mented by rms voltmeter 'Model 3400A, Hewlett-Packard). Data recording utilized a
Bell-Howell VR 3700A instrumentation recorder (FM mode, 0-500 kHz)and a Sony AV 3650
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video-tape recorder (modified by AET Corp. for AE signal recording). Power density
spectrum of a short duration (1 to IP ms. typically 5 ms) signal was determined by
obtaining the auto-correlation function and taking its Fourier transform, as
described previously [5-9].

AE transducers were attached using viscous resin to the ends of a round
tensile specimen or to the broad section just outside the gauge section of a sheet
tensile specimen. Transducers were rigidly bonded to the top or bottom faces of a
comppct tension specimen with Aron Alfa. The coupling characteristics of the trans-
ducers were measured by an ultrasound transmission technique. The ratio of received
signal voltage to transmitted one remained essentially unchanged for the temperature
range employed, (However, the present bonding method is unsuitable below -40°C).

IV. RESULTS AND DISCUSSION

IV. 1. C-Mn and 4130 steels

Observed AE behavior during the tensile tests of C-Mn steels in the longitu-
dinal or transverse direction was similar to the well known AE characteristics of a
mild steel; i.e. AE activities are significant only during the Lüders band extension
or the initial yielding and are very low during the subsequent work-hardening stage.
A typical example is shown in Fig. 1. Here, the rms voltage (Vr) vs. time (or plastic
strain) curve of a transverse tensile specimen of the low S steel (Specimen No. 6)
is shown together with the stress-time (strain) curve of the specimen (Note that the
former is displaced by 13 sec on the time scale and that the strain scale refers to
the latter). The levels of Vr were typically less than twice the background. The
observed AE activities in these tests were affacted little by the variation in the S
content. Effect of the orientation between the longitudinal and transverse directions
were found in the shape of the stress-strain curves, but not in the AE characteristics.

The waveform and corresponding frequency spectrum of the signal from Specimen
No. 6 (5.5 msec segment at the time marked by an arrow in Fig. 1) are shown in Figure
2. The continuous emission was always observed in the longitudinal or transverse
samples, as shown here. The frequency spectrum indicates a strong component at 90
kHz, which corresponds to the fundamental resonance of extensional waves in the
reduced gauge section (effective length == 5.8 cm). A weak component centered at 460
kHz corresponds to the radial mode of the transducer, and is only slightly above the
backgroung level. In high S specimen (e.g. the longitudinal direction, Specimen No.
21), the main feature of the waveform again was the continuous type, but a small
number of short burst signals were also observed (see Fig. 3).

The AE characteristics of tensile specimens in the thickness direction are
quite different from those described above. Figures 4 and 5 show the V vs. time
curves as well as the corresponding stress-time (or strain) curves. In addition to
the usual AE activities during the yield elongation, V« indicates continued AE acti-
vities through 5% (a low S specimen, No. 9) to 10% (a nigh S specimen, No. 27) plastic
strain. The second peak of Vr occurs at 1.5% plastic strain. The levels of Vr are
strongly dependent on the S content, reaching the level of almost 5 times the back-
ground in the high S specimen (cf. Fig. 5).

The waveforms and frequency spectra from the peak activity regions (as marked
by arrows in Figs. 4 and 5) are presented in Figs. 6 and 7. In the low S specimen
(No. 9), numerous burst-type signals were found in addition to the continuous AE
signals. As Fig. 6 indicates, these burst signals decay to the level of continuous
signals within 100 to 200 ysec. A radial resonance peak at. 450 kHz was stronger than
the extensional wave resonance peak at 90 kHz. Another peak at 290-300 kHz was also
present. When the S content is increased to 0.027%, the number of burst-type signals
increase significantly as shown in Fig. 7. The amplitude of the burst-type signals
was about twice that observed in the low S specimen and the decay time was increased
to 200 to 400 ysec. Additionally, a group of three or four burst emissions were often
found almost consecutively as marked in Fig. 7. The radial resonance peak was again
the highest, and a few satellite peaks were also present between 440 and 480 kHz.
The extensional wave resonance was observed, but at a reduced intensity.
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All the tensile specimens of 4130 steel were parallel to the rolling direc-
tion and only microstructural effects on AE behavior were examined. When specimens
were furnace cooled or quenched and tempered at 650°C (resulting in spheroidized
pearliteplus ferrite or in spheroidized carbide plus ferrite microstructure), the
level of Vr was raised above the background by 8 to 11% (for the strain rate of
2.7X10~Vsec) during Lüders elongation. Once work hardening started, however, Vr
dropped to the background level. Specimen given spheroidization anneal behaved
similarly except that low levels of AE activities persisted in the early part of work
nardening. Normalized (bainitic) specimens exhibited strong AE activities, which
started at one-half the macroscopic yield stress and reached the maximum at the yield-
ing. The peak Vr level was 50% higher than the background. The AE activities started
to decline with the beginning of work hardening, but persisted throughout the test.
Specimens quenched and tampered at 430°C also showed strong AE activities at the
yielding (tha peak Vr ?e/el three times the background). Declining but persistent AE
activities were observed throughout plastic deformation.

The nature of AE signals in all the 4130 steel specimens was always continuous-
type. No burst-type signal similar to those shown in Figs. 6 and 7 was observed. The
frequency spectra of AE signals indicated that the main peak was always at 40 kHz and
most of spectral power existed below 150 kHz. These appear to result from the vibra-
tional characteristics of a sheet tensile specimen [3].

The C-Mn steels used in this study are derived from a representative 50 kg/
mm2 grade weldable structural steel (JIS Type SM 50). Many studies have been devoted
on its weidability and, in particular, on the susceptibility to lamellar tearing
[15-17]. The latter results from the lack of ductility in the thickness direction,
which in turn is due to the presence of stringer- type MnS inclusions. Typically,
these MnS inclusions are flattened during hot-rolling and have elliptical disc shapes
of 3-10 um long. Naturally, the disc faces are parallel to the rolling plane [16,17].
Decohesion at the inclusion-matrix interfaces due to welding induced thermal strain
has been recognized as the primary origin of lamellar tearing [18, 19]. Decohesion
of typical MnS inclusions requires 1 to 2% strain [17].

It is evident from these findings that the burst-type AE signals observed in
the thickness direction specimens arise from decohesion of MnS inclusions. Facts
supporting this conclusion are: 1) the overall AE activities of the thickness direc-
tion specimens increase with the S content, while those of other directions are
insensitive to the S content, 2) burst-type emission occurs only in the thickness
direction specimens during the initial part of plastic deformation, 3) the decohesion
of the inclusions under stress is expected to release strain energy over a short time
span, producing an AE burst and exciting a different vibrational mode. In comparison,
plastic deformation of ferrite-pearlite or ferrite-carbide mixtures produced only
continuous-type AE signals in both the C-Mn and 4130 steels. Stress states of
inclusions in the deformed matrix were theoretically evaluated by Tanaka and Mori and
others [20,21]. The results indicate that tensile stress exists at the interface when
a disc-type inclusion has its faces normal to the tensile axis, but compressive stress
exists when its faces are parallel to the tensile axis. Consequently, the decohesion
is not expected in the tensile specimens in the longitudinal or transverse directions.

In the cases of ferrite-pearlite or ferrite-carbide mixtures, relative con-
tributions to observed AE activities from dislocation motion in ferrite, from carbide
interface decohesion and from fracture of carbides cannot be assessed at present.
Simultaneous AE-internal friction studies by Sano and others [22,23] as well as
elasticity analysis will be necessary. Persistent AE activities observed throughout
plastic deformation of 4130 steels having tempered martensitic (Q + T at 430°C) or
bainitic (A.C.) structures also require additional work, since carbides appear to play
a significant role [22], It is clear, however, that lamellar carbides or small
carbide particles in these specimens do not produce high amplitude burst-type emission
as shown in Figs. 6 and 7.

VI. 2. SA 533 B Steels

Results of a typical tensile test of SA 533 B steels are shown in Fig. 8.
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Fig. 1. Stress and Vc vs. time for
tensile test of Specimen No. 6
(low S, transverse). Plastic
strain scale also indicated. V
curve displaced by 13 sec.
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Fig. 3. Waveform and its
frequency spectrum.
Specimen No. 21(high
S, longitudinal).

..

• •_••' I I I U

• \ V '

Fig. 4. Stress and Vy vs.
strain. Specimen No. 9
(low S, thickness).

Fig. 5. Stress and Vr vs. Fig. 6. Waveform and its
strain. Specimen No. 27 frequency spectrum,
(high S, thickness). Specimen No. 9.

i^. 7. Waveform and its frequency spec-
trum. Specimen No-27. Three conse-
cutive burst emissions are marked.
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Stress and rms voltage of AE signals are plotted against time (strain) for a specimen
from the EAB plate, tested at 23°C with nominal strain rate of 1.33 x 10'Vsec. AE
activities started to increase at about half the yield stress and reached the peak
level at 85% of the yield stress. The peak level was more or less maintained through
the Lüders elongation, after which AE activities gradually declined. Beyond 10%
plastic strain, little AE activity was observed. The observed AE behavior of tensile
specimens from the CEB plate contained many more spikes in the V,.-strain curves, but
was generally similar to Fig. 8. Specimens from the weldment (CGS) showed somewhat
irregular stress-strain curves after yielding, reflecting non-uniform microstructures
across the multi-pass weld section. AE activities were generally lower than those in
the EAB or CEB specimens. The levels of Vr fluctuated much, but it was clear that AE
activities were generated during the yielding as well as during the initial portion
of work hardening.

Observed waveforms of AE signals were quite varied. Most of large spikes
corresponded to large amplitude burst-type emissions. Continuous-type AE signals
were also present. During the Lüders elongation, numerous short (10-20 yser.) pulses
were found as shown in Fig. 9. This portion corresponds to the arrow mark in Fig. 8,
and may be termed as quasi-continuous.

The microstructures of these specimens consist of tempered bainite and
tempered martensite. Numerous large inclusions were visible with a low power micro-
scope, although quantitative inclusion analysis has not been completed. It appears
that continuous or quasi-continuous emissions originate from the tempered bainitic
or martensitic matrix, whereas burst-type emissions arise from inclusions. The first
contention is based on the results described in Sec. IV. 1, where only continuous
emissions were produced from specimens having similar microstructures. The contention
on the source of burst-type emissions presently lacks a direct proof, but results from
the elimination of other possible sources. Further investigation is in progress.

Observed AE behavior of compact tension specimens of SA 533 B steels was
quite different from the corresponding observations on tensile testing. In Fig. 10,
load and rms voltaqe of AE signals during three typical fracture toughness tests are
plotted as a function of time, which is proportional to cross head displacement.
Figures 10-1 and 10-2 are the plots of EAB specimens, tested at 23°C and -15°C, respec-
tively. Figure 10-3 is that for a CGS specimen, tested at -35°C. In many tests, the
loading capacity limit of the Instron (63 ~ 68 kN) was reached before the tests could
be completed. However, the maximum load was typically higher than Pn as defined by
ASTM E 399. Thus, most of relevant AE data coud be collected.

The room temperature test of an EAB specimen exhibited a gradual increase
in Vr until the load-time (displacement) curve started to deviate from linearity. The
peak value of Vr was about 4 time the background level. Typical waveform of AE
signals for this test is shown in Fig. 11-1. Much of the AE activities can be account-
ed for by the burst-type emissions. When the test temperature was lowered to -15°C,
numerous large spikes were evident in the Vr-time curve (Fig. 10-2). These correspond
to another kind of burst-type emissions as shown in Fig. 11-2. The burst signals in
this condition had larger peak values and decayed several times faster than those at
room temperature. The rate of the burst-type emission was quite high in the middle of
macroscopically elastic portionof the test above the precracking load. In this test,
the number of large spikes was reduced in the load range of 45-55 kN, where smaller
amplitude burst signals (see Fig. 11-1) were also observed. Test results of the EAB
specimens at -35°C and CEB specimens at all three test temperatures were essentially
similar to that of the EAB specimen tested at -15°C. When CGS specimens from weldment
were tested, the large amplitude burst signals (see Fig. 11-2) were observed through-
out the tests. An example is shown in Fig. 10-3 (However, most of the observed spikes
at load below 18 kN are believed to be extraneous).

Amplitude distribution analysis of AE signals was performed by varying the
threshold voltage and obtaining total AE counts over the load range of 24 to 54 kN.
Results for EAB and CGS specimens are shown in Fig. 12. The threshold level of 0 dB
corresponds to 5 yV at the preamplifier input. The EAB test at room temperature
showed the power law relation between total AE counts and threshold voltage above 0 dB
witti the exponent of 2.7. All the tests of CEB and CGS specimens as well as the low
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temperature EAB tests resulted in almost identical amplitude distribution curves; i.e.
smaller power law exponents of 0.7 to 1.2 below the threshold level of 25 dB and
larger exponents above. This latter amplitude distribution exactly coincides with a
calculated amplitude distvibutiin that assumed the Rayleigh-type peak distribution for
burst-type emissions [12]. The match between observed and predicted curves was excel-
lent above a threshold level of 'lO to 15 dB. A dotted line in Fig. 12-2 indicates the
predicted distribution, deviating from the observed one for the -15°C test below 15 dB.
The difference between these two curves can be described again by a power law with the
exponent of 2.5, suggesting the distribution is comprised of two components.

These findings clearly illustrate that two characteristic AE sources are
present in the fracture toughness tests of the three materials. Contributions from
continuous-type emission were negligible. Thus, uniform plastic deformation of the
matrix can be ruled out as a significant AE source. Simflary, models based on the
expansion of plastic zone ahead of a crack-tip [24-26] provide no logical explanation
for the burst-type emissions.

On the basis of fractographic observations, we believe the smaller amplitude
burst-type emissions (Fig. 11-1) to be due to void coalescence occuring in the stretch
zone. The second kind of burst-type emissions that exhibit the Rayleigh peak distri-
bution appears to originate from either decohesion or fracture of inclusions. Fracto-
graphs also indicates the branching of the main crack and very rough fast fracture
surface. Thus, microcracking cannot be ruled out. Evidently, more studies are needed
to establish these as the AE sources.

V. CONCLUSIONS

The present study of AE behavior of several structural steels subjected to
tensile and fracture toughness tests indicates that the decohesion (and/or fracture)
of non-metallic inclusions is one of the important sources of burst-type emissions.
The waveform, amplitude distribution and mode of transducer excitation are suited for
their characterization. Further understanding of the AE generating mechanisms
requires full use of these methods in conjunction with the available means of material
characterization.
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