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Abstract

The acoustic emission (AE) behavior of structural materials during fracture testing was investigated. Slow-bend
tests were performed using heat treated Charpy V-notch samples of A533B steels. From AE measurements and
post-test fractographic analysis, the AE signals associated with various fracture mechanisms were classified on
the basis of peak amplitude. Tear and shear fractures and dimple formation by microvoid coalescence generated
low-amplitude AE events. Quasi-cleavage and cleavage fractures emitted events with a broad range of amplitudes.
Decohesion of MnS inclusions generated AE events with the amplitude distributions of Weibull type. When the
decohesion occurs, AE events from this process mask those from plastic deformation or from tear, shear or
microvoid coalescence; only quasi-cleavage or cleavage fracture can be distinguished by peak amplitudes.
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Introduction

Previous studies have indicated that structural steels exhibit anisotropic acoustic emission (AE) behavior during
deformation and fracture (Ono et al., 1976; Ono and Yamamoto, 1981). Such AE behavior is due to the presence
of nonmetallic inclusions. During tensile and fracture tests, samples of short-transverse orientations {(S- and ST-
orientations in terms of ASTM designation) emitted burst-type AE signals which persisted from the elastic-
loading region to maximum load. The sources of the signals arc the decohesion of elongated MnS inclusions.
Samples of L- and LT-oricntations (longitudinal orientations) produced much lower AE activities essentially
consisting of continuous-type and werc prominent only at general yicld with few burst emissions. These AE
activities were due to plastic deformation. Certain ductile fracture mechanisms also contributed to observed burst-
type AE at higher load levels.

To understand the fracture-induced AE and their origins, three-point bend tests of A533B steel were performed in
this study. Fractographic examination of this steel revealed various fracture processes (Teoh and Ono, 1987).
AE measurements during such tests reveal AE signals with a varicty of peak amplitude distribution
characteristics. In order to correlate fracture mechanisms and the AE signals they emit, interrupted tests were
conducted. Tests at -75 1o +150°C were also conducted. From AE measurcments and post-test fractographic
analysis, the AE signal characicristics associated with cach fracture mechanism were then identified.

Material and Experimental Proccdures
The material used in this study is a low-alloy ASTM A533B class 1 steel of 165 mm thickness. The chemical
composition is C: 0.18, Si: 0.25,.Mn: 1.43, P: 0.013, S: 0.005, Mo: 0.50, Ni: 0.66, Cr: 0.28, Cu: 0.01 (in

wt. %). Standard Charpy V-notch (45°) specimens were employed with or without pre-crack. Two specimen
orientations were sclected: LT and ST. The specimens were given one of three heat treatments: quenched (930°C,
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1 hr, oil-quenched), quenched and tempered (930°C, 1 hr, oil-quenched + 650°C, 24 hr, oil-quenched), and
normalized and tempered (930°C, 1 hr, air-cooled + 650°C, 24 hr, fumnace-cooled).

Most mechanical tests were performed at room temperature on a floor-model Instron testing machine at a constant
crosshead speed of 0.021 mm/s. Test temperature ranged from -75° 10 150°C. The AE parameters evaluated were
cumulative AE event counts, rms voltage and peak amplitude distribution of AE signals. AE measurements were
obtained using a 175 kHz resonant transducer (AET Corp. AC 175L) and a preamplifier (60 dB gain) with 125-
250 kHz filter. The transducer was coupled toone end of the Charpy specimen using wax. For low temperaturc
tests, a stainless steel waveguide was solderedto one end of the specimen and the transducer was kept outside the
cold chamber. A true rms voltmeter (HP 3400A) provided the rms voltage data. AE event count measurements
and peak amplitude distribution analysis wereobtaincd using a microcomputer-based AE instrumentation (AET
Corp. Model 5000) and an amplitude distribution analyzer (AET Corp. Model 203). The input noise level was
1.4 pV at the preamplifier input. The threshold value for both Model 5000 and Model 203 was 15 uV, corres-
ponding to 24 dB (0 dB refers to 1 V). The amplitude level in dB will be referenced to 1 uV. After testing,
unfractured samples were broken by impact at ~196°C 1o reveal the fracture surfaces. The fractured samples were
examined using a Cambridge Stereoscan 2150 scanning electron microscope (SEM) operating at 20 kV.

Results and Discussion
Tear/Shear Mechanisms

The load-time curves for quenched samples in the LT and ST oricntations tested at 23°C are given in Figs. 1a and
1b. The quenched sample in the LT oricntation fractured soon after reaching the maximum load as shown in Fig.
1a. The quenched ST sample fracturcd rightat the maximum load (sce Fig. 1b). Also shown are the rms
voltages of AE signals and the cumulative AE event counts (marked as AE and N, respectively). In both
orientations, the rms voltage plots indicate small increases duc to plastic flow. When the load reached 28 to 29
KN, strong burst emissions were observed. Before this sudden increase, AE cvent counts increased slowly to 80
(LT) or 350 (ST). High AE levels continuedto fracture. Notc that the full scale of the rms voltage was increased
one-hundred fold to 1 mV in this region. Reflecting a greater deflcction to fracture in the LT-oricntation sample,
the total event count was 50 % higher in the LT-sample than in the ST-sample.

The fracture surface of the quenched LT sample showed that crack initiation occurred at machining marks at the
notch root and a well-developed stretch zone extended from the notch root for 40 and 60 pum. It was followed by a
region containing large shear dimples whichare separated by finer, cquiaxed dimples due to microvoid coalesc-
ence. In other arcas, isolated colonics of quasi-cleavage faccts followed the streich zone. These facets, which
occurred at 100 - 200 pm from the notch root, were arrested after running for a distance of about 100 pm. Most
of the fractures described above were also found in the quenched ST sample. However, the fracture surface of this
sample also contained numerous elongated MnS inclusions. These inclusions lie parallel to the crack front.

The fracture surface of another quenched LT sample that was loaded to general yicld (cquivalent to Point 1 of Fig.
1) revealed clongated dimples initiating from multiple sites atold machining marks. The cusps of these
scverely distorted dimples point towards the notch (on both faces), suggesting that they were formed by a tearing
mechanism. The stretch zone ended abruptly, and was followed by a zonc of fibrous rupturc. Within this zone,
there exists a bimodal distribution of shear dimples: larger, clongated dimples with diameters between 50 to 100
pm and smaller, also clongated dimples with diameters of about 1 pm. Except fora small number of the large
dimples, the finer dimples covered almost te entire fibrous zone.

The tcar and shear fracturc mechanisms were associated with low level AE signals. The rms vollage rose imme-
diatcly above the background level (1.4 pVat the transducer) as loading began. It increased slightly to about 1.7
pV at general yicld. Amplituce distribution of AE signals for this pre-yicld region is shown in Fig. 2. Most
cvents have amplitudes that centered around 30 dB. Cumulative amplitude distribution can be roughly approxi-
mated by power-law distributions of the form (Nakamura ct al., 1971; Pollock, 1973; Ono and Yamamolo,
1981),

N=A(Vp ™ o
where N is the cumulative event count, Vp is the peak amplitude, A and n arc constants. The data in Fig. 2 may
be fitted with this equation having the exponent of 1.8. However, the observed distribution can be better repre-
sented by two Weibull distributions. The Weibull function is usually given as

N=Cexp (-D (Vp)CI) ?2)
where C, D and q are constants. Here, two dotted curves in Fig. 2 have the exponents of 4 (lower amplitude) and
1.2 (higher amplitude), respectively. Typically, the exponent of 4 corresponds 1o the distribution duc to
continuous cmissions from plastic deformation.
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Fig. 1 Load and AE data plotted against specimen deflection for the three point bend tests of quenched samples.

(a) For a quenched LT-oricntation sample. (b) For a quenched ST-orientation sample.

‘When another quenched LT sample was loaded past general yield (to Point 2 in Fig. 1a), the additional
deformation beyond general yield affected the stretch zone that had been formed earlier. The post-yield
deformation smoothed out or even destroyed some of the dimples which formed earlier during crack initiation.
The stretch zone merged into a region consisting of a combination of large, deep shear dimples and finer,
shallower equiaxed dimplcs. Slip markings appeared especially on the walls of the large dimples, reflecting the
extensive plastic deformation that occurred during the crack growth process. Many voltage spikes accompanicd

AFR-5—E

3217



loef™ 1600 (~ 1
QT/LT
AS-NOTCHED
AE o
EVENT 100 2376
COUNTS AE
EVENT — 16
* COUNTS LOAD
1o 3 6 =
112
5 z -~
. o =z
| - ‘ 1 - . @ <
[} 53 7 15 53 b 73 2 4 r
PEAK AMPLITUDE IN dB (0dBin refto 1 uV) PEAK AMPLITUDE INdB (0 dBin refto 1uV) & = 8 g
o =}
Fig. 2 Cumulative peak amplitude distribution of AE Fig. 3 Cumulative peak amplitude distribution of AE E
events for quenched LT orientation sample loaded to events for quenched LT orientation sample loaded to 83 2 | AE
general yield. beyond general yield. 1 ] < A 4
this decrease. Amplitude distributions of the AE signals (cf. Fig. 3) indicate that most events have low
amplitudes, 90% of which occurring below 45 dB. The stronger emissions above 45 dB must have arisen from 0 | | 1 | o
fracture processes which occurred beyond general yield. The cumulative amplitude distribution can be o 1.25 2.50 3.75 5.00

approximated by the power-law (equation 1), with the exponent of 0.85.
SPECIMEN DEFLECTION (mm)

Fig. 5 Load and AE data for quenched and tempered (650°C/24 hr) LT-oricntation sample.
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The fracture surfaces of quenched LT samples which = 23°C )
were loaded to past maximum load (Point 3 inFig. 1a) . \ l 1
1

During crack initiation and propagation involving tear or shear fracture of quenched LT samples of A533B steel
emitted low-amplitude events. Their peak amplitudes were generally below 47 dB. The cumulative amplitude
distribution can best be represented by the power-law with the exponent of 0.8510 1.8.

Quasi-cleavage Fracture

or to failure reveal the presence of quasi-cleavage facets LOAD
beyond the slow crack growth region. The facets
occurred in isolated colonies and were arrested fter EVENT
running for distances up to about 100 pm. Near the COUNTS
maximum load, the rms voltage curves of thesz
samples displayed energetic rms voltage spikes. Some
of these spikes peaked at 1 mV (at the transducer) on
the rms voltage curve. Amplitude distributions of AE
signals indicate that large-mplitude events accompanied !
athe voltage spikes. As evident in Fig. 4, the peak

amplitudes now spanned the range from 27 dBto the
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maximum amplitude measured. This contrasts with
peak amplitudes below 47 dB for AE from a similar
sample loaded to gencral yield (cf. Fig. 2). Events

with amplitudes above 54 dB led o a decreasein the

Fig. 4 Cumulative pcak amplitude distribution of AE
events for quenched LT orientation sample loaded to
fracture.

slope of the power-law distribution of AE events to a value of 0.5. However, note that AE signals for the
quenched LT sample loaded to fracture also caused a general increase in the number of events with lower

amplitudes (cf. Figs. 2 and 3). The overall cffect is indicated most clearly by the cumulative event counts in Fig.

1a for the quenched LT sample that was tested to failure. The figure indicates that AE events which occurred
beyond the maximum load accountcd for about 85% of the total event counts for the sample. That is, the largest
increase in cvent counts took place during the falling load period. From fractographic evidence, quasi-cleavage
fracture must have generated the high-amplitude AE events mentioned here.

The correlation between quasi-cleavage fractwe and large-amplitude AE events is not surprising and is consistent

with results reported in the literawre (Ringshall and Knott, 1978; Khan et al., 1982; Ringshall et al.,

instance, Khan ct al. (1982) studied the initiation and propagation of clcavage microcracks using peak amplitude

1980). For

0 e 1 I 1
0 1.25 2.50 3.75 5.00

SPECIMEN DEFLECTION (mm)

11

Fig. 6 Load and AE data for quenched and tempered (650°C/24 hr) ST-orientation sample.

attributed this phenomenon to the cleaving of several grains at the same time. In AS33B steel, Ringshall et al.

(1980) associated AE with peak amplitudes greater than 1.5 mV (or 63.5 dB) to isolated cleavage
were induced by prestraining.

Microvoid Coalescence

areas which

The load data for quenched and tcmpered samples in the LT and ST orientations are given in Figs. 5 and 6. Here,
the load-time curves exhibited a sharp transition at general yield. Tempering of quenched samples reduced both
the general yield and maximum load levels. However, the total deflection to maximum load increased
substantially. Another important difference between the quenched and quenched and tempered samples is that the
latter did not fracture macroscopically during test. Like its quenched counterpart, the quenched and tempered ST
sample reached its maximum load much sooner than the quenched and tempered LT sample and exhibited lower
total deformation. The fracture surface of the quenched and tempered LT sample is characterized by a fibrous crack

analysis in two turbine rotor steel forgings and AISI 4340 steel. In the early stages of fracture testing, AE
signals with peak amplitudes less than 0.5 mV or 54 dB (at the transducer) were observed. Immediately before
final fracture of the sample, a large number of energetic signals were cmitted for short durations. These have peak
amplitudes greater than 2 mV (66 dB) and arc associated with cleavage microcrack growth that led to final
unstable fracture. During transgranular cleavage fracture in a high nitrogen mild steel, Ringshall and Knott
(1978) reported that individual events often have amplitudes excceding 100 mV (100 dB) at the transducer. They
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in the form of a thumbnail in the center of the specimen where the maximum constraint existed. On both sides
of the fibrous crack were ligaments of about 2 mm width. A stretch zone extended across the central two-thirds
of the crack front, terminating at the side ligements. Its average width is about 100 pm. Large, oval-shaped
craters, indicating sites once occupied by inclusions, are distributed generously within the fibrous zone. The
remaining surface of the fibrous zone is covered with fine dimples, consisting of ductile dimples between 1 and 2
um diameter, formed by microvoid coalescence. Some dimples contained fine inclusions of less than 0.2 um
size. Some secondary cracks are also observed.

The fracture surface of the quenched and tempered ST sample is also characterized by a thumbnail-fibrous crack in
the center of the specimen. The fibrous zon¢ is separated from the notch tip by a region of shear cracks. In

addition, it is covered almost entirely by large inclusion troughs, some of which were 1 mm long. Many of the
troughs also contain smaller inclusion-nucleated voids within them.

Tempering of quenched samples led to sharpening and an increase in peak value of the rms voltage curve. This is
evident in Fig. 5 for the quenched and tempered LT sample. The rms voliage curve peaked at 2.6 uV at general
yield. Beyond general yield, the rms voltagecurve decreased, but more sharply than quenched samples did.
Further loading caused a steady decrease in rms voltage, but at a rate more gradual than the initial decrease that
occurred immediately after general yield. The rms voltage dropped to near background level at maximum load.
Unlike the quenched samples, the quenched and tempered LT sample did not generate any large amplitude AE
signals.

The AE associated with dimple fracture consists of
low amplitude emissions as evident in the amplitude
distribution shown in Fig. 7. The emissions have
peak amplitudes between 27 and 47 dB, witha
majority with amplitudes below 39 dB. Thisrange of  gvent
peak amplitude is similar to that due to plastic COUNTS
deformation. The cumulative amplitude distribution

can be represented by the power-law function with an

exponent of 1.7.

Decohesion of MnS Inclusion

P

As in the case of the quenched and tempered LT i f 1
sample, the macroscopic fracture surfacc ofa quenched B e AMPU,’;UDEIN — eV »
and tempered ST sample is characterized by a fibrous

crack in the form of a thumbnail in the center of the Fig. 7 Cumulative peak amplitude distribution of AE
notch. The fibrous crack was covered completely by events for a quenched and tempered LT orientation
large inclusion-induced troughs, however, and some of  sample loaded to the maximum load.

them were 1 mm long. Most of the inclusions have " "

been identified as MnS and are visible in Fig. 8.

The quenched and tempered ST sample generated burst
emissions which are associated with the decohesion of
MnS inclusions. The AE behavior was active and
was represented by numerous spikes on the AE rms
voltage curve which began as soon as loading of the
sample commenced (see Fig. 6). The AE activity
reached a peak at general yield and it persisted to the
maximum load. The average height of the rms
voltage spikes decreased with increasing amount of
sample deflection beyond general yield. The active AE
behavior of the quenched and tempered ST sample was

also indicated by the cumulative event count, which

increased rapidly in the elastic-loading region of the OHM K 2 078

test. With further loading, the event counis continucd Fig. 8 Fractograph of quenched and tempered ST-

10 increase but at a reduced rate. The total count at orientation sample showing MnS inclusions aligned

maximum load was 2500 events. parallel to the fracture surface.

The peak amplitudes of the burst emissions lie in the range between 27 and 54 dB, which remained constant for
the duration of the test. However, a majority of the AE events actually have peak amplitudes below 34 dB.
Figure 9 reveals that the cumulative pcak amplitude distribution of the AE events in the elastic-loading region
can be described by a Weibull distribution (equation 2) characteristic of MnS inclusion decohesions (Ono et al.,
1978 Ono and Yamamoto, 1981). The distribution in Fig. 9 has an exponent q = 0.35. However, when the
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loading was continued to higher load levels, burst AE from the decohesion of MnS inclusions started 0
diminish. In combination with deformation beyond general yield, the cumulative amplitude distributions were
better represented by the power-law function of equation 1. The slopes of the curves remained approximately
constant at 1.5 throughout the remainder of the test.

The behavior of the cumulative distribution of AE signals of the quenched and tempered ST sample just
described is slightly different from that of as-received or normalized and tempered (650°C) samples of the same
orientation (Okajima and Ono, 1980; Ono and Yamamoto 1981). Those samples were characterized by a single
amplitude distribution function for the duration of the test, namely, the Weibull function of equation 2 with
exponents between 0.3 and 0.4. The dominance of a single function suggests the operation of a single AE
source, i.e., the decohesion of MnS inclusions.

In the present study, amplitude distribution analysis of AE events indicates that the decohesion of MnS
inclusions accounted for most of the AE events detected only during the elastic loading of the sample. With
larger sample deflection, the decohesion of MnS inclusions still contributes to the AE observed, but other
sources also operate, leading to a slight modification of the amplitude distributions.
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Fig. 9 Cumulative peak amplitude distribution of AE Fig. 10 Cumulative peak amplitude distribution of
events for a quenched and tempered ST oricntation AE events for a normalized and tempered ST

sample, showing the characteristic Weibull
distribution with q = 0.35 (eqn 2).

orientation sample.

Cleavage Fracture

The fracture surface of a normalized and tempered ST sample tested at -75°C shows cleavage facets with some
ductile tearing. The sample failed during test at a load slightly above general yield. The cumulative distribution
of AE signals of this sample, Fig. 10, indicates the presence of AE events with peak amplitudes up to the
maximum measured. Events with amplitudes above 1 mV (60 dB) differentiate this distribution from the
characteristic Weibull distribution of MnS inclusion decohesion. The high amplitude events (> 1 mV) accounted
for about 15 to 70% of the total event counts for normalized and tempered samples tested at low temperatures.
These occurred during a jump in the total event counts during the falling load period. However, therc was a major
difference in the mode of crack propagation after cleavage crack initiation in quenched and normalized and
tempered samples. In the quenched samples, which were tested at room temperature, there was a fracturc mode
conversion from quasi-cleavage to dimple formation by microvoid coalescence beyond maximum load. On the
other hand, the normalized and tempered samples tested at -75°C fractured unstably by cleavage. Nevertheless,
both cleavage and quasi-cleavage generated high-amplitude AE events.

Summary and Conclusions

From AE measurements and post-test fractographic analysis, the ranges of peak amplitudes of AE cvents from
various fracture mechanisms in A533B steel were identified. The results indicated that tear/shear fracture emitted
low-amplitude events, with amplitudes below 47 dB. Due to the low levels of continuous AE signals, as
indicated by the rms voltage curves, when compared to the threshold value selected (15 pV at the transducer), the
events detected represented mostly burst emissions.

The observation of the correlation between AE and tear and shear fracture in samples with different oricntations or
heat treatments suggests that it may be common to many ductile cracking processes which involve tear and shear.
However, the results also reveal a limitation in the use of AE technique to detect slow crack initiation and
growth: the AE events from tear and shear fracture as well as microvoid coalescence have peak amplitude range
similar to that from plastic deformation. Therefore, it would be difficult to differentiate these fracture processes
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(tear, shear or microvoid coalescence) from plastic deformation based on peak amplitude. However, when
cleavage or quasi-cleavage fracture occurs, large-amplitude AE events are emitted and can be detected easily.

Decohesion of MnS inclusions generated events with amplitudes up to 54 dB and their amplitude distributions
show the characteristic Weibull distribution. When decohesion occurs, AE events from this process would mask
those from plastic deformation or fracture processes such as tear, shear or microvoid coalescence; only cleavage or
quasi-cleavage fracture may be separated based on peak amplitudes of AE events.

The findings are summarized below:

Fracture processes during three-point bend tsts of A533B steel were correlated to the AE signals they emitted.

Tear or shear fracture and dimple formation by microvoid coalescence generated AE events with peak amplitudes
typically below 47 dB.

Quasi-cleavage and cleavage processes emitied events with a broad range of amplitudes, including events with
high amplitudes well above
54 dB.

Decohesion of MnS inclusions generated AE events with pcak amplitudes up to 54 dB and with amplitude
distribution having the characteristic Weibull distribution.

When inclusion decohesion occurred, the AE events from this process completely masked and obscured those due
to tearing, shear-cracking and dimple fracture.
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