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ACOUSTIC EMISSION OF PLASTIC FLOW - I. METALS

S.-Y. S. Hsu and K. Ono
Materials Science and Engineering

School of Engineering and Applied Science
University of California

Los Angeles, California 90024 USA

ABSTRACT

This paper reports the first part of comprehensive study on AE of plastic
flow. While a number of theoretical and experimental studies have been
conducted, the understanding of dislcoation related AE has remained an elusive
target. In our study, a theoretical model of continuous AE, previously proposed
by Ono, has been developed further, including the operation of dislocation
sources, unpinning, the distribution of internal stress and the drag term ofdislocation motion. The model forms the basis of discussion on temperature,
strain and strain rate dependencies of AE during tensile deformation of
aluminum, copper and iron. Variations of dislocation substructures and thephonon drag term on moving dislocations will be introduced as important
parameters controlling AE behavior in polycrystalline metals.

INTROUDUCTION

Acoustic emission (AE) from metals during plastic deformation has been
investigated extensively over the last forty years. Results of these studies
have been reviewed recently by Carpenter and Heiple(l) and Kishi and
Kuribayashi.(2) It has been agreed that dislocation movement is the basic
source of AE, but to date we have attained no concensus as to the mechanisms
of AE.

In order to understand the AE behavior of materials undergoing plastic
deformation, we have selected pure At and Cu, both fcc, and Fe. These
materials were chosen because their mechanical properties, microstructures
and deformation mechanisms have been subjected to extensive investigations,and well documented. The deformation mechanisms of these metals are simplerthan those of alloys, because the obstacles resisting the dislocation motion
are mainly other dislocations in fcc metals and the intrinsic lattice
friction an. dislocation substructures in iron.

In this study, temperature dependence of AE behavhior of At, Cu and Fewere studied in detail. With the increase of testing temperature, dislocation,
behavior changes from the lattice friction controlled (bcc) and dislocation
interaction dominated (bcc and fcc) ones at low temperatures to dynamic
recovery or dynamic recrystallization at elevated temperatures. The AE results
will be discussed in terms of the dislocation related AE theories, as well as
microstructural features.

EXPERIMENTALS

The purities of the materials were 99.99% for At and Cu, and 99.4% for iron.
Tensile specimen was in sheet form with overall size of 305mm x 25mm and the
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thickness ot 1.2mm (2.Smm for Fe). The reduced gage section was 32mm long
and 6.4mm wide. For At and Cu, a stainless steel rod 9.5mm in dia:'eter
and 150mm long was used as a waveguide. One end of the rod was either glued
or brazed to the specimen and a 100 kHz PZT-5A transducer element was coupled
to the other end of the waveguide with beeswax. The transducer output was
fed to a root mean square (r.m.s.) voltmeter through a 60 dB preamplifier
with a 50 - 125 KHz bandpass filter. High temperature testing was conducted
in air using a small nichrome wound furnace. For iron, the high temperature
testing was performed in a vacuum furnace backfilled with helium. For this
reason, a bent waveguide was welded to each iron specimen and the transducer
was placed in a water-cooled section of the sealed furnace. Compared with
the straight waveguide, the bent waveguide reduced AE output signals by 3 ds.
The grips of the specimens were preloaded. The specimen was deformed under a
constant crosshead speed of 1.27mm/min, which corresponded to a nominal strain
rate of 7xl04/s.

RESULTS

The load-strain curves and the AE responses of At tested at different
temperatures are shown in Fig. 1. The yield strength is relatively insensitive
to the deformation temperature, while the work-hardening rate declined steadily
with increasing temperature. The AE behavior (Vr-strain curve) exhibited a
fast increase of output signal levels during the pre-yielding region, and
reached a maximum value near macroscopic yielding. The rate of decrease of AE
output levels beyond yielding depended on the work-hardening rate. At 573°K,
the work-hardening rate approached zero in the load-elongation curve and the
AE output level remained relatively constant after the macroscopic yielding.
The peak AE level at yielding was highest at 300*K, decreasing to 60% of the
maximum value at 5731K. A lower deformation temperature also reduced the
peak AE level at yielding.
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Fig. 3 Variations of m and n of At and Cu with testing
temperatures.
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Fig. 5 Temperature dependence of peak AE output levels of AZ, Cu and Fe.

In Cu, the shape of V -strain curves was basically unchanged from 200 to
873 0K. The AE level reacNed a peak at macroscopic yielding and declined upon
further deformation. The peak AE level at yielding was maximum at 573°K, de-
creasing at higher and lower test temperatures. The stress-strain curves
always showed typical parabolic behavior with decreasing work-hardening rates
at higher temperatures. However, the observed decrease in the work-hardening
rates was not as pronounced in Cu than in At. This is shown clearly in Fig. 3,
where the exponent n of the power-law work hardening behavior is plotted
against test temperature. Here n is defined by

a = Kep n,(1)

K pn

where ais stress, e is plastic strain and K is a constant. In Cu,
n remained above 0.3 up to 673 0 K, while n decreased from 0.3 to 0.15 between
200 and 573*K in At. The decreasing part of a Vr-strain curve can be expressed
by

Vr(ep) = C ep-m  (2)

where C and m are constants. (3 ) The values of m for At and Cu are also plotted

in Fig. 3. While m for Cu remained nearly unchanged at 0.15, m for At decreased

from 0.33 at 2000K to 0.01 at 573 0K.



The load-strain curves of iron are shown in Fig. 4, along with the
corresponding Vr-strain curves. No initial discontinuous yielding was obsorved
at all temperatures, but at 673 0K serrations appeared during work hardening.
The Vr-strain curves contained many small burst signals, 3-4M V in magnit,.de,
especially within the initial few percent of plastic strain. Most of these
spikes were probably due to spurious sources, because an iron specimen deFormed
at 300*K using a different experimental set-up contained much few spikes (the
top Vr-strain curve at 300*K in Fig. 4). At 673 0K small fluctuations in Vr-strain
curve can be distinguished from background levels. The observed AE levels were
generally low, even after the correction for the different waveguide arrangement.
The peak AE level increased from about 2#V at 300"K to 5pV at 7730 K, but it
decreased to about 3pV at 10730 K. The Vr-strain curves for Fe could not be
fitted to Eq. (2) by a single m value, atlthough m for small strains remained
nearly constant from 300 to 773 0K.

The peak AE output levels near macroscopic yielding for AZ, Cu and Fe are
plotted in Fig. 5 as the function of homologous temperature. The dash lines
represents the corrected peak AE output levels, taking into account of the
wave attenuation effect at high temperatures. All three materials showed a
maximum in the peak AE output levels at temperature Tc of 0.3 to 0°4 Tm (Tm
is the absolute melting temperature of the material). Between 0°2 and 0.6 Tr,
A and Cu had similar AE output levels, ranging from 15p V to 22/pV after
correction. On the other hand, Fe was a quite material throughout the entire
temperature range tested, and the corrected peak AE level saturated above
0.4 Tm.

DISCUSSION

Following Malen and Bolin, (4 ) Ono (5 ) recently derived the transducer response
to an instantaneous increment of inelastic strain as

Rm = C A /, (3)

where Rm is the peak voltage of the transducer response, 6* is a strain
increment, 4Tis the rise time increasing from 0.1 to 0.9,dt* and C is a
constant. During plastic deformation, At* represents the plastic strain of a
slip step, which typically consists of more than one dislocation segment sweeping
between obstacles. Thus, we have for a constant strain-rate tensile test

I= Z * (4)

where h is the number of slip steps per unit time. For continuous signals
comprised of a large number of slip steps exciting a transducer at random, the
rms voltage output from the transducer Vr is given by

Vr = C' V ' At*/ , (5)

where N is the average number of excitation. Hsu (6 ) has further refined the
theoretical model, decomposing the time dependence of a strain increment
into the unpinning and operation of a dislocation source, free flight of a
dislocation segment under the influence of internal stress and viscous phonon
drag and the deceleration at an obstacle. When the Hsu model is applied to a
typical work-hardening material with forest dislocations as the primary
obstacles, Eq. (5) can be rewritten as
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r (6)

where C" is a constant, _ is the average free flight velocity of moving dis-
locations, Nm is the density of r,,obile dislocations and t is the average
length of dislocation segments, respectively. The predicted dependence on N
and t in Eq. (6) is identical to that derived by Kiesewetter and Schillar(7)m
on the basis of the energy dissipation of moving dislocations. However, the
V term accounts for the activation of dislocation sources and the viscous drag
effect.

A typical AE behavior of pure metals can be understood by combining the
present AE source model and the established dislocation behavior of these
materials. As the applied stress is raised, dislocation sources, often at
grain boundaries, start to operate; that is, Nm increases. At this stage, t
and V are controlled by grain size, and remain relatively unchanged. Conse-
quently the AE level as well as plastic strain rate, increase with increasing
stress.l) As the macroscopic yield stress is reached, the number of disloca-
tions becomes substantially higher and the dislocation interaction supplants
as the controlling factor for Z and v. The total dislocation density typically
increase linearly with strain, decreasing Z inversely proportional to strain.
Effects of work hardening on Nm and v are complex, but are generally expected
to reduce them at higher strain. The relationship between Nm or ; and strain
cannot be determined experimentally at present. A few theoretical models have
been proposed, one of which will be referred to in a later discussion.

Dislocation velocity measurements have shown that. is linear with stress
in Cu and AZ, 8) whereas v increases with a2* 3 in Fe. 9 Stronger stress
dependence in Fe is believed to be due to the lattice friction, especially
on screw dislocations. Thus, v in Fe is expected to be less than in fcc metals,
which also leads to lower Vr according to Eq. (6).

The free-flight velocity of the mobile dislocation is affected by drag co-
efficient B and the distribution of the internal stress field, given by

v kBdx
-(5)

0 b[ a - (Yi(x)]

where X is the mean free path of dislocations, B is the dislocation drag co-

efficient, b is the Burgers vector, a is the applied stress and a.(x) is the
internal stress field, respectively. When the deformation temperlture increases,
the electron microscope observations reveal the changes in the arrangements of
dislocations in AC, Cu and Fe. At low deformation temperatures, dislocations
are more uniformly distributed, but, as TD increases, the dislocation cell walls
become more well defined, and the cell interior regions become dislocation
free.113-17) These observations suggest that the internal stress distribution
changes from short period at low TD to long period at higher TD, as indicated
in Fig. 6(a) and (b). Such a change is accompanied by the increase in V and C.
We propose that this is the origin of the observed increase in peak AE levels
from 0.2 Tm to Tc. Above Tc, dislocation structures undergo dynamic recovery
(and possibly recrystallization) and remain unchanged except for larger cell
sizes at higher TD. However, the phonon drag term B is expected to restrict
v above Tc. Thus, overall temperature dependence of Vr can be given schematically
by Fig. 7.

On the basis of the observed dislocation structures, another possible origin



of the AE behavior comes from the variation in the magnitude of slip szeps.
At higher TD, the obstacles are stronger, but thermal activation can release
a deeply trapped dislocation source. When A* is large, A becomes smaller
[Eq. (4)]. From Eq. (5), this situation yields a higher Vr, which also i.ay
explain the observed temperature dependence.

CONCLUSIONS

This study examined test temperature effects on AE behavior of three pure
metals, Cu, Atand Fe. The peak AE levels showed a maximum at 0.3 to 0.4 Tm.
The decay of AE level beyond the macroscopic yielding was related to work
hardening parameter. A theoretical model of continuous emission was presented.
liportant features of AE behavior were discussed in terms of the model in
conjunction with reported dislocation substructures.
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ACOUSTIC EMISSION OF PLASTIC FLOW - II. ALLOYS

S.-Y., S. Hsu and K. Ono

Materials Science and Engineering
School of Engineering and Applied Science

University of California
Los Angeles, California 90024

ABSTRACT

This paper reports the second part of a comprehensive study on acoustic
emission (AE) of plastic flow. AE behavior of eight different metallic
alloys has been determined with the test temperature and heat treatment as the
major variables.

The extent of solute segregation is the major factor determining the AE
behavior in Cu-lO Ni, Cu-3ONi, Cu-lOZn and Cu-15Zn alloys. Solute concentra-
tion had minor effects when solute ato.,s were randomly distributed, and the
AE output levels were similar to that in pure Cu. Higher alloying content
increased the AE level strongly when solute segregation to dasiocations was
allowed. This is due to the emission arisinc from dislocation breakaway.

The AE output level of Ni-22Fe and its reponse to heat treatment and
test temperature were significantly different from those in Cu-Ni alloys. The
behavior cannot be attributed to the difference in SFE, but can be rationalized
from the probable effect of the pinning due to short-range ordering. This is
supported by similar results from Cu-3OZn, Cu-4OZn and Cu-7.5 Ak alloys.

These findings will be discussed in terms of the AE model developed in a
preceding paper. It will be demonstrated that AE is a powerful probe to dis-
location dynamics.

INTRODUCTION

Effects of solute atoms on mechanical properties of metallic alloys have
been studied extensively. In addition to the change of stacking fault energy,
solute atoms decrease the dislocati p bility via either solute pinning
effect or solute frictional effect.W ,:) Since AE has proven its usefulness
in probing the dislocation behavior during plastic deformation, the applica-
tion of AE technique to the deformation of solid solution alloys should lead
to a better understanding of the roles of solute atoms in solids. Such
possibilities are investigated here, as no systematic study has been made.

We determined the Af behavior while deforming annealed specimens at
different test temperatures, ranging from 300*K to 11730K. The variation of
the deformation temperature (TD) is expected to affect the mode of dislocation
glide, dynamic recovery and recrystallization, and the ability of solute atoms
to interact with glide dislocations. Eight different alloys were tested,

*Supported by the U.S. Office of Naval Research, Physics Program.



including two Cu-Ni alloys (10 and 30 wt.% Ni), four Cu-Zn alloys (10, 15, 30

and 40 wt.% Zn), Cu-7.5 wt.% At and Ni-22% Fe. in the following, representative

AE behavior will be presented and possible mechanisms outlined. eailed
experimental results and discussions will be described elsewhere. 3 The

experimental set up was the same as that for pure metals described in the
previous paper.

EXPERIMENTAL RESULTS

The AE behavior of eight alloys studied here can be separated into two
groups. Group I includes Cu-lONi, Cu-3ONi, Cu-lOZn and Cu-15Zn. The changes

of the characteristics of the rms voltage, Vr vs. strain curves with T0 of

Group I alloys, represented by Cu-lONi and Cu-3ONi, are shown in Figs. 1 and 2.

In Cu-lONi, simple Vr-strain curves, typical to those of pure A or Cu, were

observed below 673*K. At 673*K and 773 0K, fluctuations in AE outputs emerged
after 8% and 2% plastic strain, respectively.

Fluctuations almost disappeared at 873*K, and Vr was reduced to almost
the background level after a few percent plastic strain. The peak AE output

near macroscopic yielding varied with TD and exhibited a maximum value at Tc

of 650*K, as shown in Fig. 3(a). This T corresponds to 0.4 Tm (Tm = 1426 °K)

and is slightly higher than Tc for Cu.(4 5  In Cu-3ONi, fluctuations were

again observed at 673 0K and 773 0K. The fluctuations at 7730K were more
pronounced in magnitude and started closer to the macroscopic yielding. At
873 0K and 953 0K, the shape of the AE peak at yielding became narrow, i.e.,

faster drop of Vr after reaching the peak. This was followed by a near
constant signal level with further deformation. The increase of Vr at peak AE

output from 300 0K to Tc (= 770*K, or 0.51 Tm) was 70,V larger than that in

Cu-lONi. This is shown in Fig. 3(b).

Group II includes Cu-3OZn, Cu-4OZn, Cu-7.5Ak and Ni-22Fe. Characteristic

Vr-strain curves of Group II alloys, represented by Ni-22Fe here, are shown in

Fig. 4. We found the following features, which were significantly different

from Group I alloys:

i) Peak AE output was high (120uV) at 3001K and further increased with

increasing temperatures up to 1073
0K, where it was nearly three times higher.

At 1173 0K, however, the peak value decreased drastically to about 35 MV.

ii) AE behavior near macroscopic yielding showed different peaking

behavior. Immediately after the maximum output signal was observed, AE level

dropped rapidly to much lower levels. At TD below 873 0K, AE peaks also

contained many spikes.

iii) At 6730K, strong fluctuations of AE level of the order of 50 pV were

detected. These were also found at 773
0K, but the characteristics of the

fluctuation differed with much shorter duration and larger magnitude of over

100 pV. These large fluctuations at 773*K were not observed in Cu-Ni alloys

or stainless steels.( 5)

iv) Strong second AE peaks were observed at 873
0K and 973 0K. These peaks

were quite broad. The strains at which the second peak reached its maximum

AE output level were about 15% at 873
0K and 6% at 9730K, respectively.
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v) As shown in Fig. 3(c), the r x-mi,, in peak AE level was reacre. at *

of 1073-K, or, 0.63 Tm. This was higher tnan Tc of 0.51 T for Cu-30OM.

vi) Due to the emergence of the second AE peak, Vr at 10O strain increased
sharply at T8 of 873*K Fig. 3(c)]. It wds reduced to less than lOV az 1073"K
and above. Onlike Cu-Ni alloys, the temperature corresponding to the maximum
AE output at 10% strain in Ni-22Fe was about 2000 K lower than Tc.

In Fig. 5, the temperature dependence of peak AE output near macroscopic
yielding for both Group I and Group II alloys are plotted as the function of
homologous temperature. The solid lines represent the original data while
the dashed lines have been corrected for experimentally determined attenuation
effects at elevated temperatures. The temperature corresponding to the maximum
AE output was always lower than 0.6 Tm for Group I alloys. The observed increase
of AE output from 300"K to Tc were also much smaller in Group I alloys than in
Group II alloys. In Group II alloys, Tc was abcve 0.63 Tm (except Cu-7.5Az),
and AE output levels decreased sharply above Tc.

DISCUSSION

(4)
As has been discussed in the previous paper, pure AZ or Cu nac AE output

levels in the range of 10 to 20pV near macroscopic yielding. For annea'ed
samples, Cu-Ni alloys at 300'K had AE output of 30pV for Cu-lOi and G uV
for Cu-3ONi. Such an increase of AE due to solute addition can be attricutet
to the solute segregation. Solute segregations around dislicatiors proo ce
a pinning effect, locking existing dislocations. When the applied stress be-
comes high enough to overcome the binding energy between the segregated solute
atoms and dislocations, dislocations break away from the pinning atmospheres
and multiply themselves. As they spread, stress pulses are radiated outward
due to the accelerated motion of dislocations. Tne AE output signals are shown
to be related to the solute-dislocation binding force a o by

B

where b is the Burgers vector, B is the dislocation drag coefficient and N is
the rate of dislocation unpinning. a , which increases with solute concentra-
tion (6) is apparently responsible foP the observed increase of Vr.

Experimentally, the effect of solute segregation at dislocations can be
eliminated by quenching alloy samples from elevated temperatures, where the
entropy contribution overcomes the reduction of the free energy due to the
solute segregation. Observed AE levels were almost identical among Cu and
quenched Cu-Ni alloys, when the quenching temperature was above 900*K. This
observation clearly demonstrates the solute effect on AE to be due to the solute
atmosphere at dislocations. Moreover, it implies that the drag coefficient has
no direct effe ,on Vr when the solute concentration is increased. In our
previous studykO) on low stacking fault energy (SFE) alloys (stainless steels,
AISI 304L and 316), we found that planar dislocation glide reduced the AE out-
put. In Cu-Ni alloys, this effect appears to be absent as SFE is not lowered
significantly by Ni additions.

The variations of the AE output level with deformation temperature were
about lOpV in pure AL or Cu. In Cu-Ni alloys, the increases were larger,
especially in Cu-30Ni. Since the AE fluctuations in Cu-30Ni occurred close to
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the macroscopic yielding at 773 0K, the larger increuse of )eaK AE ctput in tnis
material was in part due to the effect of dynamic strain agin;. Howevwr, zne
major part is believed to arise from the intrinsic nature of solute pinning
since similarly a large increase was observed in nickel where carbon atmospneres
were known to be active.(3) It is expected that the temperature dependence is
partially due to the same mechanisms as in pure metals; that is, the variations
in dislocation substructures and phonon drag force. The effect of SFE can be
discounted as no major change of glide mode has been observed in Cu-Ni alloys.

The AE behavior of Ni-22Fe was significantly different from that in
Cu-Ni alloys. Solute segregation effect alone cannot explain such difference,
because the solute concentration of Ni-22Fe is lower than in Cu-3ONi and the
atomic misfit between solute and solvent atoms is smaller in Ni-Fe alloys.
However, short-range ordering (SRO) has been found to exist in Ni-Fe I
with compositions near Ni 7,8,9) Since SRO produces both locking effect.tlC

and frictional effectI 3 on dislocations, the dislocation behavior is t,
affected by SRO. The peculiar slip patterns observed in alloys with SRO is
an example of the change in the dislocation behavior. SRO has also been
confirmed to e ist in other materials of Group II alloys, either direct.y
or indirectly.kl 2) Therefore, the existence of SRO is suggested as the cause
of the observed differences in AE behavior between Group A and Group Ii alloys.
Other experimental findings due to heat treatment also revea',Ed the d-ffernces
between these two groups of lloys, and can be explained in terms of solute
segregation and SRO effects.(3)

The yield strength of Ni-22Fe and other Group Ii alloys was affeztec 'ittle
by the presence of SRO, as the results of quenching experiments indicatec.
The observed temperature dependence of the yield strength also showed no
peculiar behavior near Tc. However, rapid decreases of the tensile strength,
coincided with the sharp decrease of AE at 10% strain, as shown in Fig. 3(c).
Although substantial SRO is maintained to over 10000 K in Ni-22Fe, the degree
of SRO should be weakened at temperature increases above 90C°K according to
the quenching and diffraction experiments. 3,14) The peak AE level, however,
reached the maximum at 1073 0K. This increase in the AE level cannot be
explained by stronger SRO. As in the case of unpinning induced AE in Ni-C
alloys, 3) we expect higher AE levels originating from the overcoming of
deeply pinned dislocation sources, which contributes to larger instantaneous
plastic strain increments. This is attributed to stronger thermal activation
at higher deformation temperatures.

Rapid reduction in the peak AE levels above Tc  np2  be due to tne change
in SRO, which decreases gradually with tzmprature. ,'j This behavior is
common to other Group II alloys as welt. 1i Another possible explanation is
the absence of preferential SRO at dislocations above Tc . However, this can
be ruled out, because the AE level increased gradually during the quenching
experiment below 1200°K through the Tc range. It thus appears that the rapid
reduction above Tc can be attributed to the absence of pinning by SRO, stemming
from high diffusion rates of solute atoms at temperatures above Tc. This
further implies that pinning effect of SRO is the source of high AE outputs
in Group II alloys.

Finally, we should note the AE behavior of commercial aluminum alloys as
a function of deformation temperature. In 7075 and 7049 alloys, the AE level
of the so-called second peak decreased with increasing TD. This peak
originates from the fracture of insoluble second-phase particles and the
observed reduction is interpreted to be due tq the loss of thermal misfit
stress, which contributes to lower AE levels.3)



CONCL USI ONS

A comprehensive study of AE behavior in a wide variety of al,ys has
revealed the solute segregation to dislocazions and the preferentia! SRO at
dislocations to be the sources of strong AE responses in Group I and i

alloys, respectively. Frictional forces of randomly distributed solute
atoms have hardly any contribution to AE when the glioe mode remains uncranged.
This is in sharp contrast to AE in stainless steels, where low SFE leads to
low AE levels. A few other sources of AE benavior nave oeen identified in
this study.
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ABSTRACT

Effects of nonmetallic inclusions on the ductility, fracture toughness and
AE behavior are well-known. Flattened MnS inclusions form during hot roiling
operation and cause these deleterious effects. Our previous studies revealed
clear anisotropic AE behavior during tensile testing originating from the
particular morphological features of MnS inclusions.

In the present study, the effects of number, size and shape of manganese
sulfide inclusions on the energy absorbed in Charpy impact testing and AE
behavior during Charpy 3 point slow bend test have been investigated. The size
and the shape of manganese sulfide inclusions were controlled by changing
rolling ratio and finish roll temperature.

Results show the energy absorbed decreased greatly, when material was
heavily rolled except in LS oriented specimen. In LS specimen, the energy
absorbed increased with increasing rolling ratio and the number of inclusions.
In the AE studies, undeformed material showed no anisotropic AE behavior.
Anisotropy of AE signals was observed in the hot rolled material, and the AE
activities increased with increasing rolling ratio.

The results of fracture and AE studies will be correlated to metallographic
measurements, scanning electron microscopic observations and the conditions of
metal processing. The roles of internal stresses on the inclusion debonding
process will be discussed in conjunction with the stress field at the tip of the
crack.



I. INTRODUCTION

Acoustic emission (AE) from structural steels has beer, investigated
extensively. See References I and 2 for a comprehensive listing of these
studies. Many possible sources of observed AE signals have besuggested.
These includ 6 V) dislocation motion, cleavage cracking, ( '6 iii) void
coalescene 6- iv) carbide cracking, ( 4 ' O  v) the cracking o 5ementite in

R'0)1 th crckn o 25 entei
pearlite, (, si) tShe rapid shear linkage of growing voids, vifi)4train
boundary cracking, % viii) the fracture of nonmetallic inclusions and
ix) the debonding (decoh ?ioi) of nonmetallic inclusions, especially manganese
sulfide (MnS) inclusions. ,5-19)

Anisotropic AE behavior and its strong dependence on the sulfur content of
low alloy steels have revealed the importance of MnS inclusions as the source of
burst-type AE. '

5 - 7 3he Mr.S inclusions are flattened' into ribbon shapesd . (20-23 / -"y ne
during hot rolling. The broad faces of the inclusions are weakly bonded
to the steel matrix and readily separate under tensile stress. AE signals due
to the debonding possess a characteristic amplitude distribution, which has been.
correlated size distribution of MnS inclusions via a theory of AE signal
generation.

It is well known that the ductility and fracture toughness of a stee t.li ,
is strongly affected by nonmetallic inclusions, MnS in particular.'
Presently, various methods of desulfuridation and sulfide shape control are
adopted to reduce the deieterious effectE of MnS. In order to clarify Lhe roles
of MnS in reducing the ductility and in generating AE signals, we have
investigfted anisotropic AE behavior of two thick plates of AS'TM A533B
steels. The sulfur content of the two plates were 0.005% and 0.021%. Fron
the types of AR signals, AE event counts, signal levels and amplitude
distribution, three distinct AE characteristics were identified. Whren the
direction of uniaxial tensile stress or that of crack propagation favored the
debonding of MnS inclusions, burst AE with the characteristic amplitude
distribution function was observed. Continuous-type AE was observed when the
plastic deformation was primarily expected. In this case, the third type of AZ
signals with a power law amplitude distribution was also found simultar.eously.
Generally speaking, higher burst AE activities correlazed to lower fracture
resistance as measured by the absorbed energy during the slow bend Charpy tests.
However, crack blunting by MnS inclusions increased the absorbed energy values
in some orientations. The observed orientation and sulfur content aependencies
were shown to arise from the difference in the number of MnS inclusions with a
certain normal stress on their broad faces.

In the present study, we attempt to verify the observed effects of MnS on
the fracture and AE behaviors of another low alloy steel, JIS SM50. Sulfur
content is varied and the directionality effects are examined. In addition, the
shape and size of MnS inclusion are varied by changing the rolling ratio and
finish rolling temperature. Results on SM50 steel again manifest the
consequences of the inclusion debonding model and confirm the validity of a
conclusion of the A533B steel study; i.e., burst-type AE in most fracture/AE
testing of a ductile structural steel originates primarily from the debonding of
nonmetallic inclusions.

II. MATERIALS AND EXPZRIMENTAL PROCEDURES

Two heats of JIS SM50 steel were used in this study. The chemical

compositions are given in Table 1.



Table 1. Chemical Composition

C Si Mn P S Cu Cr Ni Nb Al
'lab A 0.17 0.34 1.29 0.016 0.019 0.01 0.02 0.0! 0.019 0.029
olab B 0.15 0.29 1.33 0.019 0.006 0.03 0.02 0.02 0.024 0.020

)m Slab A of 160 mm thickness, three steel plates were obtained; T-1, without
litional rolling, T-2 after 25% reduction to 120 mm thickness and T-3 after
t reduction to 25 mm thickness. Plates T-4 and T-5 were obtained from Slab B,
Lch was rolled from 190 mm to 25 mm thickness. The finish roll temerature for
ates T-2, T-3 and T-4 was 1273K, whereas that for T-5 was 1023K. The initial
11 temperature was always 1473K. All the materials were normalized at,11 73K
r I hr. These plates are the same as those used in a previous AE study. l )

Standard V-notch Charpy specimens were machined from the five steel plates.
x possible directions were used as shown in Fig. 1, which also shows
hematically the orientation of MnS inclusions in a rolled plate. Here, L,T
d S refer to the longitudinal (rolling), long-transverse and short-transverse
hickness) directions. For Charpy samples, the first letter indicates the
ress direction and the second direction of crack propagation. For SL and ST
mples of T-3 4 and 5 plates, effective plate thickness was first increased by
lding two steel plates on both surfaces of 25 mm thick sample material.

All the mechanical tests were performed at room temperature. Charpy impact
tsting was conducted conventionally without any fatigue precracking. For AE
sts, I mm long fatigue precrack was introduced. AE data was obtained curing

.ow bend Charpy tests on a floor-model Instron at a constant crosshead speed of

.021 mm/s. Three pins, 6.35 mm diameter, were used with the span of 40 mm.
ie loading points were prestressed to 18 kN to eliminate spurious noise. The
)ntact points were also lubricated by STP oil additive.

AE characteristics evaluated were totalized AE event counts, rms voltages
id the peak amplitude distribution of AE signals. A resonant type transducer
todel AC 175L, Acoustic Emission Technology Corporation (AET), Sacramento,
ilifornia) and a preamplifier with 125-250 kHz filter (Model 160, AET) were
,ed for all AE measurements. For AE event count measurements and the amplitude
.stribution analysis, an amplitude distribution analyzer (Model 203, AET) was
iployed. A true rms voltmeter (Model 3400A, Hewlett-Packard) was used for the
is voltage measurements. The input noise level was 1.4 V and the threshold
)r amplitude distribution analyzer was set at 10 mV after 60 dB amplification
)r 10 V in reference to the preamplifier input). When only the event counts
!re measured in separate tests, the threshold value was set aL 40 mV in order

eliminate the contributions from continuous-type AE. The transducer was
)nded to the end of a Charpy specimen with bees wax (Model SCI, AET).

During a test, cumulative AE event counts, rms voltages and load were
!corded continuously on two 2-pen recorders. The cumulative amplitude
.stribution of AE signals was photographed at several selected points during
le test. Immediately after the photographic recording, the display of the
iplitude distribution analyzer was reset. Note that this part of the analyzer

independent of the totalizing function of AE event counts. Each amplitude
.stribution data represented those AE signals between the photographic
cordings, which were marked on the load-time curve. The loss of AE data due
resetting was negligible.
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III. RESULTS

1. Charpy Impact Tests

The absorbed energies, E., of Charpy impact tests are tabulated in Table 2.
The value ranged from 25 J to 272 J. For a given plate, Ea can be grouped
according to the stress direction; LT and LS, TL and TS and SL and ST,
respectively. Within each of the groups, Ea values for the LS and TS
orientations were slightly higher than those for the LT and TL orientations.
One significant exception was for T-3 plate samples; Ea for the IS orientation
was nearly twice that for the LT orientation.

Ea values for T-1 and T-2 plates were essentially identical to each other
for a given orientation. For the second and third groups, those for T-3 plates
were significantly reduced in comparison to T-1 and T-2 plates. On the other
hand, E was higher for the LS and lower for the LT orientation in T-3 plate.
The ratto of maximum to minimum Ea values was 3 for T-1 plate and was 7 for T-3
plate, indicating a large increase in the anisotropy of Ea with increasing
severity of hot rolling operation.

Ea results for T-4 and T-5 plates were comparable. This implies that
effects of the finish roll temperature were not apparent in these tests. It is
interesting to note that the elongation and reduction in area of the thickness
direction tensile tests revealed deleterious effects of a lower finish roll
temperature.

When results of T-3 and T-4 plates are compared, the reduced sulfur content
yielded higher Ea valuesin T-4 plate, especially in the transverse (TL, TS) and
thickness (SL, ST) orientations. As a consequence, the anisotropy in E. was
nearly halved from 7 to 4.

2. AE Behavior

Load and the rms voltage of AE signals during slow bend Charpy testing are
plotted against deflection in Fig. 2. Figure 2 shows the results for the LT
orientation of T-1 plate, which exhibited the lowest AE activities among 30 sets
of samples (five plate,six orientations). AE activities started at the precrack
load of 3 kN and peaked at the general yield, followed by a decrease in the rms
voltage level. These general trends in the rms voltage curve were accompanied
by occasional spikes. Eight of these were found at the deflections between 1.8
mm and 6mm and were apparently caused by the motion of the loading contact pins,
judging from long pulse durations of the signal waveforms. This AE behavior is
typical for the other five orientations of T-1 plate. It is dominated by
continuous type AE signals.

Cumulative AE event counts vs. specimen deflection data for all the
orientations of T-1 plate are shown in Fig. 3. Notice that virtually no
orientation dependence existed and that most events occurred near the general
yield. Total event counts were also low (120-200). Since the threshold level
was deliberately set to eliminate effects of continuous AE, Fig. 3 represents
the contribution of only high amplitude burst AE (with peak amplitude greater
than 40 4V).

The dominance of continuous AE is further demonstrated in Figs. 4 and 5,
which show the cumulative peak amplitude distribution against peak amplitude for
the LT and ST samples of T-1 plate. The circles on the attached load-deflection
curves indicate the positions, at which the particular amplitude distribution
was measured. These distribution curves above the peak amplitude of 30 to 34 pLV
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can be fitted to the usual power-law form, (6,24)

F1 (Vp ) - A V n  (1)

where F is the cumulative event amplitude distribution function, Vp is the peak
amplitiude, n is the exponent and A is a constant, respectively.

The highly amplitude dependent part below V of 30 to 40 tV is apparently
due to continuous type AE signals. As previousfy demonstrated, to aflitude
distribution function, F 2 , obeys a Weibull distribution of the form' , '

' 4
F2 (Vp) = B exp (-B Vp), (2)

where B and B are constants. N9 that the Gaussian distribution corresponds
to Eq. (2) with the exponent 2 This difference in the exponents was a
consequence of the particular signal processing method employed in the analyzer.

It should be noted here that the continuous AE s inals observed during
yielding originate from the motion of dislocations. ( 2 8 2 " Whereas no exact
mechanisms of AE generation have been established, it is generally agreed that
the rapid multiplication and propagation of glide dislocations across a grain
are involved. When the continuous AE contributions are subtracted, the
remaining event counts were about 140 for both the LT and ST samples (Figs. 4
and 5) in good agreement with those found in Fig. 3.

In the LT and TL orientations, AE behavior of T-2 plate samples was similar
to that of T-1 plate. The rms voltage curves of T-2 plate samples contained
more spikes, but generally resembled those of T-1 samples. However, as can be
seen in Table 3, more high amplitude burst emissions were observed in tne other
four orientations, the SL and ST orientations in particulir. In Table 3,
cumulative AE event counts at the deflection of 2.54 mm, Ne, are summarized.
This value of deflection was chosen as the burst emissions were less active and
more spurious noise tended to occur at larger values of deflection. T-2 plate
samples increased almost ten-fold in the SL and ST orientations over those, of T-
I plate. Since the LT orientation of T-2 plate showed a decrease in Ne, the
ratio of AE event counts,Re - Ne(ST)/ Ne(LT), became 24 in the T-2 plate in
sharp contrast to unity in the T-1 plate.

AE behavior of T-3 plate samples was similarly anisotropic as shown in Fig.
6. Cumulative AE event counts for the six orientation- are plotted against
specimen deflection. The SL orientation was most active and the LT least.
Clearly, the data can be classified into three groups. In order of AE
activities, Group A includes the ST and ST, Group B TS and LS and Group C TL and
LT, respectively. These groupings are common in T-2 T-B) T-4 and T-5 platel as
well as the two plates of A533B investigated previously.3 1  The values of Ne in
T-3 samples were about ten-times larger than those of corresponding T-2 samples
(see Table 3). The anisotropy as indicated by the event count ratio Re was
comparable between T-2 and T-3 plates.

The load and rms voltage vs. specimen deflection curves for an SL
orientation sample of T-3 plate are shown in Fig. 7. The rms voltage curve
contained numerous high amplitude spikes, commencing at the precrack load.
Burst AE activities continued to be active until the maximum load was reached.
The rms voltage level became lower beyond that point except for a few large
spikes. The amplitude distribution data taken during the slow bend test of
another SL sample of T-3 plate are shown in Fig. 8. Again, cumulative
distribution is plotted against the peak amplitude of A ,s4.n4s4 The observed
data above 20 1V can be fitted to a Weibull-type functioni

, ,2,6hosee



Table 2. Energy Absorbed, Ea(J)

T-1 T-2 T-3 T-4 T-5

LT 167.5 167.1 1 144.7 240.6 231.8

LS 178.9 172.6 271.8 243.7 256.2

TL 83.3 95.4 52.5 112.6 108.5

92.7 99.2 68.7 114.6 118.8

SL 59.8 -- 24.9 69.2 61.0

ST 67.9 86.7 26.8 58.8 61.o

Table 3. Cumulative AE Event Counts up to 2.54rz
in Specimen Deflection

T-i T-2 T-3 T-4 T-5

LT 140 52 560 120 134

LS 132 230 3320 i 656 700

TL 136 57 1360 132 144

TS 168 650 4830 870 890

SL 110 960 11800 3490 3220

ST 130 1240 11700 3080 4080
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F3 (V p ) - C exp (-C V.), (3)

where F3 is the amplitude distribution, C zno C arc c,,l -g o-6zanis an-

the shape factor. Curve drawn in Data I correspoads to E. W wIth C .3 and
those in Data 2 and 3 with q - 0.35. The deviations seen at ow ampitudes in
Data I and 2 appear to arise from the continuous AE present near the general
yield load.

The AE behavior of low sulfur plates T-4 and T-5 was quite similar to trnat
of T-3 plate except for lower Ne values. From the rms voltage-deflection
curves, it is difficult to distinquish these samples. As Fig. 8 and Table 3
indicate, however, AE event counts clearly were reduced 'by 2 to 4 times in the
ST and SL orientations. The reductions w,,s even greater in Other orientations.
In Fig. 9, AE event counts for the ST orientation saplet of high sulfur (open
symbols) and low sulfur (rilied symbols) plates ace ptC[ against Lrecimen

deflection. T-3, T-4 and T-5 plates can be comiarei cirectly, as thesL received
essentially identical rolling reduction. it Ib evid.ent tLht At. event cou,tb are
proportional to the sulfur content, as N tor T-3 is about three times t.--.t for
T-4 or T-5. Difference between T-4 ang T-5 is the fi.~i, roll Lenerdture.
Apparently, the present AE tests revealed to bignificant ch.nge betwee; the two
plates.

3. Interpretation an iscsio °

Since burst emissions wet, ahost prutusuly emitted ii, ,oe pre-yiJL. region
in the S direction tensile sanples (ct. kef. ±5,i7), L I, .3t sue~r: flg -o
find AE activities near the enerdl yield retion. Wit, an a c :rease of sam,-2e
deflection, a larger voiume of the samdoe aheac o1 the .astiC zones re.. le the
stress level that reIt, i:. A' nraticr.. AE aczivi::cs :vn:.nuec. :cyo.d tr.
maximum load in slow bend Charpy tests, where macrosc-,pic cra-K growh :'

expected. This behavior is in sharp contral to that f,,und i.-, tr >ost-necking
region in all the tensile tests were almost so AE was observed. These opposite
trends imply that void coalescence produce- no AE ana th, t AL ac:ivitie. .n blow
bend Charpy test. originate from the ncnreL.i.lic inc Lusionznt oth Defore and
after the maximum load is reached. Observation on amp.ituce istrou ion
analysis also supports this contention, ano refutes tix contributlon, ae to
crack extension to observed AL.

Effects of the sulfur content existed in a1i Lhe six orientations of
comparably rolled plates of T-3 and T-4. This indicates that manganese sulfide
inclusions are always responsible for the observed emission in the slow bena
Charpy tests. The ratio of the sulfur -,,tnts was 3 to 1, which suggests that
the numbers of AE generating inclusions also have a similar :atir , when the size
distributions are comparable. Thus, the observed ratio of about 3 of AE event
counts in two materials in the SL and ST orientations can be considerec to
reflect the relative numbers of manganese sulfide inclusions. Even larger
ratios (4 to 10) were observed in other orientations.

The decohesion of an inclusion is caused by the normal stress acting on the
broad face of the inclusion. In bending, the main components of .tress ahead of
the crack tip are a- and to a lesser extent *x" In Group A orientations, j .
acts normal to the broad faces of flattened manganese sulfide inclusions,
whereas a- acts normal to the inclusion faces in Group B orientations. Thus, we
expect higher AE activities in Group A than in Group B, which agrees with
experimental findings. In Group C orientations, the only normal component that
acts on the inclusion faces is TzP which is expected to be small in relatively
thin samples, such as Charpy specimens. Thus, AE activitiy rating is the lowest
for Group C. Considering the relative magnitudies of Ly, Tx and o-zo we conclude



that the observed anisotropy originates from the charges in debonding tendency
produced by crack tip stresses on extant nonmetallic inclusions, in particular
flattened manganese sulfide inclusions.

In the above consideration, we attributed the observed AE characteristics
to the inclusion debonding model. As noted earlier, amplitude distribution
provides an additional support for the model. Since the Weib M distributior.
describes burst-type AE signals in both tensile (S direction "L"" and most of
&low bend Charpy tests and it is identical to that def.Xd from AE theory and
the size distribution of manganese sulfide inclusion, I we can consider the
sources of AE to be always the debonding of these inclusions. This is also
consistent with fracture surface observations.

In the case of the power-law distributions observed in ADA of Groups B and
C, in the low sulfur material the extreme value functions may be introduced to
correlate 1j)distribution laws to the statistical nature of microstructural
parameters. However, no acceptable prediction of the exponents can be made
at present.

Finally, certain trends exist between absorbed energy and AE event counts
at the maximum load. In general, high Ne is associated with low E. and vice
versa. However, large discrepancies of Ea in Groups B and C orientations are
also evident. That is, LS orientation has a similar Ne as TS, but has a higher
E than TS. This effect appears to be due to more favorable crack blunting
etfects of the inclusion in LS, whereas the width of the inclusions in TS is
probably not wide enough to contribute to crack blunting. A similar trend
exists between LT and TL, although less active in terms of AE.

IV. CONCLUSIONS

(1) AE behavior of SMJO steels indicates three distinct types of processes
producing AE signals. These are the plastic deformation of the ferrite matrix,
giving rise to continuous emissions mainly during yielding, the debonding of
flattened manganese sulfide inclusions, emitting burst-type signals with the
peak amplitude distribution of a Weibull character, and the second type of burst
emissions whose origin is unclear.

(2) Burst-type AE during the ductile fracture of SM0 steel is primarily
from the debonding of manganese sulfide inclusions. Sulfur content and
orientation dependencies of AE and mechanical properties provide the major
support for this conclusion.

(3) It appears reasonable to suggest that burst emissions observed in most
fracture/AE testing of ductile structural steels also originate from the
debonding of nonmetallic inclusions.
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TEMPERATURE DEPENDENCE OF ANiSOTROPIC AE BEhAVIOR

OF A533B STEEL
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ABSTRACT

It has been established that acoustic emission (AE) behavior during
mechanical testing of hot-rolled steels is sensitive to the number, size and
distribution of nonmetallic (mainly MnS) inclusions. Effects of the iaclusions
are particularly conspicuous in the thickness (short transverse) direction. In
this study, AE measurements were performed during tensile tests of ASTM A533B
steel in order to investigate the influence of test temperature and thermal
stress at the interface between matrix and MnS inclusions on the anisotropy of
AE characteristics. Several different AE parameters, i.e., rms voltages, event
counts, event count rates, and amplitude distributions were employed. Test
temperature was from -150 0 C to 150 0 C.

Burst type AE signals observed in the test of thickness direction samples
have been attributed to the decohesion of the elongated MnS inclusions. When
test temperature was varied, the identical burst type amplitude distribution of
Weibull type and the rms peak voltage that was observed before the yield point
were quite similar. This lack of temperature dependence is an expected

consequence of the inclusion debonding in the steel. On the other hand, AE
signals in the test of longitudinal direction samples consisted mostly of the
continuous type. These were weaker than the burst emissions and several
different types of amplitude distributions were exhibited as test temperature
was changed. The peak rms voltages, usually appeared at the yield point,
increased with test temperature. These effects originate from plastic
deformation or the motion of dislocations. As the speed of screw dislocations
is lower, AE is weak at lower temperatures in bcc metals. With increasing test
temperatures, faster dislocations become abundant with higher AE levels
expected.

Thermal stresses at the inclusion interfaces were varied by changing the
cooling rate of the final stage of the heat treatment without altering the
microstructure. The stresses a- , at which rms voltage reached a maximum, was
influenced by the thermal stresss and decreased with increasing thermal stress.
Assuming the existence of the critical stress for decohesion, the present
results can be explained on the basis of elasticity theory and calculations of
Eshelby and Shibata and Ono.

I. INTRODUCTION

Previous studies have established that acoustic emission (AE) behavior
during the mechanical testing of low alloy stees 5 is sensitive to the number,
size and distribution of nonmetallic inclusions. -  Effects of the inclusions
are particularly conspicuous in the thickness or short transverse direction.
Burst type AE signals observed in the test of the thickness direction samples
have been attributed to the decohesion of the elongated MnS inclusions.
Amplitude distribution of the burst-type emissions from samples can be



asented by a Weibull type distribution function,

F 1 (V) A exp (-AV) ()
P p

e F1 is the cumulative distribution function, V is the peak amplitude of a
signal, A and A' are scaling constants and q is the shape factor,

actively. The values of q were found to be 0.3 to 0.4 during the tensile
fracture testing of A533B and SM50 steels. This distribution function was
Lfically correlated o 5 1he size distribution of MnS inclusions via a theory
K signal generation.8 ,

Continuous-type AE signals were also observed in steel samples during
)scopic yielding. These originate from the plastic deformation or the
>n of glide dislocations. In the thickness direction samples, continuous
3.Is contribute only a small fraction of observ& AE activities. However,
a constitute the major portion of AE activities in the longitudinally
ased samples. Amplitude distribution observed in the longitudinal direction
Les is represented by two distribution functions. One is the Weibull
ribution function with the exponent, q = 4;

F2 (V=B exp (-B' V4) (2)

B B and B' are constants. This represents the cumulative Emplitude
,ibution of continuous random signals. Some burst activities were also
rved. Their characteristic amplitude distribution obeys the power-law
ribution function,

F3 (Vp) =CVpn  (3)

e C and n are constants. The values of n were typically near unity. These
emissions are believed to come from nonme.allic inclusions.

The anisotropy of AE behavior in low alloy steels can thus be identified
agh the amplitude distribution analysis and traced to the distribution of
etallic inclusions. In this study, we wish to extend our understanding on
anisotropic AE behavior of A533B steel under Lniaxial tension. Two new
ables are introduced; test temperature and the state of thermal stresses at
interfaces of the nonmetallic inclusions and matrix. Temperature and stress
adencies of various AE characteristics have been clarified and are to be
assed in this paper.

II. EXPERIMENTAL PROCEDURES

ASTM A533B class 1 steel, which has the chemical composition of 0.18 C,
Si, 1.43 Mn, 0.013 P, 0.005 S, 0.50 Mo, 0.66 Ni, 0.28 Cr and 0.01 Cu, was
in this study. The starting stock was 165 mm thick plate, supplied by

)n Steel Corp.

Half size ASTM standard E8-69 tensile specimen (6.35 mm gauge diameter, 32
educed section length and 90 mm overall length) were used in this study.
specimens were machined with axial direction parallel to the longitudinal
and to the thickness (Z) direction of the steel plate. After machining, the
Linens were austenized at 930 0 C for one hour in a vertical three-zone
stance wound furnace in vacuum, and were cooled to room temperature in
sm within 30 minutes. The specimens were then tempered in the same furnace
500 C for 24 hours. Three different cooling rates, namely furnace cool (FC),
cool (AC), and water quench (WQ) were used for the final cooling stage from

to room temperature, in order to change the magnitude of the thermal
ses on the MnS inclusion-matrix interfaces.
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All tensile tests were performed usiri, a floor model Inscron. Tests were
conducted over the temperature range -153' C to 1500 and with crosshlead speed of
0.021 mm/sec or the nominal strain rate of u.7 x 10' .ec-

The AE transducer used in this experiment was resonant-type with a nominal
center frequency of 175 KHz (AC 175L, AET). A bandass filter of 125 -250 KHz
was used in the preamplifier (160, AET). The input noise level was 2.2 4V. On-
line amplitude distribution analysis of AE signals was performed using amplitude
distribution analyser (203, AET), which provided the cumulative event counts and
the amplitude distribution. The latter was displa. I on an oscilloscope and
recorded photographically.

III. RESULTS

Figures 1 to 6 show AE activities during the tensile tests. Here, the ras
voltages (Vr) , AE event counts (Ne) event rates (&.) and applied stress are
plotted against time, which is equivalent to the crosshead displacement of the
Instron.

Observed AE behavior of L-AC samples (the longitudinal direction; air-
cooled after 650 0C tempering) at 25 0 C was similar to the well-known AE
characteristics of a mild steel; i.e., AE activities were significant only
during Luders deformation or the initial yielding and became very low or zero
after work hardening began. This is shown in Fig. 1.

AE activities in the Z direction samples showed totally different behavior
from those in the L direction samples. Figure 2 presents the AE behavior of a
Z-AC sample at 25 0 C. AE signals rose above the background at about 100 MPa.
Both N and V r increased to much higher levels than those in the L-AC sample
(Fig. 1)- The Vr-time curve consisted of numerous spikes. N exhibited two
peaks. The first peak appeared at about 400 MPa, where the envelope of the Vr-
time curve also had a peak. The second peak of Ne coincided with the yield
point. The shape and level of this peak was similar to those of the peak which
was observed in the L-AC sample. Although the Vr-time curve did not exhibit the
second peak, the sharp spike which appeared at the yield point had the same
magnitude as that observed in the L-AC sample. AE activities persisted at lower
levels during work hardening, in contrast to no AE activities in the L-AC
samples. Event counts reached 20,000, 70% of which was produced during the
elastic loading. Note that no AE was observed in the L direction samples before
the yield point.

AE activities of an L-AC sample at -150 0 C is shown in Fig. 3. The stress
vs. time curve was similar to that at 25°C except for a higher yield strength.
The AE activities were quite low even during the yield drop and Luders
deformation. Event counts were too low to appear in this figure.

Figure 4 shows AE behavior of a Z-AC sample at -150 0 C. AE activities were
high during the elastic range. AE signals started to appear at about 100 MPa.
Ne and Vr each had a maximum at about 400 MPa. These two stress levels were the
same as those in the Z-AC sample at 25 0 C. At -150 0 C, the second pak of Ne was
not observed at all. The peak value of N was about 2000 sec , which was
identical to that in the Z-AC sample at 25bC. Event counts reached 22,000,
which was 10% larger than that at 25 0 C. 90% of Ne were generated during the
eleastic loading.

The AE activities in an L-AC sample were quite high at 150 0 C as shown in
Fig. 5. Vr and Ne reached a maximum at the yield point. Although AE beyond
yielding was very active at this temperature, no AE signal was observed until
the yield point.
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AE behavior of a Z-AC sample at 150 0 C is shown in Fig. 6. Again, AE
signals began to appear at about 100 MPa, and Ne and V_. had the first peak at

about 400 MPa. Not only Ne but also Vr nad the second peak, coinciding wi:n the
Luders deformation. The peak levels were consistent with those of an L-AC sample
at 150 0 C. Event count was 45,000, 40% of which were generated before the yield
point.

Waveforms of AE signals during tensile tests were observed in situ on an

oscilloscope. AE signals generated in the L direction samples consisted mainly
of continuous-type emission. On the other hand, most of the observea AE signals
in the Z direction samples consisted of burst-type emission, especially below
room temperature.

In order to investigate the AE signals quantitatively, amplitude
distribution analyses were conducted during each AE test. The results of
amplitude distribution analyses for the L-AC samples at -150 0 C, 25 0 C, and 1500 C
are shown in Fig. 7 a, b, and c respectively. Here, cumulative AE event counts
are plotted against the peak amplitude (equivalent preamplifier input voltage).
Each amplitude distribution analysis was obtained during Luders deformation.

Since the threshold level was chosen to be 20 V, low amplitude part exhibited a
horizontal line. This precluded the appearance of weak continuous components in
tests below 25 0 C. For tests at 150 0 C, the cumulative amplitude distribution for
continuous emission, F2 (V ) , was observed (see Fig. 7c and Eq. (2) ). The

amplitude distribution in PFig. 7 a and b can be expressed by a power law of Eq.
(3) with n = 1.0.

In the Z direction samples, the amplitude distribution analyses of AE
signals produced entirely different results, as shown in Fig. 8. The observed

amplitude distribution functions at -150 0 C, 25 0 C, and 1500 C can be represented
by Eq. (1) with q = 0.3.

Since AE signals in the L direction samples were mainly continuous, Ne and

Ne are not suitable AE parameters. Peak values of V at yielding fluctuated
from sample to sample. Therefore, the overall level of AE activities can best
be described by ZVr, which is the integration of Vr above background. In Fig.
9, ZVr is shown as a function of test temperature. In the Z direction sample,
most AE signals consisted of burst type emission. Here, Ne and N are the

suitable AE parameters to measure the intensity of AE activities. Figure 9 also

shows Ne of the first peak for the Z direction samples as functions of test
temperature. It is seen that 2Vr increases with test temperature and that

cooling rate has no effect on YVr .  On the other hand, the maximum event rate

exhibited no significant temperature dependence. However, no effect of heat
treatment was observed for the maximum event rates.

While totalized event counts, ?2Ne, can provide a good measure of burst-type

signals, it also includes the contributions from continuous emission.

Reflecting higher AE activities due to yielding with increasing test

temperature, ZNe increased dramatically above 250 C, especially in the L

direction samples (see Fig. 10). While it included small contributions of burst
emissions with the power-law amplitude distribution, the totalized event counts
for the L direction samples, ZNe(L), can be employed to deduce the true counts
of burst emission, Neb, by

Neb - ZNe(Z) - ZNe(L) (4)

This procedure can be justified by noting the similarity in Ne during yielding
between the L and Z direction samples; i.e., the continuous contributions are
independent of orientation. Figure 10 show Ne thus obtained as functions of
test temperature. NeU decreased about 10% with increasing temperature from -150
to 150 0 C. Effects or? heat treatment appeared as parallel shifts of the Nab Vs
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temperature curves. Z-FC samples were the lowest and Z-WQ iamples were the
highest. The difference was at most 10%, however.

Stress, T , at which the first peak of Ne appeared in the Z direction
samples, incregsed slightly with test temperature (see Fig. 11). Heat trea=ment
affected the T- vs temperature curves, shifting that of Z-FC samples to the
highest and tha? of Z-WQ samples to the lowest.

In summary, the results of AE and tensile testing indicate:
1) EVr and ZNe of the L direction samples increased with test

temperature, but they were unaffected by the post-tempering cooling
rate.

2) Neb of the Z direction samples decreased wich slower cooling after
tempering and was nearly independent of test temperature.

3) The first peak of Ne of the Z direction samples had a constant height

regardless of test temperature and cooling rate.

4) a- of the Z direction samples increased with higher test temperature
ad with lower cooling rate.

5) Amplitude distribution of AE in the L direction samples was
independent on cooling rate, but varied with test temperature from the
power-law to that of continuous emission.

6) Amplitude distribution of AE in the Z direction samples was
independent of test temperature and cooling rate, showing the

characteristic Weibull function (Eq. 1).

IV. DISCUSSION

Large temperature effects on the AE activities at the yielding were
observed in this study. The observed activities were unaffected by the

orientation. This is expected since plastic deformation if the source of the
emissions. For the same reason, the lack of heat treatment effect ;.s
understandable because of the absence of microstructural changes. Because of
strong burst emission activ.ities in the Z direction samples, the effects were
not as clearly shown as in the L direction samples. The trend of kiher AE
activities with increasing temperatffe agrees with other studies. ( -  In
comparison to Hsu"s work on iron, ) however, the extent of the observed
increase was much higher. Nearly vanishing AE activities at -150 0C were also
surprising, although no comparable data exists. Results of amplitude
distribution analysis reflected the variation of continuous emission activities.
At low temperatures, the continuous contribution was hidden by the threshold
level selected, but it emerged unmistakabley at 1500 C.

While exact causes of the observed temperature dependence are not readily
deduced, we may suggest a few probable origins. In basically ferritic
microstructures as A533B steel, we expect the motion of screw dislocations to be
the rate-controlling step for plastic flow below room temperature. This has
been recognized as the source of strong temperature dependence of the yield
strength in bcc metals. The dislocation motion in bcc metals at low temperature
is typically modelled by thermally activated nucleation and growth of a double-
kink. Consequently, it is unlikely for dislocations to move at high speeds and
the magnitude of instantaneous plastic strain increment cannot be lare.
According to a recent theory of continuous AE, this leads to low AE levels.w



Above room temperature, the dislocatioa aubsructur~s after fo:at o. arr
simgar in bcc and fcc metals, indicating dimini .heG vf.e-z o 'crew
dislocation as the sole rate-controlling ;tep. Yet the AE levels at: yleZin6
above 50 0 C increased rapidly. This effect cannot be attributed to th. behavior
of screw dislocations. More gradual increases of AE levels with temperaturv
be ascribed to the changes in internal stress fields accordin to }su.
Again, the observed increases in A533B steel were too large to rationalize on
this basis. Since dislocation in tempered A533B steels are expected to nave
strong Cottrell atmospheres and the unpinning of the existing dislocation
sources must preceed plastic flow, it is possible that the unpinning at higher
temperatures occurs at fewer strongly pinned sources. It follows then that the
number of activated sources becomes smaller, as the plastic strain increments
are larger whil the strain rate remains constant during a tensile test.
According to Ono, 8 ) this leaas to higher levels of continuous AE.

Burst emission activities were relatively unaffected by test temkrature.
when the event counts due to continuous emssions were excluded, the number of
burst emissions, Neb, varied little with temperature. The amplit ude
distribution also remained unchanged and the majority of burst emissions was
observed in the elastic loading range. These characteristics are aniicipated
consequences of the inclusions debonding model. Our present results again give
credence to the validity of the model Qantitatively, our results are in gooc
agreement with previous investigatins" -) as to the number of burst emissIons
and the parameters of amplitude distribution functions.

Stress dependence of burst emission activities in the Z directio- sn'.)les
was most interesting. While effects of test temperature were minimal, the post-
temper cooling rate produced notable and consistent effects on the stress
dependence. When cumulative burst emission counts, Nebs was plotted againsat
stress, the data fell on a single curve for each cooling rate regardless of test
temperature; i.e., three curves were obtained for three heat treatment conditions
(FC, AC and WQ, respectively). This is shown in Fig. 12. Note also that these
can be shifted on the stres axis to yield a single master curve. Normalizing
the cumulative counts by a maximum value, Nmax the stress dependence can be
approximated by

ENeb/Nmax = 1 - exp(-(a -Ac) 4 /cO4 '

where a- is a scaling constant andAo-is the stress shift. The maximum shift was
80 MPa.

The existence of a single stress function implies that the decohesion is
controlled by the stress at the inclusion-matrix interface, and is not dependent
of plastic deformation of the matrix. Since most burst emissions were found
below the yield stress, this conclusion is reasonable although the plastic
deformation of the matrix can produce additional emission beyond yielding. When
the intern s0  ess is calculated assuming the thermal stress to be the major
coponent, 1  we find the stress shift of 80 MPa corresponds to temperature
differential of 270 0 C. That is, water-quenched samples possessed the tensile
interface stress 110 MPa higher than that in furnace-cooled ones and the
temperature at which the inclusion and matrix had been in equilibrium before
cooling was 270 0 C higher in the WQ samples than in the FC samples. This
calculated temperature difference appears to be consistent with the relative
severity of the cooling treatments.

V. CONCLUSIONS

1. Large effects of test temperature were found in continuous AE activities
due to plastic yielding of normalized and tempered A533B steel samples



irrespective of their orientation.

2. Burst emission activities in the thickzebs larec.io a s wre
unaffected by test temperature, but the coolnrg rate foiiow2.,g tm.0ring
varied the stress level of the maximum burst emission rate.

3. Cumulative burst emission counts can be described by a single function or
stress when the thermally induced internal stress at the inclusion-matrix
interface is accounted for.
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