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A NOTE ON THE ANISOTROPIC ACOUSTIC EMISSION BEHAVIOR OF HSLA STEELS

In recent 'years, acoustic emission (AE) has become one of the viable
nondestructive evaluation methods. It is especially suited for locating
flaws in large pressure vessels and elaborate AE testing facilities have
been developed and deployed(l). Numerous laboratory studies have been

conducted in order to understand the origins of AE. Results in many studies

are inconclusive because of the lack or difficulties in establishing physical ‘

processes that produce AE signals.
AE characteristics of a material sometimes exhibit substantial depen-
dence on the loading direction with respect to the direction of prior

mechanical working, such as rolling and forging. Gr'aham(z)

made the first
systematic observation of this effect on a number of structural alloys
including 2024, 2219, 2048, 7075, and 6061 aluminum alloys and AS533B and HY80
steels. He reported that total AE events normalized by total plastic strain
during a tensile test is 1.5 to 32 times higher in a sample oriented along
the thickness direction than that along the rolling direction. In the Graham
study, effects of continuous-type AE signals were negligible because of the
low sensitivity of the transducer, small gage volume of the specimen and

(3 showed that con-

relatively low strain rate employed. Hamstad et al.
tinuous-type AE signals from tensile or compressive testing of 2124 aluminum
alloy also exhibit substantial anisotropy. In the thickness direction, the
rms peak intensity level was about twice that in the longitudinal or trans-
verse direction.

Noting the significant directional mechanical properties of hot-rolled

(4,5)

steels, Ono and coworker examined AE characteristics of HSLA steels in

the rolling or longitudinal (L), transverse (T) and thickness or short
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transverse (Z) directions. The steels tested were of JIS Type SM50 steel
with the nominal composition of 0.15% C, 1.30% Mn, 0.35% Si, 0.02% P, and
0.04% AL. The sulphur content was varied from 0.006% to 0.027%. Tensile
tests were performed on as-rolled materials having ferrite plus pearlite
microstructures.

The main results of the study were as follows: (1) Samples in the L
or T direction produced significant AE activities only during initial
yielding, consisting primarily of continuous-type AE with a few burst emissions.
The level of AE activity was independent of the sulphur content. (2) AE from
samples in the Z direction was predominantly of burst-type, and was observed
from the pre-yield region to the maximum load. The total AE event counts and
the rms peak intensity levels increased with the sulphur content.

Burst-type AE signals in the Z direction samples were interpreted to
originate from the decohesion or fracture of MnS inclusions because of the
observed directionality and sulphur dependence. Fractographic observations
supported this interpretation, which was also consistent with increases in
the density of stringer-type inclusions with the sulphur content(6’7).

Evidently, stress concentrations at the inclusions are responsible for
the observed behavior and need to be evaluated quantitatively. Eshelby

(8)

theory of transformation induced stresses has been employed successfully

to obtain internal stresses in and around an ellipsoidal inclusion(g’m).

(11,1 considered internal stresses in an oblate

Recently, Shibata and Ono
spheroidal inclusion and at the inclusion-matrix boundary arising from the
following three effects; namely, (1) misfit effect due to a difference in
thermal expansion coefficients of the inclusion and matrix, (2) inhomogeneity
effect due to a difference in the elastic stiffnesses of the inclusion and

matrix and (3) plastic deformation effect due to the presence of a non-




deformable inclusion in the matrix, which is plastically deformed. For the
latter two effects, the oblate spheroidal inclusion had its broad face either
normal (N configuration) or parallel (P configuration) to the direction of
external stress and plastic deformation. Their results are adopted to
consider an MnS inclusion in steel. The inclusion is approximated by a disc

even though a typical MnS inclusion in hot rolled steel has the shape of a

ribbon(6’7). Thus an inclusion of N configuration represents one in the Z

direction sample, whereas that of P configuration approximates an MnS inclusion
in the L or T direction samples. The thickness-to-diameter ratio, k, is
expected to be 0.01 to 0.1. It is assumed that the steel matrix ceases to

allow plastic relaxation around the inclusion below 800 K, giving rise to

thermal misfit strain, €', of -3 x 10°°. The ratio of Young's moduli of MnS

and steel, m, is found to be 2/3(11). The magnitude of uniaxially applied

3

stress, OA, is taken at 10 °E or 206 MPa, where E is the Young's moduli of

steel. This stress level is approximately 60% of the yield strength, above

which burst emission activities become signi_ficant(u’S). The amount of

plastic deformation of the matrix, € <
produce insignificant effects on the total internal stress.

is taken as 1%, as lower values of ep

Two components of internal stress, normal to the board face of the
inclusion, were calculated for inclusions of N and P configurations under
either tensile or compressive loading. Results are presented in Figs. 1
and 2, where the normal stresses, 0, are expresses in terms of E and plotted
against k. Here, A refers to a point on the equator of the inclusion and B
to the polar points. At A, o actually corresponds to tangential stress
acting at the interface ( 023 for N configuration in Ref. 11 and o?l

configuration in Ref. 12). At B, o refers to normal stress acting at the

in P

interface, which is equal in magnitude to the corresponding stress within

the inclusion (og for N configuration in Ref. 11 and o{l for P configuration

3

in Ref. 12).
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Under tensile loading, Fig. 1 shows that an MnS inclusion of N contigu-
ration is subjected to tensile stresses at A and B. The inhomogeneity
effect is the primary element for o at B for N configuration, o(N,B),
especially for smaller values of k. As k increases, the misfit effect
becomes significant and accounts for much of stress intensification at k =
0.1. The plastic deformation effect is an important part of o(N,A), since
the misfit effect produces a large compressive stress in the matrix(m). In
fact, at ep less than 0.65 to 0.8%, o(N,A) remains compressive. o(N,A) is,
however, sensitive to Ep and exceeds the normal stress at B for ep greater
than 1% or so. Thus, decohesion at the edge of the inclusion of N configu-
ration is expected under tensile loading at larger values of ep. Initially,
the broad face is the favored site, but the inclusion edge becomes the likely
site for decohesion with increasing plastic deformation. An inclusion of P
configuration is subjected to weakly tensile stress at B, but strongly com-
pressive stress develops at A. Consequently, it is unlikely to initiate
decohesion for this configuration under tensile loading.

Under compressive loading, ¢ is mostly compressive with the exception
of o(P,B), as shown in Fig. 2. However, o(P,B) is still smaller than oA
for k < 0.1, and decreases to oAllo at k = 0.01. Since the compressive
stresses at A are quite high, the decohesion of the inclusion of either
configuration appears to be remote.

The results for tensile loading are consistent with the previous inter-

(5) . The calculation

pretation of the observed AE behavior of HSIA steel
indicates that a stress of 200 to 306 MPa initiates the decohesions at the
face of the MnS-steel interface for N configuration. As the decohesion may
initiate from both face on opposite sides of an inclusion, fracture perpen-

dicular to the inclusion face necessarily accompanies the process. The




inherent fracture strength of MnS is expected to be much higher than the
indicated decohesion strength so that internal fracture of MnS parallel to
the broad face appears unlikely. It is also interesting to note that another
normal stress along the tensile axis within the inclusion of P configuration
is quite high. This component is °§3 in Ref. 12 and, for k of 0.01 to 0.1,

I

o, = 2.35 ¢ + 0.85 m Ec_ .
33 P

I
33

tensile stress may incur fracture of the inclusion. Because of the matrix

From this, at &, = 1%, o3, becames 1.7 GPa taking o = 1073 E. This high
constraint and a limited volume of strain energy relaxation, an AE signal
from such a fracture event appears to be too weak tc be detected.

Under compressive loading, normal tensile stress components within the
inclusion perpendicular to Op become significant. For N configuration, these

I

are o.. and oI in Ref. 11 and reach 1.1 GPa under the same condition as

11 22
above. For P configuration, it corresponds to cI in Ref. 12 and amounts

22
to 0.7 GPa. Again, no detectable AE activity is expected from these loading
conditions.

During compression tests, several investigatoréla’lu) have reported
vastly decreased AE activities in a number of structural materials. However,
compression testing of HSLA steels with aligned MnS inclusions has not been
monitored via AE techniques. In order to correlate the present results with
careful monitoring of waveform of AE signals, compression samples of square
cross section (12.4 mm x 12.4 mm x 31.8 mm) were machined from two hot rolled
plates along the L direction. The two plates were from a single slab of JIS
SM-50 steel with the chemical analysis of 0.17% C, 1.29% Mn, 0.3u% Si, 0.019%

S, 0.016% P, 0.029% AL. The average size and density of MnS inclusions on




the LZ plane as determined by standard metallographic technique were 60 um

and 5 to 8 x 103/cm2, respectively.

Test procedures were described in detail elsewher'e(s). The transducer,
which was aftached to the side of a sample, was of resonant-type (Model
C 175 B, AET Corp., Sacramento, Calif.). The filter bandwidth was 100 to
300 kHz. The rms voltages were recorded along the load and displacement.
The latter was obtained by using a clip gage with 12.7 mm gauge length.
Waveform of the AE signals was monitored on an oscilloscope during a test
and using a transient recorder from tape recording after a test. A universal
testing machine (Tinius Olsen Model 60K, 4 screw Electromatic UTM) was employed
for the tests at a cross head speed of 4.23 x 10-6 m/s. Nominal strain rate
was 1.33 x 107% 7L,

Representative results of stress and rms voltages against strain during
a compression test is shown in Fig. 3. The main features of the results
are identical to the corresponding tensile tests of the same materials. No
evidence of burst-type AE was obtained prior to the yield point or beyond.
Main AE activities were observed only during the Liders elongation. This
result is consistent with the calculation which predicts no decohesion for
MnS inclusions in the P configuration loaded in compression. A typical
waveform at 0.5% strain is given as an insert in Fig. 3 and shows the
continuous nature of AE signals.

From this observation along with the calculations presented earlier,
we conclude that elongated MnS inclusions in HSIA steel produce no
detectable burst emission activity when a steel test sample is stressed in
tension or in compression along the L (and probably T) direction. This is
in sharp contrast to significant burst emission activities when the tensile
stress acts normal to the flattened MnS inclusions in the Z direction samples

of the same HSLA steel.
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FIGURE CAPTIONS

Fig. 1. Internal stresses at A and B for N and P configurations
against thickness-to-diameter ratio, k, under tensile
stress of o = 107°E (as indicated by the dotted line).

Fig. 2. Internal stresses at A and B for N and P configurations
against thiclmess—to—diafreter ratio, k, under compressive
stress of o> = 10°°E (as indicated by the dotted line).

Fig. 3. Stress and rms voltages of AE signals against strain during

a compression test of the longitudinal direction steel

sample.
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Fig. 1. Internal stresses at A and B for N and P configurations
against thickness-to-diameter ratio, k, under tensile
stress of oA = 10" ’E (as indicated by the dotted line).
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Fig. 2. Internal stresses at A and B for N and P configurations
against thickness-to-diameter ratio, k, under compressive
stress of oA = 107°E (as indicated by the dotted line).
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Fig. 3. Stress and rms voltages of AE signals against strain during

a compression test of the longitudinal direction steel
sample.




