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EFFECTS OF HEAT-TREAThENT ON PRE-YIELD BURST EMISSIONS
OF A533B STEEL

A

Hong-Bee Teoh, Itzhak Roman*, and Kanji Ono
Department of Materials Science and Engineering

School of Engineering and Applied Science
University of California

Los Angeles, California 90024

*Permanent address: Hebrew University, Jerusalem, Israel

ABSTRACT

Nonmetallic inclusions strongly affect the ductility and acoustic
emission (AE) characteristics of A533B steel. Our present and previous
studies have revealed highly anisotropic AE behavior during tensile and
fracture testing, originating from the particular morphological features of
MnS inclusions.

In the present study, the effect of different heat-treatment practices
on the role of MnS-matrix interfaces in generating'AE has been investigated.
Although both L and S orientations of ASTM A533B steel were examined, pre-
yield, burst-type emissions were observed only in the S-orientation.

C

The pre-yield, burst type A ctivities increased drastically with
tempering temperature (up to 750 C) for samples that were furnace-cooled after
tempering. A maximum in this AE activity was noted, for specimens that were
oil-quenched subsequent to tempering, around a tempering temperature of 600 C.

This AE behavior is explained by the occurrence of two phenomena.
First, some of the MnS-matrix interfaces debond due to thermal stresses set up
during quenching. Second, during tempering, partial cohesion of debonded
interfaces commences along with the segregation of sulfur to the interfaces.
Upon tensile loading, these interfaces fracture at relatively low stresses and
generate the observed, burst-type AE in the pre-yield region of the 5-
orientation tensile samples.

INTRODUCTION /
Acoustic Emission (AE) from ductile structural steels primarily

originates from dislocation processes and nonmetallic inclusions. These
produce continuous-type and burst-type emissions, respectively. See
references 1 and 2 for a comprehensive listing of previous studies. Our
previous studies on burst emissions have revealed that the decohesion of
manganese sulfide (MnS) inclusions is the cause of strong influence of sulfur
content on highly anisotropic fracture toughness and AE behavior (2-7). We
further assert that most burst emissions detected during the loading of a
ductile steel member are produced by the decohesion and fracture of

* nonmetallic inclusions.

It is well known that the duct'lity and fracture toughness of structural
steels are strongly affected by heat-treatment and cleanliness, i.e., the
presence of nonmetallic inclusions such as MnS. In order to evaluate the role
of the inclusions, AE techniques are ideally suited to determine the
conditions when the decohesion of the inclusions occurs. While no previous
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work on steels exists, we anticipate effects of heat treatment on the strength
and adhesion of inclusion-matrix interfaces to be significant. Roman and
Jinchuk (8) have noted that sintered tungsten alloys exhibit varied toughness
depending on heat treatment, attributable to the strength of the tungsten-
matrix interfaces.

In this study, we varied heat treatment conditions on A533B steel
tensile specimens in the longitudinal (L) and short-transverse (S) directions.

Subsequently, the samples were tested in tension and the AE characteristics
evaluated. As expected, drastic variations in pre-yield, burst-type AE were
observed. The results indicate the debonding of the MnS-matrix interfaces
upon quenching, the restoration of the interfacial bonds via mechanical and
diffusion processes, and subsequent debonding upon loading. Thermal stresses
appear to be the primary driving force for the observed phenomenon. The
impurity segregation to interfaces also contributes to the observed behavior.
This interpretation is consistent with the chemical composition at the
interfaces (9) and the lattice parameter measurements of MnS using X-ray
diffraction (10).

MATERIAL AND EXPERIMENTAL PROCEDURES

A 165 mm thick low sulfur plate supplied by Nippon Steel Corporation was

the starting stock. Its chemical composition was given in reference 2.
Sample geometry and test procedures were also identical to those used earlier

(1,2). The tensile specimens were austenitized at 930°C for 1 hour in vacuum
and subsequently quenched into oil at ambient temperature. Most of the

specimens were tempered prior to testing and two tempering practices were
employed. Some of the specimens were tempered at temperatures in the range of
1500C to 7500C for 24 hours. The rest of the specimens were tempered at

0 00450 C, 550 C or 650°C for periods of time ranging from 5 to 14400 minutes.
All samples (except a few noted as slow-cooled) were oil quenched after
tempering.

AE characteristics evaluated were totalized AE event counts, rms

voltages and the peak amplitude distribution of AE signals. A resonant type

transducer (Model AC 175L, Acoustic Emission Technology Corporation [AET],
Sacramento, California) and a preamplifier with 125-250 kHz filter (Model 160,
AET) were used for all AE measurements. The transducer was acoustically

coupled to the end of the round tensile samples using a viscous resin. For
the AE event count measurements and the amplitude distribution analysis, a

microcomputer based AE instrumentation (Model 5000, AET) and an amplitude
distribution analyzer (Model 203, AET) were employed. A true rms voltmeter

(Model 3400A, Hewlett-Packard) was used for the rms voltage measurements. The

input noise level was 1.4 pV and the threshold for amplitude distribution
analyzer was set at 15 mV after 60 dB amplification (or 15 pV in reference to
the preamplifier input).

RESULTS

The yield and tensile strength of oil-quenched and tempered samples
decreased with tempering temperature. The strength levels were lower than
those of the water-quenched and tempered samples (1), but the general trends
were quite similar. The S-orientation samples had slightly lower strengths,
possibly reflecting the differences in texture. Elongation, reduction in area

and true fracture stress were substantially lower in the S-orientation, but
tempering at temperatures above 5000 C removed the orientation effects 8n tn_
ductility, Continuous yielding was observed after tempering below 600 C. ty c0#04

After 650 C tempering, a yield drop and Lueders strain e observed. and/or

I
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The observed AE behavior of the L-orientation samples was essentially
identical to that of the water-quenched and tempered samples of the transverse
orientation, reported by Landy and Ono (1). The load vs. time and rMs voltage
of AE signals vs. time curves for an oil-quenched sample are shown in Fig. 1.
The total elongation is 15%, and time of 1 min. approximately corresponds to
7% plastic strain beyond yield. Continuous-type AE was observed almost from
the beginning of macroscopically elastic deformation. The rms voltage
increased gradually, reaching a broad maximum at about 80% of the yield load.

Even at the maximum, the AE level was low (2.4V), and decreased with further
work-hardening to the background level. Spikes in the rms voltage-tj-Se curve
represent occasional burst emissions, which totaled less than 500 for the
entire test up to the maximum load.

Moderate tempering (2500C - 5000C) increased the level of near-yield
continuous emission to very high values (55 to 90pV at the peak). The rms
voltage-time curves were sharpened and higher stresses (70 to 90% of the
yield) were required before any AE activities were detected. Again,
continuous emission was primarily observed. Although the high signal levels
resulted in large numbers of event counts, these were due to large excursions
in the continuous-type signals. Tempering at 5500C to 7000C reduced the peak
AE levels to 5 to 20pV range and further sharpened the rms voltage-time curve.
When Lueders deformation was observed, AE intensity showed a double peak
behavior, which became very low once the work-hardening started.

The AE behavior of the as-quenched sample of the S-orientation was
identical to that of the L-orientation, even though the ductility indicators

were lower in the S-sample. The number of burst emissions was low and the
level of continuous-type AE was again less than twice the background. The
amplitude distribution of the burst emissions exhibited essentially a power-
law behavior, with the slope of 1.5 to 2.3. The highest peak level observed
was below 0.2 mY.

A typical AE behavior is shown in Fig. 2 for an S-sample, quenched and
tempered at 450 C. Two distinct AE activities are indicated in the rms
voltage-time curve. In the elastically loaded region, numerous spikes due to
burst emissions are found, whereas a prominent peak is observed at the yield.
The peak at the yielding is common to that observed in the L-sample of the
same temper and consists of continuous-type emissions. The pre-yield, burst
emission activities commenced at a very low load (at 1/6 of the yield load),
and about 3000 events were recorded before reaching one-half the yield load.
The amplitude distribution of the pre-yield burst emissions exhibited the
characteristic Weibull distribution with an exponent of 0.3. The highest peak
level exceeded 1 mY.

After tempering at higher temperatures, the continuous emission
activities at the yield diminished along with the lowered yield strength. On
the other hand, the pre-yield, burst emission activities became stronger.

These trends, in effect, merged the two active regions into one. This is, in
fact, the AE behavior of S-samples in the quenched and tempered or normalized
and tempered at 6500C as well as in the as-received condition (2-7).

When an S-sample was slow-cooled after tempering treatment, the pre-
yield burst emission increased up to 7500 C tempering. On the other hand, the
pre-yield burst activities started t 8 diminish after 700 0 C tempering followed
by quenching. Upon temperins at 750 C, the burst AE activities decreased to
about 20% of these after 600 C tempering. This strong effect of cooling rate
after tempering was essentially absent when S-samples were tempered at 6500 C
(7).
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Effects of tempering temperature on the pre-yield, burst emissions can
be seen most clearly in Fig. 3. Here, the AE event counts at 345 HPa (50 ksi)
and at 413 MPa (60 ksi) are plotted against tempering temperature. These
stress levels allow us to exclude the contribution of continuous AE signals.
The AE event counts increased slightly after 150 0C tempering, which could be
discerned on the rms voltage vs. time curve as well. The burst activities
increased several times after tempering at 250 0C and 3500C, further increasing
above the tempering temperature of 450 C to the levels of 4000 to 6000 event
counts. The decrease in the burst activities in S-samples quenched after
tempering is also shown in the figure, for the tempering temperature of 750°C
in particular.

DISCUSSION

We have established by a series of studies on low-alloy steels that the
pre-yield burst emissions (PYBE) are generated by the decohesion of MnS
inclusions from the matrix (2-7). The PYBE were observed in the short
transverse samples, but were absent in the longitudinal or transverse samples
(5,6). These were proportional to the sulfur content. The steel had to be
hot-rolled heavily to exhibit the PYBE; that is, MnS inclusions must be
flattened so that tensile stress acts on their broad faces (4). Cooling speed
from tempering treatment affected the stress at which PYBE were observed,
indicating thermal stress has a role in the decohesion process (7). After
PYBE were generated via tensile loading, these were recovered by additional
heat treatments (11).

These findings, the last two in particular, have posed new questions as
to the roles of thermal stress and heat treatment and possibly the diffusion
of certain embrittling species, such as sulfur and phosphorous. Consequently,
systematic tests have been conducted varying heat treatment. Among the
present findings, we need to focus our attention on the following three
points:

1. AE behavior was isotropic in the quenched samples and very limited
numbers of burst emissions were observed, whereas the ductility
parameters clearly showed that the S-sample is less ductile.

2. The PYBE increased with tempering temperature in the S-samples, but none

was detectod in the L-samples.

3. The PYBE started to diminish at tempering temperatures above 750°C when

the sample was quenched, but remained active when slow-cooled.

These three points are interrelated, but we discuss them sequt.ntially, leading
to a plausible model that can explain the observed behavior.

In the quenched samples, burst emission activities were limited even in
the S-samples. This can mean either the MnS-matrix interfaces are so strong
that decohesion can occur under applied stress or almost all the interfaces
have already been debonded prior to tensile testing and no further decohesion
can take place during subsequent loading. For the former (strong interfaces),
one may argue that any interfacial segregation is dispersed during
austenitization because of the usual entropic effect (12) and that no impurity
segregation is possible during quenching. It is further postulated that the
interfaces without segregation can withstand high tensile stresses. This
hypothesis cannot explain the ductility differential between the L- and S-
orientations. The fracture surfaces of the two orientations were also
distinctly different; the L-sample showing the radial shear ridges, hile the
S-sample exhibiting numerous MnS inclusions on the fracture surfaces. Figure 4
is the most deciding evidence against the strong interface hypothesis. This
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is the fracture surface of a quenched s-sample, which revealed many more
stringer-type MnS inclusions than those on the quenched and tempered samples
with hundred times more AE event counts. This is a consequence of debonded
interfaces; i.e., the second alternate hypothesis.

The debonded interface hypothesis is supported by the level of thermal
stress, which develop at the MnS-matrix interface and within the inclusion
itself. The thermal stress was calculated by Shibata and Ono (13) as the
misfit stress, which is the principal component in comparison to the
inhomogeneity effect or to the matrix deformation effect. Because of
differential thermal expansion, tensile stress of 380 MPa develops at the
interface (on the broad face). This result employed the temperature change
during quenching of 900 C, the thickness-to-diameter ratio of an inclusion of
0.1, the Young's modulus of steel of 210 GPe and the thermal expansion
coefficients of MnS and steel of 18.1 x 10 / 0C and 12.5 x 10 / °C,
respectively. The calculated thermal stress corresponds to that, below which
most PYBE are observed in the as-received steel samples. Thus, it is likely
that the interfaces are debonded during quenching. This is consistent with
general observations that MnS is weakly bonded to the matrix (14). Most
specifically, Brooksbank and Andrews (10) concluded, from their thermal
expansion measurements of MnS and steel, that voids are created around MnS
inclusions. They used precise lattice parameter measurements via X-ray
diffraction to detect anomalous changes leading to the above conclusion.

It should be noted that the thermal stress is strongly dependent on the
thickness-to-diameter ratio. For the ratio of 0.01, it decreases to about 50
MPa and for the ratio of 0.5, the stress is raised to 1200 MPa. Because of
likely distributions in such ratios, the levels of thermal stress are expected
to vary. The stress needed for debonding is another unknown. Since impurity
segregation to grain boundaries is well-documented during austenitization,
segregation to the interfaces may also be oresent, thus affecting the cohesive
strength. An important point to note is that the debonding probably occurs
during quenching. The temperature of debonding can possibly be as high as
300 -500 C.

Effects of tempering on the PYBE are demonstrated in Fig. 3. Additional
experiments varying tempering time at 450, 550 and 6500 C were performed.
These showed almost immediate changes in the number of PYBE, followed by time
depen-, t increases. That is, there are athermal and thermal components.
Most PYBE below 3500C were due to athermal and the thermal components were
less than 50% even at the tempering temperature of 650°C.

Since the preceding discussion has eliminated the strong interface
hypothesis, we must consider mechanisms of bonding the separated surfaces of
MnS and matrix. If the debonding occurs at temperature T, reheating above T
will join the surfaces together. This should lead to mechanical (or
physical) bonds, which can be strong because of the lack of contaminating
atmosphere. This mode of bonding can rationalize the athermal component of
the PYBE. Such bonding is further promoted as the inclusion generates
compressive stress at the interface when temperature is raised abnve T.

The thermal component becomes significant above 4500 C, suggestinl a
diffusional process. Two possible contributions are plausible. One is to
complete the mechanical bonding processes mentioned above by supplementing
local diffusion. This allows the development of chemically bonded interfaces.
Since a stronger interface requires a higher mechanical force to debond, a
more prominent PYBE is expected. Another mechanism relies on the impurity
segregation. It has been well known that sulfur and phosphorous tend to
segregate to free surfaces (15). This implies that impurity is likely to
segregate to the debonded surfaces. The interfacial segregation is elsei
plausible, especially when they are merely mechanically joined. The only
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report indicative of such segregation has recently been made by Briunt and
3anerli (9). They examined a variously heat-treated Ni-Cr-Mn steel of high
purity. Using Auger spectroscopy, they found that the interface has a 50%
enrichment of S over the stoichiometric ratio of NnS. Such sulfur segregation
at the interface can promote the bonding, but it is also likely that the
interface is embrittled at lower temperatures. Both tendencies will
contribute to the increase in the PYBE.

According to the above interpretation, one expects the thermal component
to be controlled by the diffusion of sulfur to the interfaces. From the
isothermal tempering data, we determined times, at which the thermal component
started to increase. By plotting the times at three temperatures against the
inverse absolute tempering temperatures, the activation energy of the thermal
component was estimated to be 30 to 40 kcal/mole. While nr. diffusion data is
available for sulfur in bcc iron, the data for fcc iron and that of
phosphorous in bce or fcc iron indicate that the diffusion of sulfur (or
phosphorous) ls involved during tempering.

The above discussion leads to two mechanisms; that is, mechanical
bonding and impurity segregation to interfaces. These are the sources of
increasing PYBE with tempering temperatures.

Finally, let us consider the decrease of PYBE above the tempering
temperature of 700°C. This applies only when the S-samples were quenched
after tempering. As was the case of the as-quenched condition, two mechanisms
may be considered. One is the strong interface hypothesis, relying on the
entropic effect to redistribute embrittling elements from the MnS-matrix
interfaces. This parallels the usual interpretation of temper embrittlement.
Once the interfaces are free of embrittling impurities, such as sulfur and
phosphorous, the interfaces survive the thermal stress from quenching and
remain intact even under applied stress. This hypothesis Is difficult to test
via the fractographic examination, because the PYBE still exist in substantial
numbers (over 1000). Still we have found many MnS inclusions on the fracture
surfaces. This finding tends to support the second hypothesis, although this
is not a conclusive evidence. As before, the other mechanism relies on the
weak or debonded interface hypothesis. Here, as the tempering temperature
increases, the thermal stress also increases. Effects of quenching are
minimal below 7000 C, and the cohesive strength of the interfaces must be of
the order of 3,n MPa, which is the expected level of thermal stress. This
value is comparable to the stresses which generate most PYBE. When an S-
sample was slowly cooled from the 700-750 C range, the number of PYBE
increased further to 10 to 15,000 counts from 4 to 6,000 after tempering at
the 500-650C range. Since the thermal stress is reduced substantially, this
can be construed as a supporting evidence. However, the diffusion of
embrittling species can proceed during the cooling. Thus, we cannot rule out
the first hypothesis. Consequently, this part needs to be studied further to
establish a convincing mechanism. To be consistent with the initial parts of
this discussion, we tend to favor the debonding mechanism at this time.

Effects of heat-treatment on the PYBE can be schematically represented
in Fig. 5. Upon quenching from the Sustenitization treatment, most inclusions
are debonded. As shown in Fig. 5a, the number of bonded inclusions increases

;i with tempering temperature. Initially, the bonding is a result of mechanical' oontact. Effects of diffusion are present at higher temperatures (above
400 C), producing chemical bonding as well. Thermal stresses causes the
debonding in samples quenched after tempering above 700°C. Slow-cooled
samples are not affected as ses',4Ay, as shown in Fig. 5b. These factors
combine to affect PYBE as shou. i'M Fig. 51, where the PYBE has a maxim when
the samples were quenched after cempering. The PBE for those with slow-
cooling after tempering exhibits monotonic increase.

6
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CONCLUSIONS

1. Pre-yield, burst emissions were detected in tempered A533B steel tensile
samples of the short-transverse direction. These are due to the
debonding of flattened IaS inclusions.

2. These burst emissions were absent in the longitudinal samples and in the

as-quenched short-transverse samples. The burst emissions reappeared
when the as-quenched short-transverse samples were tempered.

3. Thermal stress during quenching are responsible for the debonding of the

MnS-matrix interfaces. The debonded interfaces contribute little to the
generation of burst emissions.

4. During tempering, mechanical contact and impurity segregation to the

interfaces re-establish the bonds between NaS and the matrix, unless
debonded again by quenching after the tempering. These are responsible
for the re-emergence of the burst emissions.
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Fig. 4 Fracture surface of as-quenched, short-transverse sample,
showing debonded MnS inclusions.
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