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Characterization of Austempered Ductile Iron Through
Barkhausen Noise Measurements

C. D’Amato,? C. Verdu,! X. Kleber,! G. Regheere!* and A. Vincent!?

The outstanding mechanical properties of austempered ductile irons (ADI) are linked to the microstructure of the matrix
obtained by subjecting a ductile iron with an appropriate compo-sition to a heat treatment called austempering. Then the
microstructure of the matrix consists of bainitic ferrite with different volume fractions of retained austenite. The aim of this
work is to use the magnetic Barkhausen noise (MBN) as a nondestructive method for characterizing the microstructure of
ADI. First, it is shown that the amplitude and position of the peak-shaped MBN response is quite sensitive to the
microstructure of the matrix of ductile irons. Thus each type of constituent (equiaxial ferrite, pearlite, martensite or bainite)
exhibits a typical response and, in turn, it can be identified from the MBN response. Furthermore, a good correlation is
found between MBN signal parameters and ADI heat treatment parameters, indicating that MBN is also quite sensitive to fine
evolutions of the microstructure of ADI. MBN peak position is especially sensitive to the type of bainite, whereas peak
amplitude is linked to the progress of the bainite reaction. Hence MBN measurements appear to be a powerful tool to assess
some important microstructural features of ADI castings.

KEY WORDS: SG ductile iron; austempered ductile iron; bainite; magnetic Barkhausen noise.

1. INTRODUCTION austenite are tightly imbricated. A large variety of

bainitic structures can be obtained by varying compo-

Austempered ductile irons (ADI) offer attractive
combinations of mechanical and service properties
(toughness and ductility associated with high strength
and wear resistance). These properties are the result
of the mixture of phases that is obtained through the
manufacturing process: casting, austenitization, and
austempering. The microstructure mainly consists of
graphite nodules embedded in a so-called bainitic ma-
trix, in which fine laths or plates of ferrite and retained
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sition and heat treatment parameters, and, in turn, the
properties mentioned above are tightly linked to the
good achievement of the manufacturing process. Hence
there is a great demand from foundries to develop
nondestructive characterization techniques that would
enable one to assess the quality of the product.

In the past, several methods of nondestructive
evaluation have been tested on ADI. Ultrasonic veloc-
ity!?) is sensitive to both the nodularity of graphite and
the bainitic matrix structure. However, it seems that ul-
trasonic methods are more appropriate to characterize
the nodularity of graphite. Eddy-current and classical
magnetic methods®*® also have been proposed. Good
correlation has been found between retained austenite
content and eddy currents parameters, for example.



However, all these methods provide a macroscopic
physical quantity averaged over the various phases pre-
sent in the material, which makes it difficult to analyze
the contribution of each phase. In contrast, the magnetic
Barkhausen noise (MBN), which occurs during the
magnetization process of a material, originates almost
directly from the ferromagnetic phases in this material.
Moreover, MBN features are tightly linked to the mi-
crostructure of these ferromagnetic phases. Therefore
MBN could provide valuable information about the
good achievement of the manufacturing process of ADI.
Although many works have been reported in the litera-
ture dealing with the relation between the MBN and
microstructural constituents in steels (ferrite, pearlite,
martensite),®”” to our knowledge nothing is available
concerning MBN in ADI. Hence the objective of the
current work is to investigate the main features of MBN
in spheroidal graphite cast iron (SGCI), placing em-
phasis on the bainite reaction in ADI. For that purpose,
on the one hand, different SGCI were prepared with dif-
ferent single constituents (ferrite, pearlite, martensite,
or bainite), in order to compare the MBN features of
these matrix constituents. On the other hand, series of
specimens were austempered for increasing time and at
different temperatures to study the sensitivity of the
MBN to the progress of the bainite reaction.

In this paper, first, the SGClIs investigated in the
present work are presented. In the following part, the
MBN characteristics of these materials are reported. In
the last part of the paper, the MBN results are discussed
in relation to the main microstructural features of the
materials.

2. MATERIALS
2.1. Background on Austempered Ductile Irons

The manufacturing conditions and properties of
ADI have been reviewed by several authors (e.g.,
see®). First, as-cast ductile irons are fully austenitized
in the temperature range 850°C-950°C. Then they are
rapidly cooled to the temperature range suitable for bai-
nite reaction. Austempering consists of an isothermal
holding in the temperature range 250°C—450°C for typ-
ically 0.5-2 h before cooling to room temperature.

During austempering, bainitic ferrite nucleates and
grows into the austenite. The high silicon content
(>2%) of ductile irons hinders the precipitation of
carbides during the transformation. Moreover, carbon
diffuses from the supersaturated ferrite into the sur-
rounding austenite. Consequently, the nontransformed

austenite is gradually stabilized, allowing it to be fi-
nally retained when the material is cooled to room tem-
perature. However, long austempering time leads to the
decomposition of austenite into ferrite and carbide,
which is quite harmful for mechanical properties (loss
in ductility and toughness).

Hence the austempering process is usually divided
in two main stages: stage I: vy = o + v,; stage II: y, >
o + carbides. The period between the end of stage I and
the beginning of stage II is referred to as the “process
window” and corresponds to highest retained austenite
contents and the best mechanical properties (maximum
of the toughness). To obtain a wider process window,
alloying elements, such as Mo, Ni, Mn, or Cu, which
delay the both stages of the bainite reaction, are added.

Bainitic ferrite morphology gradually evolves with
austempering temperature. Two types of ADI are usu-
ally distinguished. At temperatures below 330°C or so,
ferrite units look like fine needles or laths and the mi-
crostructure is called “lower bainite.” At temperatures
above 330°C or so, the microstructure consists of
coarser ferrite plates arranged in sheaves and is referred
to as “upper bainite.”

2.2. Test Samples

In this study, SGCI with three different chemical
compositions (nonalloyed, mid alloyed, and alloyed,
hereafter noted C1, C2, C3, respectively) were cast
(see Table I). Cylinders with 20-mm diameter were ma-
chined and heat-treated. Inert atmosphere was used
to avoid decarburization. To simulate the occurrence
of inappropriate heat treatment conditions, a specific
sample was treated without such care, leading to some
surface decarburization.

On the one hand, it was necessary to characterize
the specific MBN characteristics of each constituent
that can be found in ADI. Therefore five different SGCI
samples with different matrix constituents were first
manufactured. Equiaxial ferrite, pearlite, martensite,
and lower and upper bainite were obtained according
to the heat treatment parameters presented in Table II.

Table I. Chemical Compositions of the Different SGCIs Investi-
gated (in wt%)

C Si Mn S,P Mg Cu Ni Mo

Cl 3.6 2.4 02 <0.02 0.04 0.02 0 0
C2 3.6 2.4 02 <0.02 0.04 0.7 05 0
C3 3.6 2.4 02 <0.02 0.04 07 05 02




Table II. Heat Treatment Conditions for SGCI Samples with Different Matrix Constituents

Matrix Composition heat treatment
Ferrite Cl1 Austenitization 900°C for 3 h

cooling: 50°C/h =800°C; 20°C/h =600°C; air cooling
pearlite Cl1 Austenitization 900°C for 2 h

cooling: 50°C/h =850°C; blowing air cooling
martensite C2 Austenitization 900°C for 2 h

cooling: 50°C/h =850°C; oil quench
upper bainite C2 Austenitization 850°C for 1.5 h

Austempering: 375°C for 0.5 h, air cooling
lower bainite C2 Austenitization: 850°C for 1.5 h

Austempering: 280°C for 0.5 h, air cooling

On the other hand, series of ADI samples were also
realized divided in two compositions, C1 and C3, and
different heat-treatments: austenitization temperatures
850°C and 900°C for 1.5 h, austempering temperatures
280°C, 350°C, 375°C, and 425°C for different austem-
pering times ranging from 0.25 h to 8 h, so as to
obtain a wide range of microstructures. The austeniti-
zation time was chosen long enough to obtain a com-
plete homogenization of the matrix. For each set of heat
treatment conditions and composition of ADI, two sam-
ples were prepared to evaluate the reproducibility of the
preparation and measurement procedures. All ADI spec-
imens of a given composition were prepared from the
same casting, which means the graphite nodularity and
volume fraction were identical for all these samples.

2.3. Microstructural Characterization

Microstructural characterization has been performed
on pieces cut from the end of the cylinders. Several meth-
ods have been used to verify the matrix microstructure
of the samples. Optical and scanning electron mi-
croscopy observations have been realized after polish-
ing and etching with 4% Nital. Optical microscopy
enables us to verify that the expected microstructures
have been obtained for the constituents of the SGCI sam-
ples (Fig. 1 a—e). It reveals that for the sample heat-
treated without taking care of heat treatment conditions,
the core microstructure is actually martensitic, whereas
a layer of ferrite is present at the surface (Fig. 1 f).

For the series of ADI samples, the fine evolution
of the bainitic matrix with the heat treatment para-
meters also has been studied. In Figure 2, scanning
electron micrographies show, as expected, that the
bainitic microstructure becomes coarser with increas-
ing austempering temperature.

To quantify the progress of the bainite reaction,
X-ray diffraction measurements have been performed

on the polished surface with a SIEMENS diffractome-
ter equiped with a Co target. Retained austenite
volume fraction is calculated using the ratio between
several diffraction peaks of ferrite (200, 211, 220) and
austenite (200, 220, 311, 222).

No significant amount of martensite is detected on
the spectra for all the treatment conditions of the present
work. Furthermore, as illustrated for some conditions in
Figure 3, retained austenite volume fraction never signif-
icantly increases with increasing austempering time. This
result suggests that the samples never stand in the first
stage of the bainite reaction. Moreover, most of the sam-
ples present no significant variation of the retained austen-
ite volume fraction with austempering time, as illustrated
in Figure 3 for samples austenitized at 850°C and austem-
pered at 350°C. It indicates that they are situated within
the process window. However, a drop of the retained
austenite volume fraction is observed for samples austem-
pered at 425°C for long time. It indicates that the stage 11
of the bainite reaction has been reached (Fig. 3).

The delaying effect of the alloying elements is
also clearly illustrated in Figure 3 by these samples
austenitized at 850°C and austempered at 425°C. For
composition C1, retained austenite content drops after
0.25 h and stage II is almost finished after 1 h, whereas
for composition C3, the retained austenite content only
begins to drop after 1 h.

3. MAGNETIC BARKHAUSEN NOISE
MEASUREMENTS

3.1. Experimental Conditions for MBN
Measurements

The apparatus for measuring MBN in this work is
presented in Figure 4. A magnetic circuit, a U-shaped
core made of a high permeability iron-nickel alloy closed
through the cylindrical samples, is magnetizd by means
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Fig. 1. Light micrographs of test samples with different matrix constituents. (a) equiaxial ferrite, (b) pearlite, (c) upper bainite,
(d) lower bainite, (e) martensite, (f) martensite with decarburization layer of ferrite.
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Fig. 2. Scanning electron micrographs of the (a) upper and (b) lower
bainite microstructures (samples austempered at 425° and 280°C, re-
spectively).

of a coil wound around the U-shaped core. The mag-
netic field H induced in the samples is measured at its
surface by a Hall sensor. The samples are magnetized
from saturation to saturation with a quasi-triangular
waveform. The corresponding magnetization rate is
|dH/dt| = 6 kKAm ™ 's™ 1.

The electromagnetic signals are detected using a
surrounding coil probe. Following a preamplification
stage (gain, 25), MBN is selected from the overall sig-
nal through a high-pass filter (cut-off frequency, 2 kHz).
Then, following a second amplification stage (gain,
100), the instant' root mean square value of the noise

! The integration time of the RMS circuit was fixed to 25 ms for
every measurement.
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Fig. 3. Volume fraction of retained austenite, obtained from x-ray
diffraction measurements, versus austempering time, for different
compositions and austempering temperatures.
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Fig. 4. Schematic diagram of MBN apparatus.

voltage, hereafter noted Vyys, is delivered. Because
the variation of Vyyg versus H, hereafter called MBN
response or Vrys = f(H) response, is symmetric for in-
creasing and decreasing H, only the part of the response
at increasing H is presented in what follows. Further-
more, the MBN response is always peak shaped and
is characterized by simple parameters: the maximum
amplitude of the peak,> Vy, and the corresponding

2 The background noise (Vy) is subtracted from the total noise
according to Vy = \*'M'



magnetic field, hereafter called peak position, Hy;.
The typical scatter for several measurements on the
same ADI specimen was found to be = 0.05 V and
* 0.5 kA/m for Vy, and Hy, respectively. Finally, it
should be mentioned that the difference between the
measured values for twin samples never exceeded 5%,
which testifies of the good reproducibility of the prepa-
ration procedure and MBN measurements.

3.2. Experimental Results

3.2.1. MBN from SGCI with Different Matrix
Constituents

Figure 5a and b shows the MBN response obtained
for the SGCI prepared with different matrix constituents:
equixial ferrite, pearlite, martensite, and upper and lower
bainites. It is worth noting that MBN responses vary to
a large extent with the matrix microstructure. SGCI with
ferrite or pearlite (Fig. 5a) exhibits a very high peak
appearing at low magnetic field, Hy; = 0.2 and 1 kA/m,
respectively. In contrast, SGCI with martensite or bai-
nite (Fig. 5a and b) exhibits a much smaller peak, whose
amplitude is about 10 times or so smaller than that of
SGCI with ferrite or pearlite. In addition, these peaks
appear at higher fields (Hy ranging from 2 to 3.6 kA/m).
Furthermore, it can be seen (Fig. 5b) that the peak of
SGCI with upper bainite appears at a lower field than
that of SGCI with lower bainite. This point is studied in
more detail in Section 3.2.2.

The specific response of the sample presenting a
decarburized layer (with ferrite in this layer and marten-
site in the core) is shown in Figure 6. In this case, the
MBN response exhibits two well-separated peaks. The
field positions of these peaks, Hy = 0.3 and 3.4 kA/m,
are close to those of the peaks observed for the ferritic
and martensitic matrices, respectively. Therefore the low
field peak and the high field peak can be ascribed to the
decarburized layer and the core matrix, respectively.

3.2.2. Influence of Heat Treatment Conditions on
MBN from ADI

The influence of heat treatment parameters on the
MBN response of ADI samples has been investigated
according to the experimental conditions defined in
Section 2. As illustrated previously, this MBN response
is usually peak shaped. However, it should be men-
tioned that for particular heat treatment conditions,
especially for some samples austempered at 280°C or
350°C, the response exhibits a secondary maximum,
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as is illustrated in Figure 7 for a C1 sample. Such a
secondary peak seems to be clearly distinguishable only
for particular heat treatment conditions. For example,
it can be seen in Figure 7 that this peak vanishes only
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Fig. 7. Example of influence of the austenitization temperature on
the substructure of the Vyys = f(H) responses: samples of compo-
sition C1 austempered at 280°C for 0.5 h.

by changing the austenitization temperature from 850°C
to 900°C, the austempering conditions being the same.
Furthermore, it should be mentioned that such a
secondary peak cannot be ascribed to equiaxial ferrite
or pearlite which produces MBN for much lower mag-
netic fields than that corresponding to this secondary
peak. Yet, further investigations are necessary to de-
scribe the detailed properties of this secondary peak,
and in this work, only the characteristics of the high
field peak (the main peak in Fig. 7) are reported.
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Field position Hy, of the MBN Peak. Figure 8 a
shows Hy values versus austempering time for every C3
sample. From this set of data, it appears that the main
influencing parameter for the field position of the MBN
peak is austempering temperature. The peak position
range decreases from 4 — 3.6 kA/m to 2 — 1.7 kA/m as
austempering temperature is increased from 280°C to
425°C. The other heat treatment parameters influence Hy
weakly. Thus Hy; tends to decrease when austempering



time is increased. For many conditions Hy; seems to in-
crease, but only slightly, with increasing austenitization
temperature.

The same tendencies were observed for composi-
tion C1, but the field range corresponding to each
austempering temperature is slightly shifted toward
lower fields with decreasing the content of alloying
elements. This shift is illustrated in Figure 8b for C1
and C3 samples austenitized at 850°C and austempered
at 350°C.

Maximum Amplitude V,; of the MBN Peak. The
maximum amplitude of the peak also varies with heat
treatment parameters. In contrast with what was ob-
served for Hy;, the austempering time is an important
influencing parameter for Vy;. Thus Figure 9a shows
that for C3 composition a gradual increase of Vy; is ob-
served with increasing austempering time for low
austempering temperatures (280, 350, and 375°C). This
increase of Vy; with increasing austempering time is
much more important for the highest austempering
temperature (425°C). This stage of steep increase of Vy
for samples austempered at 425°C occurs earlier for
composition C1 than for composition C3, as illustrated
in Figure 9b.

Finally, the influence of austenitization tempera-
ture on V) evolution versus austempering time is
illustrated in Figure 10 for C3 composition: the evolu-
tions of Vy; seem to be parallel, but for a given austem-
pering time V,, is lower for the samples austenitized at
900°C than for those austenitized at 850°C.

4. DISCUSSION
4.1. Background on MBN

When a ferromagnetic material is subjected to a
magnetic field, it tends to become magnetized, which
is usually observed at a macroscopic scale, for instance
by recording the hysteresis loop B = f(H).? In fact, this
occurs through the reorganization of the magnetic mi-
crostructure made of magnetic domains at a mesoscopic
scale (Weiss domains). Among the various mechanisms
involved in this complex process, it is well known that
irreversible creations and motions of domain walls
are responsible of the MBN.!%!D Thus MBN is repre-
sentative of the microdynamics of the reorganization
process, while the macroscopic magnetization and the
associated B = f(H) loop represent the instant cumu-

3 B = magnetic flux density.
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lation of all the elementary events. However, from the
common origin of the B = f(H) loop and the MBN, it
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results that a few macroscopic magnetic properties and
MBN features are related. For instance, the coercive
field in the hysteresis cycle is generally in the field
range of the MBN peak, because both field ranges cor-
respond to an intense reorganization of the magnetic
microstructure. As a matter of fact, the characteristics
of MBN are tightly linked with those of the domain
wall mechanisms. That is, the field position of the peak,
as well as the coercive field, generally increase from
soft to hard magnetic materials.'?>!® This arises from
several microstructural mechanisms. First, domain wall
creation is more difficult as the grain size is decreased
(because of an unfavorable balance between wall
energy and magnetostatic energy in the material). Sec-
ond, the wall motions require higher fields as pinning
sites, such as second-phase precipitates, dislocation
tangles, or grain boundaries are more numerous.
Furthermore, the distortion of the crystalline network
as a result of ordered interstitial atoms as in tetragonal
martensite, which are responsible for a single easy mag-
netic axis,'¥ also makes the magnetic microstructure
reorganization harder. Finally, it should be mentioned
that the presence of non magnetic phases in a ferro-
magnetic material (such as graphite nodules and austen-
ite in SGCI) is responsible for internal demagnetizing
fields opposing the applied field.

The amplitude of the MBN is more complex to
describe because it depends not only on the dynamics
of motion of domain walls between pinning places, but
also on the transfer function of the encircling coil and
receiver that detect the MBN electromagnetic signals.©
As a result of this complexity, in this work our results
concerning the MBN amplitude will mainly be dis-

cussed by comparison with similar influence reported
in the literature.

MBN may be also influenced by stress, being ap-
plied or internal. This dependence of MBN upon stress
is caused by the preferred domain orientations that are
induced because of the effect of magnetostriction. For
crystalline structures with a positive magnetostriction,
such as a-ferrite or a’-martensite, a tensile stress
favors the domains magnetized in directions closest to
the stress axis to grow at the expense of the others, thus
reducing the magnetoelastic energy. As a result, when
MBN is measured with a magnetization direction par-
allel to the stress axis, an increase of the MBN peak
height is generally observed with increasing tensile
stress and conversely for a compressive stress.!> In
contrast, few data are available for magnetization di-
rections nonparallel to the stress axis. Concerning the
present work, only internal stresses of type I, often
called macroresidual stresses (RS), or internal stresses
of type II, also called microresidual stresses, might in-
terfere with the microstructure influence on the MBN.
Macro-RS may result from a different strain history be-
tween surface and core of a part or specimen (during
cooling). They are expected to be low in our specimens,
because of their small size. Moreover, it has been
shown elsewhere!® that for ADI the influence of a
macrostress on MBN remains weak in comparison with
that of the microstructure state. Micro-RS, as well as a
high dislocation density, are inherent to the martensitic
or bainitic transformations. They occur because of the
mismatch between the transformation strain linked with
the crystallographic structure change of one crystal with
respect to its neighbors or the surrounding matrix. As
for the aforementioned tetragonal distortion, micro-RS
locally favor specific magnetic orientations, and hence
their average effect on MBN is expected to be similar
to that of tetragonal distortion.

4.2. MBN from SGCI in Relation to the Matrix
Constituent

The MBN responses obtained for SGCI with fer-
ritic, pearlitic, and martensitic matrices look like those
obtained for ferritic, pearlitic, and martensitic steels,
respectively,® both in terms of field position Hy; and
of the relative maximum amplitude of the peaks. So,
despite the nonmagnetic graphite nodules that are
expected to have a local influence on the magnetic
microstructure of the surrounding matrix, the MBN
response is not too much modified. Especially, the close
positions of the peaks in steel and SGCI for similar



matrix constituents can be explained by the fact that
the average demagnetizing field in SGCI remains low
in the MBN peak range, where the macroscopic mag-
netization of the material is also low. So, the presence
of nonmagnetic spheroidal graphite in SGCI only seems
to influence the intensity of the MBN response from
the matrix, which is expected to be reduced in propor-
tion of the volume fraction of graphite. Thus each
microstructural constituent exhibits its own MBN
activity represented by a typical peak-shaped response.
As a matter of fact, we can observe great differences
in term of peak field position and peak height.

Compared to ferrite, the high magnetic hardness
of martensite is usually explained by its very fine mi-
crostructure, the tetragonal distortion of the crystalline
network by carbon atoms in o’-martensite, the high
level of micro-RS and the high density of disloca-
tions.®” The same arguments also apply for the high
field position of the MBN peak in bainitic SGCI
compared to that in ferritic SGCI, because the grain
size for equiaxial ferrite in SGCI samples was about
0.1 mm, whereas bainite units are about 100 times
smaller. Furthermore, the bainitic a phase exhibits some
tetragonality,!” although it is less marked than that of
o’ martensite. Finally, the intermediate peak field po-
sition for pearlite has been already explained by the
presence of cementite lamella in this constituent, which
makes more difficult the reorganization of the magnetic
microstructure in the neighboring ferrite lamellae.!'®
Concerning the amplitude of MBN activity in marten-
site, various arguments have been proposed® to explain
the low activity compared to ferrite (or pearlite):
(i) due to the very fine crystalline microstructure the
Barkhausen events are small (small volume swept by a
wall between two pinning sites); (ii) accordingly, as
shown in reference,® the frequency range of the elec-
tromagnetic signals emitted by martensitic microstruc-
tures is higher than that from equiaxial ferrite, and
hence the encircling coil probe and receiver could be
less sensitive in this high frequency range.

Finally, in the martensitic SGCI sample with a
decarburized region of ferrite, each constituent pro-
duces its own typical response. This is possible because
the thickness of the decarburized layer is thin enough
(2100 pwm) such that the electromagnetic waves emit-
ted from the martensitic core are only weakly attenu-
ated when they propagate through the ferrite layer. It
should be mentioned that such a superposition of MBN
signals produced by different microstructures has also
been observed in surface hardened steels.!*?? In that
case they can be used to characterize the thickness of
this layer.

10

4.3. Variation of the MBN Response in ADI

First, it should be recalled that the nodularity
and volume fraction of the graphite phase are identical
for all the samples of a given composition and hence
its influence on the MBN does not change versus
the austempering conditions. Second, from the mi-
crostructure study of ADI tested in this work, it has
been confirmed that the heat treatment conditions do
not correspond to the stage I of ADI austempering, that
is, no significant amount of martensite is present in
samples treated in such a way. That means the MBN
activity in the investigated samples should be produced
by the bainitic ferrite only, and hence the variations
of MBN features have to be related to the variations of
the bainite microstructure.

It has been observed that the field position of the
MBN peak from ADI is mainly controlled by the austem-
pering temperature, that is, Hy; decreases with increas-
ing austempering temperature, while the influence of
austempering time and austenitization temperature are
weaker. From the microstuctural point of view, different
features of bainite are influenced by the austempering
temperature. First, the tetragonality of the bainitic o
phase has been observed to decrease with increasing
austempering temperature.'” The dislocation density and
the micro-RS are also expected to be lowered with in-
creasing austempering temperature. Furthermore, as
shown in Section 2 (see Fig. 2), bainite units become
larger with increasing the austempering temperature. As
mentioned previously, such variations are expected to
make the magnetic microstructure reorganization easier,
which is in good accordance with the observed variations
of the MBN peak position. The details of the bainite mor-
phology (rather lath-like for lower bainite and feathery
in upper bainite) are also expected to influence the MBN
response. Such details could be responsible for the pres-
ence of a secondary peak in some samples austempered
at 350°C (i.e., for intermediate bainite), but this question
requires further investigation in order to be clarified.

When austempering time is increased MBN peak
position slightly decreases, probably because of the
slow evolution of ferrite units. Furthermore, for a given
austempering time, Hy; is higher for C3 than C1 (see
Fig. 8b). This could be explained, at least partially, by
a time shift in the bainite reaction that is slower in the
alloyed ADI (C3).

These arguments concerning differences in mi-
crostructural features linked with heat treatment condi-
tions are also quite consistent with the evolution of peak
amplitude, although the relationship between mi-
crostructural features and measured MBN activity is
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for ADI samples of C1 and C3 compositions austenitized at 850°C and austempered at 425°C.

more complex. Thus a continual increase of Vy; with in-
creasing austempering time has been observed within
the “process window,” while this increase becomes much
more important when stage II is reached. During the
“process window” few bainitic ferrite plates continue to
grow slowly, and carbon is rejected from the bainitic
bainitic-ferrite into austenite, which favor MBN activ-
ity. To a certain extent, this can be compared to stages
of martensite tempering, during which carbon is rejected
from bainitic-martensite, which also leads to an increase
in MBN activity.®®?" When stage II is reached (during
austempering at 425°C) a new mechanism has to be taken
into account: the significant increase in volume fraction
of bainitic-ferrite, as attested by the marked decrease of
retained austenite content (see Fig. 3). That volume frac-
tion of bainitic-ferrite is expected to influence directly
the maximal amplitude of the peak, while in contrast the
peak position is only weakly affected. To estimate this
influence, the volume fraction of bainitic-ferrite has been
plotted in Figure 11 together with Vy;. Then the corre-
lation appears clearly, but it should be noticed that the
increase of V) during stage II is far more important than
a simple variation proportional to the volume fraction of
the ferrite phase. Several features can contribute to this
larger increase in the Barkhausen activity. The disap-
pearance of the nonmagnetic austenite between bainite

units might favor magnetic coupling phenomena be-
tween Barkhausen events generated in neighboring units,
which is expected to enhance the MBN according to the
Barkhausen noise theory.??

The comparison between different austempering
temperatures is more difficult because in that case more
microstructural features of bainite that influence the peak
amplitude in opposite ways are changed simultaneously:
tetragonality, micro-RS, morphology, and volume frac-
tion of bainite. When austempering temperature is in-
creased, MBN amplitude generally increases, although
the retained austenite content is higher for upper bainite
than for lower bainite during the “process window.” This
means that the major roles are then played by the tetrag-
onality and morphology of the bainitic ferrite. Indeed,
increasing the austempering temperature leads to a lower
carbon content in bainite!!” and to larger bainite units
(see section 2.3), which increases MBN activity.

The decrease of MBN amplitude when austeniti-
zation temperature is increased is associated with a
decrease of the volume fraction of bainitic-ferrite. Yet,
it is worth mentioning that, according to the interpreta-
tion of the austempering time evolution mentioned pre-
viously, the influence of austenization temperature could
be as well interpreted as a delay in the bainite evolution
during the process window.
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Finally, the difference observed between MBN re-
sponses of samples of composition C1 and C3 could
also be interpreted as a delay in the bainite evolution.

5. CONCLUSION

First of all, MBN responses of different constituents
are quite different. So, the presence of unwanted con-
stituents such as ferrite or pearlite in ADI castings can
be detected because their contribution to the overall
MBN response is quite different from bainitic ones.

Moreover, MBN measurements are sensitive to
the fine evolutions of the metallurgical state of ADI.
MBN peak parameters (position and amplitude) give
complementary information to assess ADI treatment.
Thus MBN peak position is very sensitive to austem-
pering temperature, whereas the other parameters
(austempering time, austenitization temperature, and
composition) influence this MBN characteristic weakly.
Thus upper and lower bainites can be sorted by mea-
suring the peak position Hy;. In addition, it should be
mentioned that this parameter is quite valuable in eval-
uating the mechanical properties of ADI because yield
strength of ADI varies roughly as Hy."'® In contrast,
MBN peak amplitude is especially sensitive to the
progress of the isothermal reaction. An austempering
time (when stage II is reached) that is too long is
characterized by an important increase in the peak
amplitude. The influence of the other heat treatment
conditions on MBN peak amplitude is weaker. Most
relationships between MBN and heat treatment condi-
tions can be understood from the evolutions of ADI
microstructural features.

Finally, it should be mentioned that some results
also suggest that a detailed analysis of the substructure
of the MBN response could provide additional infor-
mation on the microstructural features of intermediate
bainites. Such a study is in the course.

In conclusion, it has been shown that the MBN
technique is potentially a very powerful tool for nonde-
structive characterization of ADI. The main advantage
of such a technique is that the MBN signals are almost
directly provided by the magnetic microstructural
constituents, which enables one to identify these con-
stituents. In comparison, for other available NDE
techniques, such as those based on eddy currents, the
material response results from a macroscopic average
over the various constituents of the material.

However, for most practical NDE applications of
MBN the principle of encircling coils could not be used.
Hence, these applications require that well designed
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side probes are developed, capable of measuring the
peak position accurately.
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