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Magnetic Barkhausen noise from strain-induced martensite
during low cycle fatigue of 304L austenitic stainless steel
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The magnetic Barkhausen noise from strain induced o’-martensite is investigated during low cycle fatigue (LCF) of 304L steel.
The influence of cold-rolling prior to fatigue is also examined. Both cold rolling and LCF induce o’-martensite that is characterised
by a high field Barkhausen peak, clearly distinguishable from the ¢ ferrite peak. For the same volume fraction of «’-martensite, the
Barkhausen activity is more intense for martensite induced by cold-rolling than for martensite induced by LCF. For LCF, the inten-
sity of the peak varies tremendously along a ¢ = f{¢) loop, being enhanced in the tension part of the loop and strongly decreased in
the compression part. Neither the applied stress nor the plastic strain controls the Barkhausen activity alone. A composite model is
used to estimate the variation of the internal stress of type II within the martensite phase. It is concluded that the Barkhausen activ-

ity is controlled by this internal stress.
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1. Introduction

The evaluation of the residual life of materials submit-
ted to cyclic loading is of great practical importance. This
requires non-destructive tools that enable one to assess
changes in the material state since the beginning of ser-
vice. Generally, fatigue of materials is characterised by
successive stages: (1) microstructure changes and accumu-
lation of crystalline defects due to the irreversibility of
cyclic deformation mechanisms; (ii) micro-crack nucle-
ation and growth; (iii) development of a critical crack
(from the fast growth of one crack or by coalescence of
several micro-cracks) leading to rupture. For several
austenitic steels widely used in the chemical industry
and in power plant construction, stage (i) includes forma-
tion of martensite, which plays a significant role in mate-

* Corresponding author. Tel.: +33 472438257; fax: +33 472438539.
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rial behaviour [I-3] and damage mechanisms [4,5].
Hence, non-destructive characterisation of strain-in-
duced martensite could provide a valuable contribution
to assessing the residual life. For that purpose the mag-
netic properties of the material can be used to character-
ise strain-induced o’-martensite in the non-magnetic vy
matrix [6-9]. However, another possible way would con-
sist of measuring the magnetic Barkhausen noise (MBN)
induced by the dynamic reorganisation of the magnetic
microstructure of martensite during cyclic magnetisation
of the material. This method is well known to provide
information more closely related to the microstructure
than macroscopic magnetic measurements. Furthermore,
its applicability to studying strain-induced «’-martensite
in austenitic steel subjected to tensile strains has been
demonstrated recently [10].

The aim of this work is to investigate and under-
stand the relationship between the magnetic Barkhau-
sen emission and the material changes during



low-cycle fatigue (LCF). In fact, it is well known that
generally MBN is sensitive not only to the properties
of the magnetic phase but also to its stress state (stress
being of internal or applied origin) [11-13]. Moreover,
internal stresses are expected to be induced by the
martensitic transformation itself, or by the further
inhomogeneous plastic deformation of the composite-
like material (martensite grains embedded in the aus-
tenite matrix). Therefore, it is expected that, in such
processes, Barkhausen noise can be influenced by
these internal stresses. In order to investigate these
phenomena, a device has been developed to allow
in situ MBN measurements in a push—pull machine,
including measurements under load.

In this paper, first the experimental conditions,
including material preparation, fatigue conditions and
in situ MBN apparatus, are described. In the second
part, the results concerning MBN features obtained
throughout the fatigue life and their variation along a
fatigue loop are presented. In the last part, the observed
results are discussed in terms of both the magnetic
phases present in the austenitic matrix and the internal
stresses of type II which are induced by plastic deforma-
tion of inhomogeneous materials.

2. Experimental details
2.1. Materials

A 304L austenitic stainless steel was investigated,
with the following composition (in wt.%): 0.029 C,
0.37 Si, 1.86 Mn, 0.029 P, 18.0 Cr, 10.0 Ni, 0.04 Mo.
The material was solution annealed at 1120 °C followed
by water quenching. The average austenite grain size
was 75 um. Twins were present in the grains. The initial
volume fraction of ferritic phases (mainly ¢ ferrite, as
shown by metallographic observations) was measured
by neutron diffraction (ND). It was found very low:
0.3 vol.%. Several steel plates were cold rolled prior to
the fatigue test, in order to investigate the influence of
a prestrain on the material behaviour. For these speci-
mens the initial volume fraction of ferritic phases mea-
sured by ND was 2.6 vol.%.

The specimens were carefully machined and polished.
For in situ MBN measurements, they had a dumbbell
shape with a diameter of 10 mm and a useful length of
20 mm, their axis being parallel to the rolling direction.
A few flat specimens with a rectangular cross section of
8 x 6 mm? (useful length 16 mm) were also prepared, for
the purpose of observing surface damage.

2.2. Fatigue tests

The specimens were fixed to the push—pull machine
(INSTRON 3555) by means of screwed heads. Symmet-

rical push—pull fatigue tests were conducted in air at
room temperature. The tests were performed under total
strain control with a constant strain rate of 4 x 103 s~ !
A clip-on extensometer was used to measure and control
the strain. To perform a MBN measurement, the fatigue
test could be interrupted at any current point of the fa-
tigue stress—strain loop. Then, the applied stress was
controlled to be constant while performing the MBN
measurement. It should be mentioned that some mi-
cro-creep occurs during this constant stress stage. How-
ever, the creep strain remained small with respect to the
plastic strain involved throughout one fatigue loop and
it has been verified that globally these cycling interrup-
tions did not significantly change the fatigue behaviour
of the material (strain hardening, fatigue life). Finally,
the cyclic loading was resumed, continuing along the
stress—strain loop to the next point of measurement.

2.3. Magnetic Barkhausen noise measurements

The apparatus for measuring MBN during LCF tests is
presented in Fig. 1. The excitation magnetic circuit,
including a pair of two U-shaped cores made of a high per-
meability iron—nickel alloy, was closed through the grips
of the fatigue machine and the specimen. The
U-shaped cores were hinged. Thus, during the fatigue test
the grips were left moving freely, i.e., without any contact
with the U-shaped cores. On the contrary, the U-shaped
cores were connected to the cylindrical grips during
MBN measurements. Two coils wound around these
U-shaped cores were supplied by a current with a

Fig. 1. Schematic of the experimental arrangement used for MBN
measurements in the push—pull fatigue machine: 1, specimen; 2,
screwed steel grip; 3, machine loader; 4, load cell; 5, double U-shape
electromagnets (left arm open = fatigue configuration; right arm
closed = MBN measurements configuration); 6, magnetising coils; 7,
magnetic insulation; 8, Hall probe; 9, MBN encircling coil; 10, clip-on
extensometer.
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Fig. 2. Stabilised stress—strain loop for 304L specimens cycled at ¢, = £0.8%: (a) as received, cycle number N = 16; (b) cold worked, cycle number
N=16.

triangular waveform. The samples were magnetised from parameters: the area under the peak,”> Agms, which char-
saturation to saturation. The frequency of magnetisation acterises the overall Barkhausen noise activity, and the
was 0.4 Hz, which is low enough to avoid the generation of magnetic field at the maximum of Vgnms, Hy, which gives
eddy currents in the material. The magnetic field, H, in- the peak position. Since the recorded peaks were most of-
duced in the specimen was measured at its surface by a ten of small amplitude, it has been checked that the signals
Hall sensor. The MBN signals were detected using a sur- were actually due to MBN emitted by the 304L material
rounding coil probe located in the useful part of the spec- and not by the surroundings (grips, U-shaped cores,
imen. Following a pre-amplification stage, MBN was etc.). For that purpose, a specimen made of aluminium
selected from the overall signal through a 2-kHz high pass was tested under the same operating conditions: as ex-
filter. Then, the instant' root mean square (RMS) value of pected no peak was observed. For the 304L steel, MBN
the noise voltage, hereafter noted Vrums, was delivered. measurements were achieved regularly throughout the life
The details of the electronic device can be found in previ- of the material at the four particular points of the stress—
ous papers [14,15]. In this work, the MBN response is al- strain loops shown in Fig. 2: the two extremities of the
ways peak shaped and is characterised by simple loop and the two points where the applied stress is nil.

- > . . .
! The integration time of the RMS circuit was fixed to 25 ms for For calculating Agrns, the background noise Vy is subtracted from

every measurements. the total noise Vrms according to ¥y = 1/ Vans — V-



Furthermore, for a few selected cycles, the MBN response
was measured throughout a complete loop.

3. Results
3.1. Mechanical behaviour and damage

The steel was tested at room temperature for two
strain amplitudes ¢, = +0.4% and +0.8%. The material
behaviour during a stabilised loop is illustrated in
Fig. 2(a) and (b) for the material fatigued at
&, = 10.8%. For the cyclic hardening curves (maximum
and mean stress of each cycle, denoted 6., and 0 yean In
Fig. 3, respectively) the as received material exhibits a
short stage of strain hardening followed by a weak soft-
ening stage, and finally a weak secondary hardening
stage up to rupture (Fig. 3). In contrast, the cold-rolled
material exhibits only a softening stage (Fig. 3). Further-
more, it should be noted that the stress—strain o = f(¢)
loops are non-symmetrical for the cold-rolled material,
with a higher maximal stress in tension (see Figs. 2
and 3). The behaviour tends to become more symmetri-
cal with increasing cycle number.

Note that for the specimens cycled at &, = +0.4%,
the behaviours are globally similar, while diverging
only on the following minor points: (i) the softening
stage is more marked and the secondary hardening
does not appear for the as received material; (ii) the
softening is less marked for the prestrained specimen,
and accordingly, the ¢ = f{¢) loops keep their asym-
metrical character throughout the life; (iii) the cycle
number to rupture, hereafter noted Ny, amounts to
10* and 1.4 x 10* cycles for the as received and cold-
rolled materials, respectively.

In order to follow the possible influence of damage
on MBN results, the appearance and growth of cracks

900

has been observed by optical microscopy on specific
specimens with flat surfaces. Up to about 0.5Ng, only
a few short cracks (size <100 pum) were observed for
all conditions (see example in Fig. 4). Beyond 0.5Ngx
the density of surface cracks increased more rapidly.
Once a macrocrack was formed, a decrease in opax
could be observed on the stress hardening curve (see
Fig. 3) followed rapidly by rupture. Although the pa-
per is not focused on damage mechanisms, it is worth
mentioning that, as is usually reported for such stain-
less steels [1], many short cracks were of the trans-
granular type (most often parallel to the slip bands),
while only few were of the intergranular type.

3.2. Microstructural changes along the fatigue life

Depending on temperature, material composition,
and loading amplitude, LCF may induce various micro-

Fig. 4. Optical micrograph showing surface microcracks: as received
material; &, = +0.8%; N/Ng =0.5.
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structural changes in metastable austenitic steels, includ-
ing phase transformation of the austenite into ¢ and
o’-martensite, dislocation multiplication and formation
of dislocation cells, and micro twinning. For the purpose
of analysing the MBN results on the 304L steel, we have
been focused on the appearance of o’-martensite (even if
e-martensite was formed, since it is not magnetic it would
not contribute to MBN). The variation of the o’-martens-
ite content induced by cycling has been measured in se-
lected fatigued states either by neutron diffraction (ND)
or X ray diffraction (XRD). For the as received material,
the increase of o’-martensite induced by LCF was hardly
detectable following fatigue both at ¢, = +0.4% and
&, = 10.8%. For the cold-rolled material the increase
was 1.5 and 2.5 vol.% after 60% of the fatigue life at
&, = £0.4% and at ¢, = +0.8%, respectively.

3.3. Typical variations of the MBN fingerprint along the
fatigue life

First, the Vrms = fiH) fingerprints before fatigue cy-
cling are shown in Fig. 5. For the as received material,
it can be seen that, despite the large amplification of the
voltage scale, the fingerprint is almost flat (Fig. 5(a)). In

contrast, for the cold-rolled material, the Vrms = fAH)
response exhibits a well developed peak (Fig. 5(b)).

For fatigued specimens, as will be seen in the next sec-
tion, it is more attractive to study the MBN at point 4
of the o = f{¢) loops, where the MBN activity is the larg-
est for a given cycle. Then, Figs. 6 and 7 show typical
MBN fingerprints corresponding to different numbers
of cycle for the as received specimens fatigued at
&, = 1£0.4% and 4-0.8%. For ¢, = +0.4% (Fig. 6), a small
peak can be seen from the first quarter of the first cycle,
while MBN activity was not evident for the non-loaded
conditions (Fig. 5(a)). It should be noticed that this peak
is centred in the low field range (Hy <1 kA/m). The
peak height varies only slightly with an increase in the
number of fatigue cycles. At ¢, = £0.8%, the same peak,
with a greater height, is also observed for the first quar-
ter of the first cycle (Fig. 7(a)). Then, it is striking that a
second peak, centred around Hy; =5 kA/m, appears
after few additional cycles. Furthermore, this peak
grows with an increase in the number of cycles
(Fig. 7(b) and (c)). In fact, as shown in Fig. §, the
MBN activity Agpms does increase regularly during the
first part of the material life, but it seems to decrease
during the last part of the life leading to rupture. It

VRMS (V)

0.025

0.02

a : non cold rolled

0.015

b :coldrolled

>

0.1 :
: /
0.05 T ,/
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Fig. 5. Barkhausen RMS response Virms = f{H) before fatigue: (a) as received 304L steel; (b) cold rolled 304L steel. Note the great difference in the

Vrwms scale between a and b.
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Fig. 6. Selected Barkhausen RMS responses Virms = f(H) measured at o = o, for the as received 304L steel cycled at ¢, = +0.4%; N =0.25 (a

quarter of the first cycle) and N = 100.

should be noticed that this stage roughly corresponds to
the development of surface cracks.

For the cold rolled 304L material, loading and fatigue
did not modify the single peak shape of the initial re-
sponse shown in Fig. 5. As a matter of fact, the first load-
ing up to oy increased the peak height of about 30%
and 50% for the cycling at ¢, = +0.4% and ¢, = +0.8%,
respectively. Then, with further cycling, Fig. 9 shows that
the MBN activity Agnms does not change markedly for
the material fatigued at ¢, = +0.4%, while it increases
continuously for the material fatigued at ¢, = +0.8%.
These trends seem to be weakly modified for the last mea-
surements before rupture, i.e., in the range where macro-
cracks grow and hence probably interfere with the mag-
netic measurements.

3.4. MBN measurements along a stabilised cycle

First, Fig. 10 shows the quite different Vims =AH)
fingerprints that are observed for the four particular

points A, B, C, D of a stabilised stress—strain loop
(example of the 600th cycle of a cold rolled specimen
fatigued at ¢, = £0.8%). Indeed, the MBN activity ap-
pears to be strongly influenced by the position of the
measuring point, being enhanced by a tensile stress
and reduced by a compressive one. The fact that a
marked difference also appears between the two mea-
surements at ¢ =0 (points B and D of the hysteresis
loop — Fig. 2) is more striking. This means that the
applied stress is not the only parameter that governs
the MBN activity, i.e., the plastic strain history also
plays a significant role. The same features are ob-
served for all testing conditions. As a matter of fact,
the MBN activity is weaker for the as received speci-
mens, but a similar difference between the two points
of measurement at ¢ =0 is also observed: for the
100th cycle and &, =+0.8%, the MBN activity is
for the high field peak measured at points B and D,
respectively.
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Figs. 11 and 12 show the variations of the quantity
Arwms throughout a complete cycle (600th cycle for the
same specimen as in Fig. 10). Plotted either as a function
of stress or as a function of plastic strain, Arpg varia-
tions exhibit a hysteresis behaviour, which confirms that
the MBN activity is not a simple function of a single
macroscopic parameter.

4. Discussion

In Section 4.1, all the MBN data are discussed from a
qualitative point of view, then, in Section 4.2, variations
of MBN activity along a fatigue loop are analysed
quantitatively.

4.1. General analysis of MBN in 304L steel

The origin and features of MBN activity in ferromag-
netic materials have been reported in many papers.
However, for all the results presented in Section 3, it
should be mentioned that the MBN activity is only
linked with a very low volume fraction of ferromagnetic
phase (few vol.% as attested by XRD or ND). As a mat-
ter of fact, two types of ferritic phases are included in the
XRD or ND data: (i) the ¢ ferrite is inherent to the elab-
oration process and hence it is present in the as received
state; (i1) the o’-martensite is induced by monotonic or
cyclic straining of the material. Since the ¢ ferrite con-
tent is not expected to vary during the loading of the
material, all the variations of the volume fraction of fer-
ritic phase can be ascribed to the strain induced o'-
martensite.

For the as received material, at the end of the first
quarter of the first cycle at ¢, = +0.4%, a small peak
was seen in the MBN response (Fig. 6: N = 0.25), which
was hardly visible prior to fatigue (Fig. 5(a)). This peak

cannot be ascribed to o’-martensite because at this stage
of fatigue the plastic deformation is so small (=0.3%)
that martensite is not expected to be strain induced.
Moreover, the low field position of the peak (Hy =1
kA/m) does not correspond at all to the position gener-
ally observed for the o’-martensite (2.5-3 kA/m [14]). Tt
should be mentioned that the peak position may be af-
fected by the presence of internal demagnetizing fields
as the ferromagnetic phases are arranged in small is-
lands embedded in a non-magnetic matrix. However,
since the possible influence of these demagnetizing fields
is expected to lead to an increase in Hyy, this confirms
that only the ¢ ferrite can be responsible for the ob-
served peak. The difference between the peak height ob-
served prior to loading and under load is due to the well
known effect of a tensile stress applied parallel to the
magnetisation axis that enhances the MBN activity in
iron based materials [11]. Attributing this peak to ferrite
0 is also consistent with the fact that the peak height var-
ies only weakly with the cycle number, as the vol.% of
the ¢ ferrite is likely to remain constant during LCF.
Hence, the weak variation of the peak height can be
associated to the variations of o, and the plastic
deformation of the ¢ ferrite during LCF.

Furthermore, this interpretation remains sound when
the behaviour of the same material fatigued at
&, = £0.8% is considered. First, at the end of the first
quarter of the first cycle (Fig. 7: N=0.25), the same
peak as that observed at ¢, = +0.4% appears, but it is
higher than the previous one. This is not surprising,
the value of o, is greater there than for ¢, = +0.4%.
Second, in contrast to the material fatigued at
&, = 10.4%, the new peak that appears when the num-
ber of cycles is increased (Fig. 7: N = 16-100) can be as-
cribed to the strain induced o’-martensite: (i) it grows vs.
cycle number as the o’-volume fraction is expected to do;
(ii) its position (Hy =4-5 kA/m) is consistent with the
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field range where martensite MBN peaks are observed in
fully martensitic steels.

Concerning the cold-rolled 304L, first it is noted that
the field position of the peak induced by cold rolling be-
fore fatigue (Fig. 5(b)) is the same as that of the o’ peak
induced by fatigue in the as received material (Fig. 7:
N = 16-100). Since, in addition, ND results have shown
a significant increase in the o’-martensite volume frac-
tion induced by cold rolling, this peak can also be as-
cribed to strain induced martensite without any
reluctance, which is also consistent with the work re-
ported by O’Sullivan et al. [10]. As shown in Fig. 9 the

Arwms activity does not vary significantly with further
cycling at ¢, = £0.4%, while a 40% increase is observed
at g, = +0.8%, which is, from a qualitative point of
view, in agreement with the larger increase of o'-mar-
tensite in the material cycled at +0.8% than in the mate-
rial cycled at +0.4%.

However, from a quantitative point of view, it should
be noted that the intensity of MBN emitted by the
o’-martensite induced by cold rolling and that induced
by LCF are not exactly of the same order. Indeed, from
the results obtained for the cold-rolled material cycled
at g, = £0.4%, it can be seen that for about the same
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increase in the o’ volume fraction (i.e., 2% by cold-roll-
ing and 1.5% by fatigue, measured under the same con-
ditions), the increase in MBN activity seems to be much
lower for LCF induced than for cold-rolled induced o’'-
martensite. This can not be easily explained, in terms of
microstructure, since it has been reported by many
authors that mechanisms of creation and microstruc-
tural features of strain induced martensite are very sim-
ilar for both modes of loading. However, an explanation
for this surprising behaviour will be derived at the end of
the following section.

Finally, the most problematic feature of the present
results is the influence of the position of measurement
along a single fatigue loop: this is analysed quantita-
tively in the following section.

4.2. A model for the variation of MBN activity throughout
a fatigue loop

First of all, it should be pointed out that, to our
knowledge, the reversal of the transformation y — o
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during room temperature loading has not been reported
in the literature for our alloy. Then, the volume fraction
of o’-martensite can only increase monotonically by very
small increments from cycle to cycle. For instance, for
the greatest increase in o’-martensite volume fraction in-
duced by fatigue, i.e. 2.5%, the mean increase per cycle is
2.5% 107>, Therefore, the volume fraction of o'-mar-
tensite can be considered as quasi constant along a sin-
gle fatigue loop. Hence, such a parameter cannot open a
way for explaining the huge variations of Agys along
such a loop. Then, the MBN variations can only be
due to variations of the physical and mechanical proper-
ties of martensite, as suggested by many works carried
out on fully ferritic steels that have shown the marked
influences of stress and plastic deformation on the
MBN response of these materials [11-15]. It should also
be noted that a strong influence of these mechanical
parameters has been reported for the macroscopic mag-
netic properties of austenitic steels [6]. As a matter of
fact, the plastic deformation state of o' units created
during the previous fatigue cycles is not expected to vary



along the current fatigue loop either. Indeed, due to the
high value of yield stress usually attributed to martensite
[3], it is likely that it behaves elastically during further
LCF. Furthermore, Fig. 11 has shown that the applied
stress is not a suitable parameter for describing Arms
variations. Therefore, the internal stress in the martens-
ite phase should be taken into account rather than the
macroscopic applied stress. Indeed, the 304L steel is a
composite-like material, the previously created martens-
ite grains playing the role of hard particles embedded in
the soft austenite phase. Hence, high level internal stres-
ses are expected to be induced in the «’ phase.

In order to estimate the stress variation within the
martensite grains, the “equivalent homogeneous inclu-
sion” method can be used. This means that martensite
grains are considered as inclusions embedded in a con-
tinuous matrix of austenite, i.e., the polycrystalline char-
acter of austenite is not taken into account. Then, for a
composite material, a general expression of the mean
internal stress tensor in the inclusion has been developed
by Withers et al. [16]. In fact, in the present case, the cal-
culation can be simplified from the following argument.
As mentioned previously the behaviours of austenite
and martensite mainly differ by their yield stress rather
than by their elastic constants. Hence, during the elas-
to-plastic loading the mismatch strain between inclusion
and matrix is mainly of plastic origin. Then, in Withers
et al.’s model both stiffness tensors of inclusion and ma-
trix can be taken as equal to that of the homogenised
material, hereafter noted C. This leads to the expression
for the total stress within the inclusion:

o1+o=(1-£)C(S—-De" +0, (1)

where is ¢ the applied stress, f'is the volume fraction of
inclusions, S is the Eshelby’s tensor, 7 is the identity ma-
trix and &' is the transformation strain tensor.

As proposed by Withers et al., &' is deduced from the
argument that, if the plastic strain gp in the matrix is as-
sumed to be uniform, the stress field in the composite is
identical to that of an elastic matrix containing inclu-
sions strained in a stress free manner by —é&p, so that
for a uniaxial loading:

T ép

S e (]

where ¢p is the axial macroscopic plastic strain of the
overall material.

In this form, the model can be applied once the aspect
ratio and the orientation of the ellipsoidal inclusion are
defined. It has been reported that strain induced o’-mar-
tensite appears as blocky and lenticular [2]. In fact, the
shape and orientation are distributed, but these distribu-
tions are not known. Therefore, in applying the model
to describe the stress variation in o’-martensite during
a fatigue loop, we consider a spherical shape for inclu-
sions, which is expected to roughly represent the mean

[17_1/27_1/2a0a0a0]a (2)
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effect of shape and orientation distributions. Further-
more, it should be emphasised that at the beginning of
the current loop, the initial internal stress in o’-martens-
ite is not known: this should result from cold-work, as
suggested by the asymmetry of the o = f{¢) loop and/
or from the y — o transformation itself. Therefore, only
the variation of the total stress within martensite, Ac,,
can be calculated, which from Egs. (1) and (2) is finally
expressed:

Ae, = C(S —I)ep[—1,+1/2,4+1/2,0,0,0] + & (3)

In order to test the validity of the model and the inher-
ent assumptions, it is useful to verify that the relation-
ship between the variations of the stress component
parallel to the axis of magnetisation (hereafter noted
Aoyy) and the intensity of MBN is similar to that ob-
tained for fully martensitic steels. Thus, Arms has been
plotted vs. Ag,y in Fig. 13 for various loading condi-
tions. For the as received specimen, only the four spe-
cific points 4, B, C, D, are available since the number
of measurements was limited due to the low intensity
of MBN (Fig. 13(a)). In contrast, for the cold-rolled
specimens a number of data are available throughout
a complete loop (Fig. 13(b) and (c)). Anyway, all these
plots show clearly that the MBN activity and the varia-
tion of stress within martensite exhibit a bijective rela-
tion. This very well supports the assumption that the
internal stress within martensite is the parameter con-
trolling the MBN activity. Furthermore, for the speci-
men subjected to large enough stress variations, it
should be noted that the Aryms Vs. Ao,y curve is sigmoid
shaped, which is very similar to that exhibited by fully
martensitic steels subjected to tension—compression uni-
axial loading [17]. As mentioned by Blaow et al. [17],
such a smooth shape is presumably linked to the fact
that the Vrms = f{H) response of o’-martensite remains
one-peak shaped both under tension and compression
loading. In contrast, for other steel microstructures such
as equiaxial ferrite or ferrite + cementite, the response
changes from one-peak to multiple-peak shape from
tension to compression loading [11,15,17], thus produc-
ing less continuous variation of Agpms Vs. stress. Con-
cerning the physics of the MBN, these remarks argue
in favour of a single type of domain walls in martensitic
structures to be responsible for the MBN. As suggested
by the results of Saquet et al. [14] these should be 180°
domain walls since martensitic structures do not pro-
duce acoustic Barkhausen noise.

Finally, still concerning the Arms Vs. stress relation-
ship, it should be noted that it is not unique for the dif-
ferent conditions reported in Fig. 13. This is partly due
to the different volume fractions of o’-martensite corre-
sponding to each set of experimental conditions. Indeed,
if one tries to normalise the Agryg variations by the o
volume fraction, one still get non-coinciding curves. As
a matter of fact, it is likely that the residual stress of type



ARMS (V.KA/m)

0.16 —

B
T
0.12 —

\

0.08 r—

0.04 + a

-1 -0.5 0 0.5 1
Aco'H (GPa)

ARMS (V.kA/m)

15 ’/py}

1 < *
/ *

0.5 o b

0

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Aco'H (GPa)
ARMS (V.KA/m)
/*
2

i
Ty

/| \
et

-1.5 -1 -0.5 0 0.5 1 15
Aco'H (GPa)

Fig. 13. Arms vs. internal stress (within o’-martensite) change along a stress—strain loop: (a) as received, ¢, = +0.8%, N = 100; (b) cold rolled,
&, = £0.4%, N = 5000; (c) cold rolled, ¢, = +0.8%, N = 600.

II present at the beginning of the current loop shifts each hand, and from the plastic strain mismatch between 7
range of Ao,y variations with respect to the origin of and o phases during cold-work, on the other hand.
stress. This residual stress could result from the volume Thus, the o’-martensite for the three conditions reported
increase linked to the y — o' transformation, on the one in Fig. 13 should be affected by different residual stres-
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ses: of compression type for the material of Fig. 13(a)
(non-cold-worked), and of tension type for the material
of Fig. 13(b) and (c) (cold-worked). The latter stresses
are more markedly relaxed by LCF preceding the mea-
sured cycle, as attested to by the more important de-
crease of the asymmetry of the o =f{¢) loop for the
material tested at e, = £0.8% (see Fig. 3(b)). Unfortu-
nately, it is not yet possible to make a quantitative cor-
rection for such a difference, these residual stresses being
not available. However, it can be noticed that the curva-
ture of the Arus Vvs. stress relationship is positive and
negative in Fig. 13(a) and (b), respectively. Owing to
the sigmoid shape exhibited in Fig. 13(c) that is obtained
for the largest stress variation, this suggests that the
aforementioned curve shift would be negative for condi-
tions of Fig. 13(a) and positive for Fig. 13(b). This cor-
responds to negative and positive residual stresses,
respectively, as argued above.

Finally, it should be mentioned that this strong sensi-
tivity of MBN to stresses is also presumably responsible
for some surprising behaviours noted in Section 3. On
the one hand, the residual stress of tension type in the
cold-worked material could explain the surprisingly high
level of MBN activity in this material regarding the low
volume fraction of martensite. On the other hand, the
surprising decrease of Arpms vs. N in the last part of
the life of the as received material might also be linked
with a decrease of the stress within the «’-martensite in
this stage, presumably due to some stress relaxation near
surface cracks. However, it is not clear why this phe-
nomenon is less marked in the cold-worked material.

5. Conclusion

The effect of strain induced o’-martensite on MBN
characteristics has been investigated in 304L steel sub-
jected to LCF under various conditions. This work
shows that despite the very low volume fractions of fer-
romagnetic phases present in such steels the MBN tech-
nique is quite suitable for characterising the variations
of the martensite content induced by LCF.

In particular, the appearance of o'-martensite vs.
number of cycles was observed in the as received mate-
rial, the characteristics of the o’ peak being clearly dis-
tinguished from those of the ¢ ferrite peak.
Furthermore, these MBN results show that o’-martens-
ite is created early in the life of the as received material.
This confirms that the beginning of creation of o'-mar-
tensite (induced by LCF) is not correlated to the appear-
ance of secondary hardening.

The most important feature of the MBN due to
o’-martensite is its great sensitivity to the position of
measurement along the fatigue loop. These variations
can be described on the basis of a composite-like behav-
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iour of the material. From the proposed model the cal-
culated stress within the o’-martensite phase appears as
the parameter controlling the variation of the MBN
activity along the fatigue loop.

The intensity of MBN due to o'-martensite induced
by cold rolling seems to be more important than that
of o’-martensite induced by LCF. This is likely to be
due to the large residual stress of type II that are of ten-
sion type in o’-martensite induced by cold rolling.

Owing to this high sensitivity to stress, it appears that
coupling the MBN technique with another NDT tech-
nique able to determine the martensite volume fraction
would provide a convenient means to characterise the
residual stress within martensite. However, for further
application on real components it would be necessary
to investigate the influence of the multiaxiality of the
loading conditions to which such components are
subjected.
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