Insight into the Microstructural Characterization of Ferritic
Steels Using Micromagnetic Parameters
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The influence of tempering-induced microstructural changes on the micromagnetic parameters such
as magnetic Barkhausen emission (MBE), coercive force (H.), residual induction (B;), and maximum
induction (B,a) has been studied in 0.2 pct carbon steel, 2.25Cr-1Mo steel, and 9Cr-1Mo steel. It is
observed that, after short tempering, the micromagnetic parameters show moreor lesslinear correlation
with hardness, which is attributed to the reduction in dislocation density, but long-term tempering
produces nonlinear behavior. The variation in each of these parameters with tempering time has been
explained based on the changes in the size and distribution of ferrite laths/grains and precipitates. It
has been shown that theindividual variation in the microstructural features such as size and distribution
of laths/grains and precipitates during tempering can be clearly identified by the MBE parameters,
which is not possible from the hysteresis loop parameters (H. and B;). It is aso shown that the MBE
parameters can not only be used to identify different stages of tempering but also to quantify the
average size of lathg/grains and second-phase precipitates.

I. INTRODUCTION

MANY investigations over the past five decades prove
that micromagnetic parameters such as coercive force (H.),
residual induction (B,), maximum permeability (tmax), maxi-
mum induction (Bna), Magnetic Barkhausen emission
(MBE), etc., can be used to predict the microstructural
state as well as the mechanical properties such as hardness,
yield strength, tensile strength, etc., in ferromagnetic materi-
als |t has been found that the microstructural features
such asdislocations, grain boundaries, second-phase precipi-
tates, etc., strongly affect the domain wall movement and,
hence, the magnetic parameters.[*-12 Quantitative relations
have been obtained between grain size and magnetic parame-
ters (H. and MBE).l'3478 Similarly, H, has been related
with average size and volume fraction of inclusions and
second-phase precipitates. ['9-12 However, the theory of fer-
romagnetism is not able to explain the observed quantitative
relationship between the magnetic and microstructural
parameters, particularly in tempered structural steels.[*®! For
example, a difference of more than five times has been
observed between the actual and theoretically predicted val-
ues of coercive force in 0.2 pct carbon steel .[*4

Normally, when a stedl is subjected to heat treatment or
exposed to high temperature, microstructural features evolve
in acomplex manner. For example, the disl ocations dominate
the microstructurein the quenched and early stage of temper-
ing, whereas the variationsin grain size and carbide precipi-
tation dominate the later stage of tempering/aging. The
magnetization process and, hence, the micromagnetic prop-
erties for a particular microstructural state are influenced
by the synergistic interactions of domain walls with these
microstructural features. However, in most of the studies
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carried out to date, the micromagnetic parameters are corre-
lated with only one microstructural feature at atime, ignoring
the effects of other features. For example, the magnetic
properties are correlated with grain size without considering
the effect of precipitates. Similarly, they are related to the
size and/or volume fraction of precipitates without taking
into account the effect of grain boundaries.

Even though the micromagnetic parameters are found to
be influenced by the variationsin the size and distribution of
both grains and precipitatesin tempered steels, theindividual
variation during various stages of tempering/aging has not
yet been resolved. Recently, the present authors have estab-
lished the influence of different tempered microstructures
on the MBE in 0.2 pct carbon steel, 2.25Cr-1Mo steel, and
9Cr-1Mo steel, and shown(*>1¢ that the MBE behavior
changes systematically from a single peak to two peaks with
increasing tempering time. This has been explained(*>€l
using a two-stage magnetization process, considering the
lath/grain boundaries and second-phase particles as the two
major obstacles to the domain wall motion, which would
vary with tempering time, while the matrix crystal structure,
chemical composition, and dislocation density remain con-
stant beyond acertain extent of tempering. This study mainly
deals with the comparison between the variations in the
hysteresis loop parameters, MBE parameters, and hardness
during tempering to understand the influence of microstruc-
tural evolution during tempering and to identify the best
magnetic parameter for effective microstructural char-
acterization.

I1. EXPERIMENTAL

The 0.2 pct carbon steel, 2.25Cr-1Mo steel, and 9Cr-
1Mo steel were selected in order to observe the effect of
precipitation of single-type carbides (asin carbon steel) and
different types of carbides (asin Cr-Mo steels) during tem-
pering. Also, because these Cr-Mo steels are extensively
used for high-temperature applications in steam generator
systems in power industries, they undergo degradation of
the microstructure and mechanical properties. The chemical
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Tablel. Chemical Composition (Weight Percent) of Carbon Steel, 2.25Cr-1Mo Steel, and 9Cr-1Mo Steel

Steel Cr Mo Mn P S S Ni Fe
Carbon steel — — 0.120 0.22 0.003 0.015 0.045 0.02 balance
2.25Cr-1Mo steel 2.210 0.94 0.480 0.11 0.007 0.190 — — balance
9Cr-1Mo steel 8.240 0.96 0.360 0.07 0.021 0.265 — — balance

composition (wt pct) of the carbon steel, 2.25Cr-1Mo sted,
and 9Cr-1Mo steel used in this study is given in Table I.
The carbon stedl used in this study is of commercia grade
and the Cr-Mo steels are of nuclear grade with low inclusion
content. The samples having 150-mm length were cut from
the 12-mm-diameter rods and were heat treated as follows.
The carbon steel specimens were solutionized at 1223 K for
1 hour followed by water quenching and then tempered at
873 K for 0.5, 1, 5, 15, 25, and 100 hours. The 2.25Cr-1Mo
steel rods were normalized at 1373 K for 1 hour and then
tempered at 923 K for 2, 10, 20, 50, 200, and 500 hours. The
heat treatments for 2.25Cr-1Mo steel were selected based
on the carbide stability diagram developed by Becker and
Nutting™ in order to get different combinations of carbide
precipitates. The 9Cr-1Mo steel rods were normalized at
1373 K and then tempered at 923 K for 2, 10, 50, 200,
and 500 hours. The 20-mm-thick 9Cr-1Mo steel plate was
normalized at 1223 K for 15 minutesfollowed by air cooling
and tempered at 1023 K for 2 hours followed finally by air
cooling. For the purpose of metallographic examinations,
10-mm-thick samples were cut from these steel rods and
plate and then heat treated along with each test specimen.

Following the heat treatments, the steel rods were
machined to 10-mm diameter at alow feed rate with a high
cooling rate in order to avoid machining effect and residual
stresses. The 10-mm-diameter rods were used for studying
the effect of tempered microstructures. The microstructural
evolution at different stages of tempering has been studied
using light optical, scanning electron, and transmission elec-
tron microscopes by standard procedures.

The experimental procedure for the measurement of mag-
netic hysteresis loop and MBE are given in the authors
previous article.*® The plots of the magnetic induction and
the root-mean-square (RMS) voltage of the MBE vs current
applied to the electromagnetic yoke were used for analysis.
The applied magnetic field measured at the center of the
yoke without the specimen is linearly proportional to the
current applied to the yoke. Hence, the coercive force (given
in terms of applied magnetic field, A/m) corresponds to the
current applied to the yoke when the magnetic induction
becomes zero and the residual induction corresponds to zero
current applied to the yoke. The MBE peak position is also
given in terms of current (A) applied to the yoke.

1. RESULTS AND DISCUSSION

A. Microstructural Evolution during Tempering

Earlier studiesd'” 8 have shown that the tempering of
carbon steels with carbon content greater than 0.2 pct at
temperatures greater than 673 K causes the recovery and
recrystallization of martensite into ferrite and spheroidiza-
tion and growth of cementite. Figures 1(a) and (b) show
typical optical photomicrographs of 0.2 pct carbon steel
samplestempered at 873 K for 5 and 100 hours, respectively,
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Fig. 1—Optical micrographs of 0.2 pct carbon steel samples tempered at
873 K for (a) 5 h and (b) 100 h.

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 2—Scanning electron micrographs of 0.2 pct carbon steel samples
tempered at 873 K for (a) 5 and (b) 100 h.

which clearly shows the polygonization of laths and grain
coarsening with an increase in tempering time. Figures 2(a)
and (b) are typical scanning electron microscope photomi-
crographs of 0.2 pct carbon steel samples tempered at 873
K for 5 and 100 hours, which clearly show the increase in
the average cementite size with tempering time. Table |1
shows the average grain size and cementite size in different
tempered 0.2 pct carbon steel samples.

Extensive studied®?°24 on 2.25Cr-1IMo steel using a
transmission electron microscope (TEM) have well estab-
lished the microstructural changes during tempering. Figures
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Tablell. Average Size of Grains and Cementite Particles
in Different Tempered 0.2 Pct Carbon Steel Samples

Average Size Average Size of
Tempering Time of Grains Cementite Particles

(h) (pm) (pm)

1 37 0.13

5 5.6 0.17

15 8.9 0.26

25 10.7 034

100 215 0.46

3(a) and (b) show typical optical micrographs of the 2.25Cr-
1Mo steel samples tempered at 923 K for 10 and 500 hours
respectively, which clearly show the polygonization of ferrite
laths and the grain coarsening. Figures 4(a) and (b) show
TEM micrographs of the carbon extraction replica for
2.25Cr-1Mo steel samples tempered at 923 K for 50 and
500 hours. This shows the dense distribution of fine needle-
like M,C precipitates after 50 hours of tempering (Figure
4(a)), which dissolves and forms M»;Cg after 500 hours of
tempering (Figure 4(b)). An inset in Figure 4(b) shows the
(111) selected area diffraction (SAD) pattern of a carbide
particle, which identifies it as M»;Cg-type carbide.

Saroja et al.[?>?4 and Sandersonl?? have studied in detail
the effect of tempering on the microstructure of the 9Cr-
1Mo steel using a TEM. Figures 5(a) and (b) show optical
micrographs of the 9Cr-1Mo steel samples tempered at 923
K for 10 and 500 hours, respectively, which show the poly-
gonization of ferrite laths during tempering. Figures 6(a)
and (b) show the TEM micrographs of the carbon extraction
replica for 9Cr-1IMo steel samples tempered at 923 K for
50 and 500 hours. The inset in Figure 6(a) shows a (210)
electron microdiffraction pattern of a carbide particle in the
50 hour tempered sample, which identifies it as Cr,X-type
carbide. Inthe 9Cr-1Mo steel sampletempered for 500 hours,
the number density of M,X has drastically reduced, and the
M3Cs type was predominant (Figure 6(b)). In the case of
Cr-Mo steels, the presence of a fine, dense distribution of
M,X-type precipitates would retard lath coarsening and
would delay the kinetics of tempering as compared with
carbon steel .12 This kind of stabilization of microstruc-
turein Cr-Mo steels makesthem attractive for high-tempera-
ture applications where creep resistance is important.

It is evident from these optical, scanning electron, and
transmission electron microscope studies that the observed
microstructural changes due to tempering in these steels are
in agreement with those reported in the literature.[*”-24 The
average size of laths/grains and carbide particles increases
and the size distribution of carbides broadens as the temper-
ing progresses. Therefore, it is expected that the variations
in size and distribution of ferrite laths/grains and carbides
are the major factors that would influence the magnetization
process and, hence, the micromagnetic parameters.

B. Influence of Tempered Microstructures on the
Hardness and the Micromagnetic Parameters

Figures 7(a) through (f), 8(a) through (f), and 9(a) through
(f) show the variations in hardness, the position and height

of the MBE single peak, peak 1 and peak 2, coercive force
(Ho), residua induction (B;), and maximum flux density
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Fig. 4—TEM micrographs of the carbon extraction replica for 2.25Cr-1IMo steel samples tempered 923 K for (a) 50 h and (b) 500 h. Inset in (b) shows

the (111) SAD pattern of a carbide particle, which identifies it as M »Cg type.

(Bmax) asafunction of tempering time for the 0.2 pct carbon,
2.25Cr-1Mo, and 9Cr-1Mo steels, respectively.

1. Effect of tempering on hardness
It can be observed from Figures 7(a), 8(a), and 9(a) that
the hardness drops rapidly after short-time tempering, which
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is attributed to the reduction in dislocation density due to
dislocation annihilation. It is known that, on tempering the
quenched materials, the secondary hardening is well pro-
nounced only in the presence of coherent second-phase pre-
cipitates, as in the case of Al-Cu alloys, 17-4PH steel,
maraging steel, etc., which is due to the lattice coherency
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Fig. 6—TEM micrographs of the carbon extraction replica for 9Cr-1Mo steel samples tempered 923 K for (a) 50 and (b) 500 h. Inset in (8) shows the
(210) electron microdiffraction pattern of a carbide particle, which identifies it as Cr,X type.

strain. The cementitein carbon steel isnot acoherent precipi-
tate and, hence, no secondary hardening occurs on temper-
ing; i.e., beyond 1 hour of tempering, the hardness decreases
gradually (Figure 7(a)). In the case of the 2.25Cr-1Mo steel,
Baker and Nutting!'® showed that the fine and dense pre-
cipitation of needle-like M,C precipitates retards the lath
coarsening and polygonization, thereby leading to a dight
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secondary hardening. Parameswaran et al.[*® showed from
the streaking of an electron SAD pattern that the secondary
hardening in 2.25Cr-1Mo steel isdueto the coherency strain
produced by the M,C precipitates. In the case of 9Cr-1Mo
steel also,?2?4 the fine precipitation of M,X has been found
to hamper the drop in the hardness values. It can be observed
from Figures 8(a) and 9(a) that, in the case of Cr-Mo steels,
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Fig. 7—The variation in (a) hardness, (b) MBE peak 1 and peak 2 positions, (c) MBE peak 1 and peak 2 height values, (d) coercive force (H,), (e) residua
induction (B;), and (f) maximum flux density (Bna) as a function of tempering time for 0.2 pct carbon steel.

the reduction in hardness is delayed after short tempering
(after 10 hours in 2.25Cr-1Mo steel and after 2 hours in
9Cr-1Mo steel). This can be attributed to the precipitation
of coherent M,X precipitatesin the early stagesof tempering.
On further tempering, the hardness values drop significantly
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(after 50 hours in 2.25Cr-1Mo steel and after 200 hours in
9Cr-Mo stedl). This can be ascribed to the loss of coherency
dueto the coarsening of M,X precipitates on further temper-
ing. The presence of dense incoherent M,X precipitates
would resist the lath/grain coarsening by pinning the bound-
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aries.[2121 Hence, the dissolution of M,X precipitates after
prolonged tempering would lead to rapid polygonization of
ferrite laths and coarsening of secondary carbides. However,
thisis not clearly reflected in the hardness variation (Figures

8(a) and 9(a)).
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2. Effect of tempering on the MBE behavior

The systematic changes in the MBE behavior from a
single peak to two peaks with an increase in tempering time
(Figures 7(b) and (c), 8(b) and (c), and 9(b) and (c)) have
been explained earlier using a two-stage magnetization pro-
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Fig. 9—The variation in (a) hardness, (b) MBE peak 1 and peak 2 positions, (c) MBE peak 1 and peak 2 height values, (d) coercive force (H,), (e) residua
induction (B;), and (f) maximum flux density (Bna) as a function of tempering time for 9Cr-1Mo steel.

cess.[1518 Theinitially observed single-peak MBE has been
attributed to the presence of high didlocation density, which
smears the individual effect of lath/grain boundaries and
fine precipitates. Once the dislocation density assumes an
equilibrium value, only the lath/grain size and precipitates
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size vary with tempering time. Considering the fact that the
lath/grain boundaries and precipitates are the two mgjor
obstacles to the domain wall movement in sufficiently tem-
pered microstructure, the MBE peak 1 at lower current
applied to the yoke/magnetic field is attributed to the irre-
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versible movement of domain walls existing at the ferrite
lath/grain boundaries overcoming the grain boundary resis-
tance. The MBE peak 2 at higher current is attributed to
the irreversible movement of domain walls overcoming the
resistance offered by the carbide precipitates.

a. Effect of tempering on the MBE peak position

The MBE peak position depends on the average pinning
strength of the given type of obstacle. It can be observed
from Figures 7(b), 8(b), and 9(b) that the MBE peak 1
position shifts to lower current/field, and the MBE peak 2
position movesto higher current with an increase in temper-
ing time. It is evident from the micrographs (Figures 1(a)
and (b), 3(a) and (b), and 5(a) and (b)) that the polygoni zation
of ferrite laths and grain coarsening progress with tempering
time. Asthe tempering progresses, the decreasein lath/grain
boundary dislocation density and the closely related domain
redistribution in the adjacent grains during polygonization
would reduce the grain boundary magnetostatic energy,
thereby reducing its resistance to domain wall motion. This
results in the shifting of the MBE peak 1 position to lower
field with an increase in tempering time. This is similar to
the observation by Gatelier-Rothea et al.[?® in pure iron,
who have also shown the shifting of the MBE peak position
toward lower field with an increase in grain size. In Cr-Mo
steels, the reduction in the MBE peak 1 position is delayed
to longer tempering time as compared to carbon steel (Fig-
ures 7(b), 8(b), and 9(b)). Thisis because of the precipitation
of fine M,X precipitates in Cr-Mo steels, which retard the
lath/grain coarsening.[**-24 This is evident from the dense
distribution of fine needle-like M,X precipitates even after
50 hours of tempering at 923 K (Figures 4(a) and 6(a)).
However, after 500 hours (Figures 4(b) and 6(b)), the disso-
lution of needlelike M,X precipitates leads to faster lath
coarsening and polygonization (Figures 3(b) and 5(b)) and,
hence, the rapid reduction in the MBE peak 1 position.

It is evident from the micrographs (Figures 2(a) and (b),
4(a) and (b), and 6(a) and (b)) that the average carbide size
increases with tempering time. The increase in carbide size
increases the demagnetizing field associated with the mag-
netic free poles at the matrix-carbide interface and, hence,
the pinning strength for domain wall movement.?627 This
results in shifting of the MBE peak 2 position to higher
current/field with an increase in tempering time (Figures
7(b), 8(b), and 9(b)).

b. Quantification of average size of laths/grains and
carbides from the MBE peak positions

It has already been explained*>9 that the MBE peak 1
is ascribed to the effect of grain boundaries and the peak 2
to that of precipitates. As explained previoudly, the variation
inthe peak position of the M BE from different sourceswould
reflect the changes in the average size of the corresponding
obstacles. Figure 10 showsthe quantitative relation obtained
between the MBE peak 1 position and average grain size
for different tempered 0.2 pct carbon steel samples. Figure
11 showsasimilar relation between the MBE peak 2 position
and the average size of the cementite precipitates for the
same steel. Excellent correlation between the MBE peak
position and the microstructural parameters (Figures 10 and
11) clearly proves that the MBE technique can be used to
evaluate the finer changes in the individual microstruc-
tural features.

The identification of two peaks clearly or at least slope
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changes in the MBE profile becomes possible only after a
certain stage of tempering depending on the materials. This
limits the determination of the average size of laths and
carbides at short tempering times. However, the already
obtained relationship between MBE peak position and the
average size can be extrapolated for longer tempering times.
Another important point to note here is that Figures 10 and
11 show the average lath/grain and carbide sizes that vary
in asynergistic manner during tempering. Hence, such corre-
lation has to be first established for different materials with
the support of optical/electron microscopy. Later, they can
be used as calibration standards for on-line assessment of
components.
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c. Effect of tempering on the MBE peak height

During magnetization, the RMS voltage level of the MBE
a a given magnetic field depends on the number and the
extent of the domain walls moving at a given instant. This,
inturn, isdecided by both the size distribution of the obstacle
and the mean free path of the domain wall displacement.
The size distribution decides the range of pinning strengths
and, hence, the range of magnetic field strengths (AH) in
which the domain walls overcome a given type of obstacle.
The narrower the size distribution (narrow AH) and the
larger the mean free path of the domain wall displacement,
the greater is the MBE peak height.

It can be observed from Figures 7(c), 8(c), and 9(c) that,
in al the three steels, both the MBE peak 1 and pesk 2
height values reach a maximum and then fall with tempering
time. Theinitial increasein the MBE peak 1 height has been
attributed to the narrow size distribution of laths and the
increase in the mean free path of the domain wall movement
due to lath coarsening. As the grain size becomes coarser,
the grain boundary area reduces and, hence, the number of
reverse domain nucleation sites decreases.[*® Thisresultsin
the reduction in the MBE peak 1 height at longer tempering
times (Figures 7(c), 8(c), and 9(c)) even though the mean
free path of the domain wall displacement increases. Simi-
larly, the MBE peak 2 height shows a maximum correspond-
ing to a narrow size distribution of carbides. As the carbide
size increases with tempering time, the size distribution
broadens, which, in turn, reduces the number of domain
walls moving at a given instant. Thus, the MBE peak 2
height decreases with an increase in tempering time (Figures
7(c), 8(c), and 9(c)). Hence, the maximum MBE peak occurs
when there is an optimum combination of size distribution
and mean free path of the domain wall displacement. The
maximum value of the MBE peaks occurs at an intermediate
tempering time because of the fact that, at lower tempering
time, the lower mean free path of the domain wall movement
limits the MBE level. At higher tempering time, the reduc-
tion in the number of reverse domain nucleation sites due
to coarse grain size and the broad size distribution limits
the MBE level by reducing the number of domain walls
moving at a given instant.

d. Identification of dissolution of M,X precipitates in
Cr-Mo steels

In the case of carbon steel, the precipitation and growth
of cementite precipitates result in the gradual reduction in
both MBE peak height values (Figure 7(c)). However, in
Cr-Mo steels, the precipitation of different types of carbides
at different stages of tempering (transformation of carbides)
leads to nonuniform variations in the MBE peak height
values (Figures 8(c) and 9(c)). In Cr-Mo steels, there is a
sharp drop in the peak 1 height after prolonged exposure
(in 2.25Cr-1Mo steel after 500 hours Figure 8(c), and in
9Cr-1Mo steel after 200 hours Figure 9(c)). It has been
shown in Figures 4(a) and 6(a) that, in both 2.25Cr-1Mo
steel and 9Cr-1Mo steel, tempering at 923 K produces fine
plate-type M,X precipitates densely distributed within the
matrix. Being fine, the M,X precipitates would not be strong
barriers to domain wall motion unlike the other larger size
carbides such as Fe;C, Cr,Cs, MG, €tc., observed in these
steels. However, it has been observed that their presence
strongly retards the coarsening of ferrite laths,*%-?4 and the
dissolution of M,C or M,X in long-term tempered samples
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marks the rapid polygonization and growth of the ferrite
grains (Figures 3(a) and (b) through 6(a) and (b)). This, in
turn, would lead to a decrease in the boundary surface area
and, hence, the number of reverse domain walls nucleating
at the grain boundary. The rapid decrease in the peak 1
height values after 500 hours of tempering in 2.25Cr-1Mo
and after 200 hours of tempering in 9Cr-1Mo steels (Figures
8(c) and 9(c)) can be considered as an indication of the
dissolution of M,C or M,X precipitates. Similarly, in the
case of 9Cr-1Mo steel aso, the drastic reduction in the peak
2 height after 200 hours of tempering showstherapid growth
of M,3Cg caused by the dissolution of M,X (Figure 9(c)).

It is interesting to note from Figures 8(c) and 9(c) that,
in long-term tempered samples of Cr-Mo steels, the drastic
reduction in the peak 2 height coincides with that in the
peak 1 height (200 to 500 hours in the case of 2.25Cr-1Mo
steel and 50 to 200 hours in the case of 9Cr-1Mo stedl).
This confirms the earlier mentioned explanation that the
dissolution of Mo,C or M,X precipitates causes the rapid
growth of both the ferrite grains and M,3Cg precipitates,
resulting in the drastic reduction in both the MBE peak
heights in the Cr-Mo steels. The rapid and simultaneous
reduction in both the MBE peak heights can be considered
as an indication for the deterioration in the creep strength
in these Cr-Mo steels.

3. Effect of tempering on the hysteresis loop
parameters

a Effect of tempering on the coercive force, H,

It can be observed from Figures 7(d), 8(d), and 9(d) that,
in all the steels, the coercive force drops rapidly after initial
short tempering. This is attributed to the sharp reduction
in the dislocation density that dominates the as-quenched
microstructure. On further tempering, H. increases again
and goes through a maximum. Long-term tempering leads
to a gradua decrease in H.. This nonlinear variation in He
with tempering time clearly shows that it cannot be related
linearly with hardness. This is because the hardness is
strongly decided by the coherency strain produced by the
precipitates in the matrix. It is known that, for maintaining
the lattice coherency, the precipitate size should be very
small (few hundreds of A). Asthe precipitate grows, it loses
coherency and leads to a drop in hardness. As far as the
magnetic domain wall pinning strength is concerned, it does
not matter whether the precipitate is coherent, because the
pinning strength depends on the magnetostatic energy, which
in turn, depends on the precipitate size. Also, maximum
domain wall pinning strength would occur when the precipi-
tate sizewould be of the same order asdomain wall thickness
(~1000 A)!26:271 which is much higher than that of the coher-
ent particles.

During amagnetization cycle, the majority of the magneti-
zation and demagnetization occur by the movement of
reverse domain walls. Hence, it can be considered that the
coercive force (H.) is the magnetic field required for
attaining the demagnetized condition where the entire vol-
ume of the sample can be divided into two halves, each
having magnetic domains oriented 180 deg opposite. The
extent of demagnetization at a given field on reducing the
applied magnetic field from a maximum depends on the
resistance of the obstacles to domain wall movement and
the interobstacle spacing.

It has been shown earlier by the authord>16l that, when
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the applied magnetic field is varied from —H 5 (—12,000
A/m) and +Hpa (+12,000 A/m), the magnetization process
in tempered ferritic steels occurs in two stages; that is, on
reducing the field from —H,., the aready existing reverse
domain walls at lath/grain boundaries start moving away
from the boundaries (stage 1), and on the way, they are
pinned by the precipitates. On reversing and increasing the
applied magnetic field toward +H, the domain walls
overcome the precipitates at higher field (stage 2). Hence,
the H. value depends on the pinning strengths of both the
lath/grain boundaries and the carbide particles.

Figures 12(a) through (c) show the variationsin the RMS
voltage of the MBE, applied magnetic field, tangential mag-
netic field measured on the surface of the specimen, and the
magnetic flux density as a function of the current applied
to the yoke for half the magnetization cycle for al the three
steelsinthelong-term tempered condition. It can be observed
from Figures 12(a) through (c) that the H. point in the
hysteresis curve corresponds to the trough between the MBE
peak 1 and peak 2; that is, the H, point occurs in between
the stage 1 and stage 2 magnetization process mentioned
previously. This supports the previously mentioned fact that
the H, value depends on the changes in the pinning strength
of both grain boundaries and carbides. It can be observed
from Figures 12(a) through (c) that the stage 1 process
contributes more to demagnetization. However, the overlap-
ping of stages 1 and 2 would result in the partial influence
of the stage 2 on the H. value. Hence, the H. value for a
given tempered microstructure is decided by the extent of
both these stages, and the individua influence of grain
boundaries and precipitates cannot be separated.

After short tempering, the dense distribution of carbide
particleswould pin thelath boundaries and resist polygoniza-
tion. This effect tends to slow down the rate of reduction
in the resistance of the lath boundaries to domain wall
motion. The dense distribution of carbide particles also
reduces the mean free path of the domain-wall displacement
during stage 1. The increase in the size of the carbides also
resultsin the increased resistance to domain-wall movement
and would delay the starting of stage 2. Therefore, the net
effect would be the increase in the overall resistance offered
by the obstacles to domain wall movement, that is, a higher
magnetic field would be required to achieve the demagne-
tized state. This results in the increase in H. value once
again after theinitial drop dueto annihilation of dislocations.
On prolonged tempering, the polygonization of ferrite laths
would result in the easier movement of domain walls from
the grain boundaries. The coarsening of carbide particles by
the dissolution of smaller particles results in the reduction
of the number density of precipitates and broader size distri-
bution (Figures 2(a) and (b), 4(a) and (b), and 6(a) and (b)).
The resistance offered by very fine particles can easily be
overcome by the domain walls. Also, some of the large-
size carbides (>0.5 um) would tend to have closure/spike
domains around them, thereby reducing their magnetostatic
energy and, hence, their resistance to domain-wal
motion.[?627 This would lead to the increase in the domain-
wall displacement during stage 1 and the early starting of
stage 2. Therefore, in long-term tempered samples, there is
a net reduction of the overall resistance to domain wall
movement, which results in a continuous decrease in the H,
value with tempering time (Figures 7(d), 8(d), and 9(d)).
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Fig. 12—The typical variations in the RMS voltage of the MBE, applied
meagnetic field at the center of the pole piecesin the absence of the specimen,
tangential magnetic field measured on the surface of the specimen, and the
magnetic flux density as a function of current applied to the yoke for half
the magnetization cycle for (a) 0.2 pct carbon steel, (b) 2.25Cr-1Mo stedl,
and (c) 9Cr-1Mo steel samples in long-term tempered condition.

b. Effect of tempering on the residual induction, B,

It can be observed from Figures 7(€), 8(€), and 9(e) that
the residual induction (B;) initially increases slowly and
then more rapidly after short tempering. The B, reaches a
maximum and then decreases on prolonged tempering. The
B, value indicates the extent of demagnetization before
reversing the magnetic field, which, in turn, is decided by
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the displacement of reverse domain walls. Hence, the extent
of demagnetization depends on theresistance of the obstacles
to domain wall movement and the interobstacle spacing. It
can be observed from Figures 12(a) through (c) that the B,
coincides more or less with the MBE peak 1. This shows
that the B, isdecided by the extent of domain-wall movement
during stage 1 magnetization process; that is, the B, value
is more influenced by the effect of lath/grain boundaries.

The B, is strongly influenced by the magnetic anisotropy
of the microstructure. In the case of quenched microstruc-
ture, each lath can be considered as a single domain (owing
to their smallness). The complex magnetic anisotropy with
a large demagnetizing field results in reversible domain
alignment in small localized regions during magnetization.
Hence, on reducing the magnetic field, a large amount of
reversible domain alignment results in arapid demagnetiza-
tion leading to a low B, value. However, the coarsening of
the laths on tempering slowly transforms the single domain
structure of the laths into a multidomain structure. Also, the
precipitation of secondary phases at the lath boundaries and
at the lath interior during tempering enhances the irrevers-
ibility of the domain wall motion. Hence, the magnetization
process changes from the reversible domain alignment in
guenched samples to irreversible domain wall movement in
tempered samples. This causes the increase in the B, value
after tempering.

Theinitial tempering resultsin the reductionin dislocation
density and partial transformation of martensite/bainite to
ferrite. This results in a slow rise in the B, value. During
tempering, the second-phase precipitation initially resultsin
afine, dense distribution of carbides (Figures 2(a), 4(a), and
6(a)). The high number density of carbide particles (small
interobstacles spacing) after short tempering restricts the
domain-wall displacement from the lath/grain boundaries.
The restricted domain-wall displacement and the enhancing
irreversibility result in the sharp rise in the B, value with
tempering time. On prolonged tempering, the grain coarsen-
ing and the reduction in the number density of second-
phase particles dueto coarsening result in large interobstacle
spacing (Figures 2(b), 4(b), and 6(b)). Hence, there is an
increase in the extent of domain wall displacement during
stage 1 magnetization. This results in a decrease in the B,
value with tempering time in long-term tempered samples.

It can be noted from Figures 7 through 9 that the maximum
in B, value and the H; value occur at the same tempering
timein all thethree steels. Thisclearly showsthat the hyster-
esisloop parameters are decided by the changesin theoverall
resistance of the obstacles to domain wall movement, that
is to the pinning strengths of both the lath/grain boundaries
and the second-phase particles and the interobstacle spacing
in tempered samples.

c. Effect of tempering on the maximum flux density, By

It can be observed from Figures 7(f), 8(f), and 9(f) that, with
anincrease in tempering time, the B, value also increasesto
a maximum and then decreases in al the three steels. The
initial increase in the B, value with tempering timeindicates
the softening of the microstructure, which facilitatesthemove-
ment of the domain walls. Due to the precipitation of the
second phases, the removal of aloying e ements such as Cr,
Mo, etc., from the matrix also contributes to the increase in
the B, Vaue. On prolonged tempering, as the average sizes
of the grains and carbides increase, the magnetic-free pole

1064—VOLUME 31A, APRIL 2000

density and the demagnetizing field associated with them also

increase. The increasing demagnetizing field can easily form
reverse spike domains at the grain boundaries. The demagne-
tizing field at some of the large-size carbide particles (>0.5
pm) would also form 90 deg closure spike domains. The
formation of such residua spike domains at the microstruc-
tural featuresin order to reduce thelocal magnetostatic energy
would contribute to the small reduction in By, valuein long-
term tempered samples.

IV. CONCLUSIONS

This study establishesthe fact that the MBE is very sensi-
tive to fine microstructural changes during different stages
of tempering in ferritic steels. It has been shown that the
changesin thelath/grain size and carbide size can beindivid-
ually characterized using MBE; that is, the variations in the
size and distribution of laths/grains caused by tempering at
high temperature can be quantified from the MBE peak 1
and those of second-phase precipitates from the MBE peak
2. Such individual variations in the microstructural features
cannot beidentified and quantified by theH. and B, , because
they are influenced by the synergistic changes in the micro-
structural features. The quantitative relationships between
the MBE parameters and the microstructural parameters,
once established with the actual information from optical/
electron microscopy for different ferromagnetic materias,
can be used for evaluating the microstructural state in the
as-fabricated and service exposed components.
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