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Advancing magnetic field-assisted processing, as an energy-efficient method
for tailoring steel microstructures, requires a thorough understanding of how
the high magnetic field impacts microstructural evolution, particularly its
effect on prior austenite grain structures. The current investigation of a near-
eutectoid composition, Fe-C alloy, uses electron backscatter diffraction to
examine the morphology and orientation of martensite and pearlite
microstructures, and to reconstruct the parent austenite microstructures
present during equivalent heating under varied magnetic field strengths (0-T,
2-T, 5-T, and 9-T). It was observed that the magnetic field has a negligible
effect on martensite lath/block width, slightly decreases prior austenite grain
size, and increases the fraction of austenite grains with annealing twins.
Additionally, the magnetic field increases the phase fraction of proeutectoid
ferrite but has a negligible effect on pearlite block size and the distribution of
boundary misorientation angles. No preferred texture was induced by the
magnetic field, regardless of the applied field direction, in the proeutectoid
ferrite phase or the martensite and prior austenite microstructures. The ob-
served results contradict previous literature, and the differences are dis-
cussed.

INTRODUCTION

Magnetic field-assisted processing is a promising
technology in steel manufacturing because it has
shown potential to shorten heat treatment times,
thereby reducing the total energy input required. It
has also been demonstrated to have the ability to
produce unique microstructures that have not been
obtainable by other means.! However, some aspects
of the magnetic field effects, especially on the prior
austenite structure, have not been systematically
studied.
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In the Fe-C system, the impacts of a high
magnetic field on microstructure primarily result
from a shift of the eutectoid invariant reaction to
higher temperatures and carbon contents.>® As a
result of this shift in phase equilibria, increases in
proeutectoid ferrite phase fractions with increasing
field strength are commonly observed for hypoeu-
tectoid and near-eutectoid compositions.**® Relat-
edly, decreases in proeutectoid cementite are
observed in hypereutectoid compositions.” This
thermodynamic shift with changing field strength
results in different driving forces for nucleation
during equivalent cooling, resulting in apparent
kinetic differences.*!° Increasing field strength has
also been shown to increase the martensite start
temperature (Mg) and bainitic transformation tem-
perature in both Fe-C''7' and other alloy'®'®
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systems. The increase in Mg promotes martensite
formation, resultin,ci{ in a reduced volume fraction of
retained austenite.’®?

In addition to shifts in phase transition temper-
atures, processing in high magnetic fields has been
reported to alter the microstructural morphology
resulting from austenite decomposition. In hypoeu-
tectoid steels, it has been frequently observed that
the ferrite §rains align and elongate along the field
direction.®??°=2* Similarly, when martensite was
heated above the austenitizing temperature, the
resultant austenite grains demonstrated elongation
along the field direction.?> No alignment was
reported in hypereutectoid steels.® Additionally, it
has been reported that, in hypoeutectoid steels, the
formation of Widmanstétten ferrite is suppressed in
favor of a blockier or idiomorphic morphology. Most
works have reported that there is no texture in
either the ferrite or pearlite grains formed upon
cooling in a magnetic field;"**"?? however, one
report suggested that (001) directions align with the
transverse field direction.?® This contradiction
requires additional investigation.

The role of magnetic field-assisted processing in
developing morphologies of martensitic microstruc-
tures is substantially less investigated. Several
investigators have examined magnetic field effects
on thermal martensites'®'”'®?7 and found that a
field can cause morphological differences and pro-
mote certain orientations. To the authors’ knowl-
edge, there has not been a prior study of athermal
martensite morphologies developed in magnetic
fields.

One of the largest gaps in understanding the
development of carbon steel microstructures under
a magnetic field is the evolution of the prior
austenite structure. A thorough understanding of
the austenite structure is crucial because it dictates
the resulting transformation microstructures.'®2%2
The most relevant study was conducted by Li and
Liu,'® who examined the role of a magnetic field in
austenite formation during heating in a hypereu-
tectoid steel. They found that the presence of the
field decreases the nucleation rate of austenite
during heating, but did not affect the later coarsen-
ing rate. The orientation of the specimens relative to
the field direction was not reported, and the prior
austenite grain size distributions were not
quantified.

The goal of the present study is to characterize
the microstructural morphologies that result from
magnetic field-assisted processing of an Fe-C alloy
with near-eutectoid composition, with particular
emphasis on the role of the prior austenite grain
structure. Recent advances in electron backscatter
diffraction (EBSD) detector sapeeds and parent grain
reconstruction techniques®**! offer new opportuni-
ties to study the prior austenite structure developed
under field and its role in the final pearlitic and
martensitic microstructures.

EXPERIMENTAL METHODOLOGY

Two specimen geometries were obtained from a
homogenized cast ingot of a binary Fe-C alloy with a
carbon composition of 0.63 wt%, which was found by
an outside commercial laboratory using LECO
analysis. Cylindrical rods were extracted by wire
electrical discharge machining (EDM) before being
sectioned to approximately 5 mm in diameter and
7 mm in height using a low-speed saw. Rectangular
specimens with dimensions of 10 mm in thickness,
10 mm in width, and 50 mm in length were also
extracted by wire EDM.

The University of Florida’s High BxT facility and
Oak Ridge National Laboratory (ORNL) are both
equipped with different thermomagnetic processing
systems (TMP). The UF TMP system uses a resis-
tive furnace, which operates within a home-made
chilled-water jacket insert found in the 90-mm bore
of a repurposed Oxford 400 MHz (9.4-T) NMR
superconducting magnet. A cylindrical ceramic fiber
heater, measuring 2 in. (¢.5 cm) in diameter and
with a 0.5-in. (c.1.3-cm) inner diameter bore, was
affixed inside the cooling jacket within the homoge-
neous field region of the magnet. This design
achieved temperatures up to 1200°C. The ORNL
TMP system uses an induction heater, a 2-inch (c.5-
cm) diameter water-cooled 0.25-inch (c.0.64-cm)
copper tubing wound 10 turns, which is situated
within the homogeneous magnetic field region of a
5-in. (¢.12.7-cm) diameter, vertical warm-bore 9-T
superconducting magnet (American Magnetics,
USA). For this study, a susceptor with an inner
diameter of 15 mm, a wall thickness of 6 mm, and a
length of 75 mm was used to eliminate the effects of
induction heating. Schematics of the UF and ORNL
TMP systems are shown in Fig. la and b,
respectively.

The UF TMP system was used to conduct no-field
and in-field heat treatments at magnetic field
strengths of 0-T, 2-T, 5-T, and 9-T with the cylin-
drical specimens, while the rectangular specimens
were heat-treated at 0-T and 9-T using the ORNL
TMP system.

Sample Preparation

Martensite and pearlite microstructures were
formed using different experimental set-ups and
heating profiles. For martensite, the cylindrical
specimens were encapsulated in quartz tubing [3
in. (c.7.6 cm) long] with a small vent hole made to
assist quenching. The encapsulated specimens were
placed in the UF TMP system, which maintained
the desired magnetic field strength throughout the
heat treatment. They were heated at 20°C/min from
room temperature to 850°C, followed by a 120-min
anneal to achieve sufficient austenitization. The
specimens were then ejected from the UF TMP
system using a quartz rod and immediately
quenched in water. For pearlite, the rectangular
specimens were first encapsulated in a quartz tube



2864

Vertical 9.4T
perconducting magnet

©FD

(a)

Field Direction (FD)
—_—

~5mm

{FD

uokuu/.ouuo

Field Direction (FD)
—_—

N

~7mm

Hurley, Bollineni, Donald, Flynn, Hamlin, Kesler, Manuel, Meisel, Li, and Miller

- FD
Inner quartz /
tube
/ N
Hpex
Duter quartZ Ype-K | 50
tube | o ° i FD
s|llis.
% : \(?opper
Sample induction coil ﬁ FD
|~ insert
v d
AIumu:a Susceptor |
oo Vertical 9T
~=-superconducting—T* 70
magnet KN ,\Q(““‘

Fig. 1. Schematics of (a) UF High BxT and (b) ORNL TMP systems used for no-field and in-field heat treatment of steel specimens, which were

sectioned perpendicular and parallel to the magnetic field direction.

under ultra-high-purity argon gas before being
placed in the ORNL TMP sgfstem, which is described
in detail by Kesler et al.> The encapsulated spec-
imens were heated at a rate of 25°C/min from room
temperature to 1000°C, then annealed at that
temperature for 120 min. After annealing, the spec-
imens were cooled at 50°C/min to 650°C and held at
that temperature for approximately 17 min before
being furnace-cooled.

All the specimens were cross-sectioned both par-
allel and perpendicular to the magnetic field direc-
tion, as shown in Fig. 1. For the cylindrical
martensite specimens, the samples were progres-
sively ground up to 1200-grit SiC paper, followed by
hand polishing with 9-, 6-, and 1-ym diamond
suspensions. Methanol was used after each grinding
and polishing step to remove any residual media.
Hardness measurements were conducted using a
Vickers microhardness indenter with an applied
force of 1 kgf, confirming the formation of marten-
site microstructures with average values between
890 and 950 HV. The grinding and polishing steps
were repeated as needed to eliminate surface dam-
age incurred from the hardness measurements.
Lastly, to ensure that the sample surfaces were of
EBSD quality, a final polishing step was carried out
using a vibratory polisher with a 0.05-um non-
colloidal silica suspension for 2—4 h.

Similarly, the rectangular pearlite specimens
were progressively polished from 240-grit to 1200-
grit SiC paper, followed by further polishing with 6-
and 1-uym diamond suspensions. For EBSD analysis,
these samples underwent additional polishing with
a vibratory polisher using a 0.02-um colloidal silica
suspension for 6 h. The polished samples were then
etched with 5% nital for 10 s to reveal the pearlite
microstructural features and secondary scanning
electron microscope (SEM; Quanta 600; FEI) images
were collected.

Material Characterization

A FEI Helios 5 UC equipped with an EDAX
Velocity EBSD CMOS camera was used to collect
large-area EBSD scans of the pearlite microstruc-
tures,. The beam parameters were set to 30 kV and
13 nA, with a step size of 0.5 um, to collect the EBSD
data over an area approximately 1 mm by 1 mm,
which were analyzed using the TSL 3D OIM
software. Additionally, SEM and a Zeiss Axio optical
microscope (OM) were used to collect microstruc-
tural images from the etched surfaces of the pearlite
samples.

EBSD data of the martensite microstructures
were obtained using a FEI Helios G4 PFIB equipped
with an EDAX Velocity EBSD CMOS camera,
where beam parameters of 15 kV and 13 nA, and
a step size of 0.2 um were used. Hundreds of
martensite EBSD scans at x10,000 magnification
(a 40.5-um by 32.6-um area) were assembled with-
out over-sampling using montage mapping to form a
single EBSD dataset approximately 1 mm by 1 mm.
The collected martensite EBSD datasets were pro-
cessed using the MTEX 5.10.2 open-source toolbox
for MATLAB.??

Additionally, both thermal etching and chemical
etching using picric-based etchants were indepen-
dently employed in an attempt reveal the prior
austenite grain boundaries. Thermal etching was
unsuccessful because the cooling rates achievable
while maintaining vacuum were insufficient. Chem-
ical etching was unsuccessful because of the low
concentration of non-carbon alloying elements in
the specimens. As a result, the prior austenite grain
sizes and morphologies were determined via parent
grain reconstruction using EBSD data.

Parent Grain Reconstruction

Multiple noise removal steps were performed on
the collected martensite EBSD to account for sur-
face defects and to reduce poorly indexed data
points. This involved first removing points with an
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image quality less than 0.15 times the maximum
observed value within the scanned region, and then
identifying and removing points that lacked suffi-
cient neighboring interactions to calculate kernel
average misorientation. The removed points were
not replaced. To avoid exceeding the memory capa-
bilities of MATLAB, the collected EBSD scans were
sectioned into equally sized quarters. Consequently,
the identified martensite grains (calculated using a
2° threshold) located at the boundaries of these
sections, as well as those in regions where scan
quality was poor, were excluded from grain analysis
to prevent skewed results.

The prior austenite microstructures were recon-
structed from the martensite EBSD data using the
variant graph approach for parent grain reconstruc-
tion developed by Niessen et al.?** A precise
orientation relationship (OR) for austenite recon-
struction was established based on known marten-
site—austenite = ORs. The Greninger-Troiano
orientation relationship was identified as the best
match with the smallest mean angular deviation
from the experimental data, and was therefore
assigned as the starting OR. Threshold values for
merging reconstructed austenite grains with simi-
lar orientations and inclusions were optimized to
ensure the best match between the child martensite
orientations and the reconstructed parent grains.
With reconstruction having to be performed on
quartered EBSD data, the reconstructed parent
EBSD data were reassembled before the final
calculation of the parent austenite grains. To ensure
accuracy, austenite grains located along the bound-
aries of the EBSD data were excluded from the
analysis. The parent austenite grain morphology
(including equivalent diameter and aspect ratio)
was evaluated using MTEX’s built-in shape param-
eter functions.

Features from the ORTools functional library
were integrated into the reconstruction process to
enhance the analysis of the martensite microstruc-
ture, allowing for the measurement of martensite
lath/block widths and area fractions of martensite
variants. The authors note that, while individual
martensite laths are unlikely to be well-resolved
under the present EBSD conditions, the lath/block
phrasing convention is adopted because it is pre-
ferred by the authors of ORTools.

31,34

RESULTS

The prior austenite structure and the resulting
pearlite and martensite microstructures are pre-
sented in the following sections.

Prior Austenite Microstructure

To evaluate the austenite microstructure present
during heat treatment under varying magnetic field
strengths, parent grain reconstruction was per-
formed (as detailed in Sect. “Parent Grain

Reconstruction”) on the collected martensite EBSD
data. From the multiple martensite EBSD scans
acquired at each magnetic field strength, approxi-
mately 275 whole austenite grains were identified
in samples oriented perpendicular to the field
direction, while about 150 grains were identified in
those oriented parallel to the field direction. Fig-
ure 2 shows representative inverse pole figure (IPF)
maps of the reconstructed parent austenite
microstructures for the investigated magnetic field
strengths, oriented perpendicular and parallel to
the field direction. Parent austenite grain bound-
aries are marked by bold black lines while anneal-
ing twin boundaries are indicated by white lines.
Notably, annealing twins were merged before ana-
lyzing the parent austenite grain morphology, such
that twin boundaries were excluded when calculat-
ing grain size.

In this study, one-way analysis of variance
(ANOVA) was used to determine whether there
were statistically significant differences in grain-
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Fig. 2. Inverse pole figure maps of reconstructed parent austenite
microstructures from samples heat-treated under varying magnetic
field strengths, sectioned both perpendicular and parallel to the field
direction; bold black lines indicated parent austenite grains, while
annealing twin boundaries are depicted with white lines.
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based distributions across the varying magnetic
field strengths. The results are presented using
standard ANOVA notation, exhibited by
F(3,1115) = 1.85,p = 0.137. In this notation, the F
statistic (#'(3,1115) = 1.85) denotes the ratio of
variance between the different magnetic fields to
the variance within each group of grains at a given
field strength. The numbers in parentheses indicate
the degrees of freedom: the first value (3) relates to
the magnetic field strengths, while the second value
(1115) refers to the number of grains. The p value
(p = 0.137) quantifies the probability of observing
an F statistic at least as extreme as the calculated
value, assuming the null hypothesis is true. A p
value exceeding 0.05 suggests that there is insuffi-
cient evidence to reject the null hypothesis, indicat-
ing no statistically significant difference across the
varying magnetic field strengths. If the p value is
less than 0.05, a post hoc test—in this case, Tukey’s
honestly significant difference procedure—is per-
formed to determine which of the groups differ
significantly from one another.

Hurley, Bollineni, Donald, Flynn, Hamlin, Kesler, Manuel, Meisel, Li, and Miller

The size of the austenite grains remained rela-
tively consistent across the different magnetic field
strengths in both field directions, as illustrated in
Fig. 3a and b. In this instance, grain size is
expressed as equivalent diameter, calculated as
twice the measured equivalent radius of each grain.
One-way ANOVA revealed no statistically signifi-
cant difference (F(3,1115)=1.85p =0.137) in
grain size for those perpendicular to the magnetic
field direction. For austenite grains parallel to the
field direction, the difference between the 0-T and
the 9-T condition is statistically significant
(F(3,605) = 5.23,p = 0.0014), with the 9-T grains
having a finer grain size. However, the authors note
that, due to the experimental challenge of charac-
terizing large prior austenite grains via EBSD, a
relatively small sample of grains was analyzed. It is
possible that this result would change if a larger
sample of grains was measured.

Beyond size, the shape of the austenite grains is
largely unaffected by increasing magnetic field
strength. Figure 3c and d shows the aspect ratio of
the austenite grains at each magnetic field strength
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Fig. 3. Equivalent diameter (a, b) and aspect ratio (c, d) of reconstructed parent austenite grains at various magnetic field strengths, oriented
perpendicular (a, c) and parallel (b, d) to the field direction. Note that, for the equivalent diameters, the criterion for outliers was calculated after
taking a logarithmic transformation of the data to better reflect the natural shape of a grain size distribution.
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perpendicular and parallel to the field direction,
respectively. Aspect ratio was determined by divid-
ing the long axis of each grain by their short axis.
No statistically significant differences in the means
are observed perpendicular to (F(3,1115)=
0.85,p = 0.468) or parallel to (F(3,605)=0.24,
p = 0.872) the field direction. There is no evidence
of the austenite grains elongation with the magnetic
field direction. The crystallographic texture of the
parent austenite grains was examined, but no
preferential alignment relative to the magnetic field
direction was observed.

Differences in annealing twin frequency and
morphology were noted and characterized between
the different field strengths. To assess the effect of
magnetic field strength on annealing twin forma-
tion, two twin frequency metrics were used: (1) twin
boundary density, (Nz), defined as the number of
twin boundaries intercepted by a line of length, L,
and (2) the ratio of twin boundary length to grain

2867

aries with a misorientation within a 3° threshold of
60° about (111) were identified and analyzed.
Figure 4a shows the variation in twin boundary
density across the different magnetic field
strengths, perpendicular to the magnetic field direc-
tion. These twin boundary density distributions
were determined by repeatedly measuring the aver-
age twin boundary density along 100 randomly
drawn lines within each investigated region.
Although the median twin boundary density ini-
tially increases with magnetic field strength, it
decreases for the 9-T heat-treated sample, falling
below that of the 0-T heat-treated sample. One-way
ANOVA reveals that there is a statistically signif-
icant  difference  (F(3,146) = 5.26,p = 0.0018)
between these twin boundary density distributions
for the 0-T and 5-T samples, but the difference
remains small. However, for the samples oriented
parallel to the field direction, the twin density of the
specimen heat treated at 9-T is significantly higher

boundary length. In this study, only twin bound- than any other field condition
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(F(3,75) = 55.39,p = 5.53¢71%), as illustrated in
Fig. 4b.

Furthermore, the ratio of twin boundary length to
grain boundary length for each investigated mag-
netic field strength is depicted in Fig. 4c and d,
perpendicular and parallel to the magnetic field
direction, respectively. The ratios displayed repre-
sent the average value calculated from various
reconstructed areas for each field condition. Per-
pendicular to the field direction, the boundary
length ratio shows a slight increase with increasing
magnetic field strength, before experiencing a
noticeable jump in the case of the 9-T heat-treated
sample. Similarly, parallel to the field direction,
while there is no difference between the boundary
length ratios of the 0-T, 2-T, and 5-T heat-treated
samples, there is a significant increase in this ratio
for the 9-T heat-treated sample.

Pearlite Microstructure

Proeutectoid Ferrite

To evaluate the proeutectoid ferrite phase evolu-
tion, 30 optical microstructural images of the etched
pearlite steel samples, oriented perpendicular and
parallel to the field, were collected and analyzed for
the 0-T and 9-T heat-treated samples. Representa-
tive optical micrographs are shown in Fig. 5a. The
pearlite and proeutectoid ferrite phases in these
microstructures were segmented using ilastik and
Imaged software,>>3¢ as shown in Fig. 5b. These
segmented images were further analyzed to evalu-
ate the phase fraction of the proeutectoid ferrite
phase, and the calculated data are plotted as box
plots to show the data distribution, as depicted in

Hurley, Bollineni, Donald, Flynn, Hamlin, Kesler, Manuel, Meisel, Li, and Miller

an increase in the proeutectoid ferrite area phase
fraction in the 9-T samples compared to the O-T
samples, in both the parallel and perpendicular field
directions.

From the optical microstructural images, it is
observed that all three types of proeutectoid ferrite
phase morphologies (allotriomorph, idiomorphic,
and Widmanstéitten plates) are present. Addition-
ally, it is also observed from the collected
microstructures images that the Wid-
manstitten ferrite plates increased in the 9-T sam-
ples compared to the O-T heat-treated pearlite
samples.

Pearlite Morphology

Figures 6 and 7 show the IPF maps, secondary
SEM images, pearlite block size distributions, and
distribution of misorientation angles between
neighboring pearlite blocks of the 0-T and 9-T
heat-treated samples parallel and perpendicular to
the field directions, respectively. The pearlite
microstructure is characterized by a lamellar struc-
ture consisting of cementite and ferrite phases, both
in the form of thin lamellae. Pearlite microstruc-
tures consist of lamellar substructures where the
ferrite phase has the same crystal orientation and
maintains a characteristic orientation relationship
with respect to cementite phase, defined as pearlite
colonies. The collection of these colonies in pearlite
microstructure is defined as a pearlite block in this
work. The IPF maps in Fig. 6a, d show the ferrite
grain orientations, from which it can be seen that
the sample contained equiaxed grains without any
preferential texture in both the 0-T- and 9-T-treated
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micrographs of the same areas of the samples, the
pearlite lamellar morphologies of the 0-T and 9-T
samples and data show minimal effects due to the
magnetic field. Individual, high-resolution images of
the SEM micrographs included in Figs. 6 and 7 can
be found in Fig. S1 (refer to online supplementary
material).

A detailed quantitative analysis of the IPF map
was conducted to evaluate microstructural features,

such as pearlite block size and boundary misorien-
tation angle distribution. To measure the pearlite
block size from the EBSD map data, we applied a
threshold to the ferrite misorientation angle, setting
it at 15° or higher.>”®® The statistics for pearlite
block size for both samples are shown in Fig. 6¢,
from which it can be seen that the mean diameter of
the 0-T sample is 2 um with a standard deviation of
8, while, for the 9-T pearlite sample, it is 2 ym with
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a standard deviation of 2. Additionally, the bound-
ary misorientation angle distribution has been
quantitatively evaluated from the same IPF maps,
as shown in Fig. 6f, revealing a high fraction of low-
angle grain boundaries in both the 0-T and 9-T heat-
treated samples. Similar analyses were conducted
on the samples in the direction perpendicular to the
field, as shown in Fig. 7. The pearlite block diam-
eters in the perpendicular-to-field direction are
comparable to those in the parallel-to-field direc-
tion. The boundary misorientation angle distribu-
tion is also similar to that of the samples parallel to
the field direction, with more pearlite blocks
observed in the low-angle boundaries. From these
results, it is evident that the magnetic field strength
and field direction have a minimal impact on the
pearlite block diameters and pearlite orientation
distribution.

4FD

| 100 pm

[i11]

1100 jm Tl el 100 g Go T ooy (011

Fig. 8. Inverse pole figure maps of martensite microstructures,
collected via montage mapping, from samples heat-treated under
varying magnetic field strengths, sectioned both perpendicular and
parallel to the field direction.

Martensite Microstructure

Notably, in this study, the samples were austen-
itized under a magnetic field, but quenched out of
field, which allows the role of the prior austenite
structure to be deconvolved from the field effects on
the martensite itself.

A representative collection of IPF maps for the
martensite microstructures formed after heat treat-
ment under varying magnetic field strengths, ori-
ented perpendicular and parallel to the field
directions, is shown in Fig. 8. Regardless of the
applied magnetic field strength, a lath morphology
was observed, which is expected with the carbon
composition of the investigated steel.>* No elonga-
tion or alignment of the martensite laths with the
direction of the magnetic field was observed at any
field strength.

To further investigate the effect that applying a
magnetic field during heat treatment has on the
martensite morphology, the lath/block widths of all
identified martensite grains were measured. Each
collected EBSD scan contains between 500,000 and
800,000 grains, resulting in the analysis of over a
million martensite grains for each field condition.
The full distribution of lath/block widths, along with
a reduced range excluding outliers, is presented in
Fig. 9a and b for each investigated magnetic field
strength, oriented perpendicular and parallel to the
field direction, respectively. The outliers in the lath/
block width distributions correspond with the
larger, acicular martensite that tended to form
along parent austenite grain boundaries and
annealing twin boundaries, as illustrated in Fig. 8.
The distribution of these outliers is consistent
across the different field strengths in both field
directions.

The distribution of lath/block widths remains
consistent across the different magnetic field
strengths in both orientations. A logarithmic vari-
ance-stabilizing transformation was applied to the
distribution of martensite lath/block widths. No
statistically significant difference in martensite
lath/block widths was observed with one-way
ANOVA for any of the investigated magnetic field
strengths in either the perpendicular
(F'(3,19996) = 4.962,p = 0.065) or parallel
(F'(3,19996) = 2.574,p = 0.131) directions.

The orientation of the martensite was also exam-
ined to assess whether the presence of a magnetic
field during heat treatment influenced the forma-
tion of specific variants. The martensite variants
were indexed according to the convention estab-
lished by Sun et al.,** from which it follows that
there are 24 martensite variants categorized into
four groups. Each group is transformed from one of
four equivalent {111}y, referred to as packets.
Figure 10 shows the area fraction of the 24 marten-
site variants, identified at each magnetic field
strength, in both field directions. Variants are
color-coded by packet groupings, with error bars



Microstructural Evolution of Steel during Magnetic Field-Assisted Processing 2871

(@) 15
IS
=2
=
35
=
2 10
[8]
2 |
o
<
g
© 5
@
c
[0)
£ 4 1
S === ==
oT 2T 5T 9T
(b) Magnetic Field Strength
§15
2
e .
o :
E 101 :
[$] .
o i
Q |
£ |
8
e Of
@
C
[0)
=
= 4 4
= L= == =

oT 2T 5T oT
Magnetic Field Strength

"|®FD

1.5

05! @ )

oT 2T 5T oT
Magnetic Field Strength

“T4FD

1.5

Martensite Lath/Block Width (um)

0.5¢F

Martensite Lath/Block Width (um)

oT 2T 5T oT
Magnetic Field Strength
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indicating the standard deviation across multiple
scans. Overall, the area fraction of each variant
remained consistent across different magnetic field
strengths and directions, with no significant
increase in the presence of specific packets.

DISCUSSION

In the present study, high-resolution large-area
EBSD was used to characterize the microstructures
of a near-eutectoid Fe-C alloy heat treated with and
without the presence of a high magnetic field. Heat
treatments were performed that resulted in pear-
litic and martensitic microstructures, and the prior
austenite microstructures were reconstructed from
the EBSD data. Key field-induced differences were
identified and quantified.

The Role of Magnetic Field on the Prior
Austenite Structure

The key observations in the prior austenite
structures are a reduction in equivalent grain
diameter and in increased annealing twin density
at 9-T in comparison to 0-T. Notably, no changes in
the austenite grain aspect ratio were observed that
would suggest alignment of the grains with the field

direction. Additionally, no evidence of crystallo-
graphic alignment of the austenite grains with the
field direction was observed.

The observation of a lower grain size in the
specimens austenitized under a magnetic field is in
contrast to that of Li and Liu,'® who observed the
opposite in a hypereutectoid carbon steel. Specifi-
cally, they ran experiments that separated field
effects on the pearlite to austenite transformation
and field effects on coarsening, finding that the
transformation rate was slowed, but the coarsening
rate was unaffected. Under their conditions, the
limited nucleation during the transformation
resulted in a coarser grain size after impingement.
The present results are not necessarily incompatible
with their observations. For example, it is possible
that, in the present experiments, there were a
greater number of favorable nucleation sites, so the
reduced time for coarsening after the transforma-
tion completed under field dominated the final
austenite grain size. Additionally, Ref. 10 does not
specify the type of heating or the heating/cooling
rates, and these key experimental differences likely
play a role in austenization behavior. However,
further investigation of the balance between
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nucleation and growth under austenitizing condi-
tions is warranted.

Similarly, the observation of no austenite grain
alignment with the field is in contrast to another
report in the literature. Ohtsuka et al.?® reported
that, when a hypoeutectoid carbon steel with a
martensitic microstructure was heated in a field,
the resultant austenite grains were aligned with the
field direction. However, their samples were also
previously deformed via hot rolling. It is possible
that the grain morphological alignment may have
resulted from aspects of the prior deformation
microstructure rather than the applied field, but
the effects have not been deconvolved.

Finally, the observation of profuse annealing
twins in the prior austenite structure has not been
previously observed, likely because some chemical
etching methods for revealing prior austenite
boundaries are not sensitive to low-energy bound-
aries such as twins. Some studies of thermal
martensites in stainless steels may offer some
insights. Shimozono et al.'® and later Yuan et al.*!
studied the formation of ¢ (hcp) martensite under
varied levels of magnetic field. Both studies found
that the formation of ¢ martensite was favored

under high magnetic fields, which the authors
suggest results from a decrease in the stacking
fault energy under field. Other authors have also
suggested changes to stacking fault morphologr and
apparent energy due to magnetic field effects.**** If
a similar effect is present in the Fe-C system, it
would explain the presence of increased annealing
twins in high magnetic fields.

Magnetic Field Effects on Pearlite
Microstructures

The presence of the magnetic field resulted in two
primary effects on the pearlitic microstructures: an
increase in proeutectoid ferrite and a transition of
that proeutectoid ferrite to increasingly favor a
Widmanstitten morphology. No morphological or
crystallographic alignment of the proeutectoid fer-
rite with the field direction was observed.

The increasing fraction of proeutectoid ferrite is
consistent with prior reports that the eutectoid
invariant reaction is shifted to higher C contents
and temperatures with an increased field.>® The
resultant increase in proeutectoid ferrite has been
observed by other authors,*%® so it is unsurprising.

However, the lack of alignment of the proeutec-
toid ferrite is in contrast with the bulk of the
literature,®?°~* where morphological alignment of
the ferrite with the field has been typically reported.
As with the elongation of the prior austenite grains,
some of these studies used a previously deformed
material where the elongation of the grains is both
along the field direction along the prior rolling
direction, preventing the field effect and deforma-
tion effect from being separated.?’?? However, other
studies still reported elongation of the ferrite grains,
even in material with a cast starting structure.® The
majority of these studies were all in significantly
hypoeutectoid compositions, with much larger fer-
rite fractions. In the present near-eutectoid compo-
sition, the proeutectoid ferrite morphology may be
determined by the austenite grain boundary net-
work rather than by the field direction. Another
possible key difference is the cooling rate, as studies
with the slowest cooling rates observed the most
ferrite elongation,”®?* while studies with higher
cooling rates observed much less alignment.?! The
high cooling rate in the present study, 50°C per
minute, may not allow time for growth along the
field direction.

The increase in Widmanstitten morphology fer-
rite at increased magnetic fields is also in contrast
to the existing literature. Wang et al. have previ-
ously reported a decrease in Widmanstatten ferrite
with an increased field.?®?* The difference may
again stem from a difference in composition. As with
the ferrite alignment, discussed above, this effect
has only been observed in hypoeutectoid steels with
a much higher ferrite phase fraction. Alternatively,
the slower cooling rate in the studies from the



Microstructural Evolution of Steel during Magnetic Field-Assisted Processing 2873

literature may have allowed the blockier ferrite
morphologies to form.

Magnetic Field Effects on Martensite
Microstructures

In this study, samples were austenitized in field,
but then quenched out of field to form martensite.
This allows the role of the prior austenite structure
to be separated from any potential magnetic field
effects. As a result, the lack of martensite morpho-
logical alignment and preferential variant selection
is unsurprising. The most significant difference in
the martensite microstructures with increased field
is the increasing spread in lath/block widths.

This change in the spread of lath/block widths
must result from the prior austenite structure,
likely from the finer grain size or the increased
density of annealing twins. There are very few
studies on the role of annealing twins in martensite
nucleation, none in Fe-C, and the existing studies
have conflicting results. Tsuzaki et al. considered
the martensitic transformation of Fe-32%Ni single
and bicrystals during slow cooling and concluded
that annealing twins are not particularly potent
nucleation sites for martensite.*> Sadeghi et al.
considered the nucleation of athermal o martensite
in 304 stainless steel and observed that over 97% of
observed nucleation sites were at annealing twin
boundaries.*® The role of annealing twins in the
formation of martensitic microstructures—with or
without a magnetic field—merits greater study.

CONCLUSION

This work has investigated the role of a high
magnetic field during heat treatment in the
microstructural evolution of a steel having near-
eutectoid composition. Specimens were heated and
held above the austenization temperature, then
either quenched or cooled to a lower temperature
and held to form pearlite. The resulting pearlitic
and martensitic microstructures were considered,
as was the reconstructed prior austenite structure.
The key findings are summarized as follows:

1. Contrary to previous investigations, a finer
austenite grain size was observed at the highest
9-T magnetic field strengths relative to the
weaker field conditions, although the authors
note that this conclusion could be altered with a
larger austenite grain sample size. No change
was observed in the austenite grain aspect ratio
with field strength, but increasing field strength
did result in a greater density of annealing
twins.

2. The predominantly pearlitic microstructures
formed in field showed a statistically meaningful
increase in proeutectoid ferrite fraction, but the
pearlite did not exhibit any notable texture or
boundary texture.

3. The specimens were quenched out of field, so no

morphological alignment or variant selection
were observed in the martensitic microstruc-
tures. However, specimens austenitized at high-
er fields exhibited an increased spread in lath/
block widths, although the average width did
not change significantly.

There are a number of unexplained contradictions
between the present study and the general trends in
the literature, although there were also key differ-
ences in the experimental methodologies. Overall, it
is clear that magnetic field-assisted processing,
while promising, requires substantial further study.
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