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Abstract: The paper describes the capability of magnetic softening of a coarse-grained bulk material
by a severe deformation technique. Connecting the microstructure with magnetic properties, the
coercive field decreases dramatically for grains smaller than the magnetic exchange length. This
makes the investigation of soft magnetic properties of severely drawn pearlitic wires very interesting.
With the help of the starting two-phase microstructure, it is possible to substantially refine the
material, which allows the investigation of magnetic properties for nanocrystalline bulk material.
Compared to the coarse-grained initial, pearlitic state, the coercivities of the highly deformed wires
decrease while the saturation magnetization values increase—even beyond the value expectable from
the individual constituents. The lowest coercivity in the drawn state is found to be 520 A m~! for a
wire of 24-pm thickness and an annealing treatment has a further positive effect on it. The decreasing
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doi.org/10.3390/nan012010023 1. Introduction

Academic Editor: Vasileios Tzitzios Severely drawn pearlitic steels have drawn the attention of scientists as well as engi-
neers due to their exceptional high strength [1]. Going along with the mechanical charac-
terization of this interesting material, substantial efforts regarding microstructural char-
acterization after application of high drawing strains were undertaken [2-6]. Therein, the
nanocrystalline microstructure, the dissolution of cementite (Fe3C), and a small tetragonal
distortion (c/a < 1.01) of the remaining ferrite were revealed. Accompanying the nanocrys-
talline microstructure (see Figure 1a,b), an exceptionally high strength of almost 7 GPa was
found for wires subjected to a true drawing strain ¢ of up to 6.5 [3,7]. This is the highest
strength ever measured for a material produced by metal forming techniques. Furthermore,
Li et al. [7] used atom probe tomography (APT) to show that subgrain sizes of 10 nm and
below can be found in wires of such a degree of deformation, which is the smallest grain
size produced by conventional metal forming techniques. Furthermore, the dissolution of
cementite by severe wire drawing using APT is described: Fe3C is dissolved and carbon is
This article is an open access article ~ Mechanically alloyed into the ferrite but also decorating the grain boundaries.
distributed under the terms and Not only the mechanical properties but also physical properties are affected by the
conditions of the Creative Commons ~ Substantial microstructural refinement. It is well known that the microstructure of a
Attribution (CC BY) license (https:// ~ ferromagnetic material has a strong influence on the magnetic properties. Consequently,
creativecommons.org/licenses /by / if one alters the microstructure (e.g., by refining the grain size D) in a controlled manner,
40/). the coercive field strength H. can be modified correspondingly. Herzer showed for very
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small grains from the so-called random anisotropy regime, where the magnetic exchange
length L,y covers many grains, that coercivity collapses with D° for decreasing grain
sizes [8,9]. From the seminal work on FeCuNDbSiB it is well known that adequate annealing
treatments of rapidly quenched, amorphous materials precipitate very small grains enabling
the tuning of coercivity [8]. This process can be regarded as a “bottom-up” process, as
small crystallites are generated from an amorphous phase. In contrast to this bottom-up
process, strong or severe plastic deformation (SPD) methods can be regarded as “top-down”
processes, where microstructural changes of coarse materials result in ultra-fine grained or
nanocrystalline microstructures resulting in large changes of not only mechanical but also
magnetic properties. Consequently, the magnetic properties of pearlitic wires experiencing
high-drawing strain, featuring smallest microstructural sizes, are of large interest.

The following questions are going to be answered: Does the coercivity further decrease
for very high applied strains? Does the random anisotropy model explain the decreasing
coercivities with increasing drawing strains, or can the explanation also be found in other
microstructural changes?

2. Materials and Methods

The hypereutectoid pearlitic steel containing 0.98 wt.% C was initially provided in
the shape of a wire with a diameter ds+ of 540 pm featuring an average grain size of
23 um, measured by electron backscatter diffraction. Upon severe wire drawing, thin
wires with diameters of a few tens of micrometres were produced. Besides the non-
deformed state (¢ = 0 for dsy+ = 540 pm), thin wires experiencing true drawing strains
of 5.42 (dfpjsp, = 36 um) and 6.23 (dfyisn = 24 pm) were investigated regarding magnetic
properties such as coercivity and saturation magnetization.

A superconducting quantum interference device (SQUID, Quantum Design MPMS
XL7), a very sensitive magnetometer for detecting tiny changes of magnetic moments in
magnetic fields, was used to measure the volume saturation magnetization at very high
fields up to 7 T and the variations of coercivity with changing temperature. Checking
reproducibility, the saturation magnetization of two wires of 36-pm thickness was de-
termined. SQUID measurements yield the total magnetic moment of the whole sample
volume and for an accurate determination of the saturation magnetization, a normalization
with respect to the sample volume has to be made. For the determination of the volume
of the thickest wire, a conventional laboratory scale (Sartorius Secura225D-1S, Sartorius,
Gottingen, Germany) and using the known mass density of pearlite (7845 kg m~3 [10])
provides sufficient accuracy. However, it is more difficult to determine the volume of short
sections of very thin wires (24 and 36 pm). The sample volume was determined with a
confocal laser scanning microscope (Olympus LEXT OLS 4100, Olympus, Tokyo, Japan). It
scans along the complete sample and measures the sample height at each point. Under the
assumption of cylindricity, the surface, and thus the volume of the wire can be precisely
reconstructed. As an example, a small section is provided in Figure 1c. The surface profiles
of the upper halves of the wires were fitted by a sequence of circles of varying diameter to
determine the wires” diameter as a function of length. By integrating along the wire axis,
the probed sample volume is obtained to a higher accuracy compared to only using the
nominal diameter and the length of the wire. To give an idea on the probed sample sizes,
the volume of the thinnest wire (see Figure 1d) was determined to be 8.9 X 10~* mm?.

This extremely small sample volume, albeit of ferromagnetic nature, generates a very
small SQUID-signal. As the SQUID should detect only the tiny magnetic moment of the
wire, it is necessary to compensate any predominant and inhomogeneous background, e.g.,
of the sample holder on which the sample is mounted. Following the idea of Topolovec
et al., long adhesive tapes were used to fix the sample within the SQUID [11]. These
tapes extend beyond the scan range of the second order gradiometer coils of the SQUID
flux-transformer. Thus, it cancels the magnetic background signal, but leaves only the
signal of the localized wire sample.
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The room temperature coercivities of the wires were determined using a vibrating
sample magnetometer (VSM, LakeShore 7404, LakeShore Cryotronics, Westerville, OH,
USA). Due to the soft magnetic nature of the material, these measurements include the
correction of the results for the remanence of the pole pieces, using a paramagnetic Pd
standard, which was measured under the same conditions.

For all magnetic measurements (SQUID and VSM), the wires were brought into the
magnetic field with the long axis of the wire, being some millimetres of length, aligned
with the magnetic field. Due to the large aspect ratio (specimen length/diameter), even for
the thickest wire, the influence of shape anisotropy [12] can be considered to be small and
almost identical for the measured magnetic properties.

Scanning electron microscopy (Figure 1d) was performed with a LEO1525 (Zeiss).

Drawing o SREE Drawing®
direction ™ FIE ' b odirection

Figure 1. (a) Microstructure of the wire with a diameter of 24 um. Viewing direction is perpendicular
to drawing direction (b) Viewing direction is parallel to drawing direction. The typical aligned
and elongated (a) and curled (b) microstructure is visible. (a,b) are taken from [13], licensed under
Creative Commons Attribution 4.0. (c) 3D-reconstruction of a small section of the wire’s surface.
Gwyddion 2.53 was used to depict the confocal laser scanning microscopy results [14]. (d) Scanning
electron microscopy image of a part of the 24-um wire.

3. Results and Discussion
3.1. Saturation Magnetization

Combining the measured volume and the magnetic moment from SQUID measure-
ments, the volume saturation magnetization can be calculated and the results for all
investigated wires are presented in Figure 2. The large increase in magnetization after wire
drawing can be explained by the dissolution of cementite.

In Figure 2, it can be seen that the saturation magnetization of all thin wires is markedly
higher in comparison to the pristine one (540 um). The magnetization at the highest applied
magnetic field of 7 T is about 1.75 X 10 A m~! for two of the thin wires, while it is slightly
larger for one of the two 36-um wires. The difference, however, can be regarded as a
minute one since an uncertainty of only ~2% of the wire’s diameter could explain the
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deviation. In contrast, a much lower value (1.57 & 0.01) x 10® A m~! was found for the
cementite-containing, non-deformed wire.
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Figure 2. Volume saturation magnetization of all investigated wires, measured at applied fields > 2 T.
For visualization the repeatability of the measurements, the x-values are slightly shifted for repeated
measurements. The error bars only consider the uncertainties of the SQUID measurement, but not
the one of the calculated sample volume. The values of bulk bce Fe and pearlite [15-17] are marked
with dashed lines.

For comparison, the value 1.71 x 10° A m~! (2.15 T [15]) for pure body-centered
cubic (bcc) Fe is somewhat below all thin wires” magnetization values. Following the idea
of Gorkunov et al. [18], one explanation of the increased values of the deformed wires—
even in comparison to pure Fe—is an increased magnetic moment of Fe atoms with C in
supersaturated solid solution. Medvedeva et al. [19] found a magnetic moment of Fe atoms
of 2.35 to 2.45 pup when including 1 C-atom in a matrix of 16 Fe-atoms. This calculated
magnetic moment is considerably higher than the value for pure bec Fe (2.17 ug [15]).
Cadeville et al. [20] found an increase of 0.02 ug per at% C for splat-quenched Fe-C
when C is in supersaturated solid solution. Considering the increase of 0.02 ug per at%
C and all available C atoms of the wire to be involved, this would lead to the expected
saturation magnetization close to 1.74 x 10® A m~!. This coincides very well with the
measured values.

In contrast to the thin wires, the saturation magnetization of the thick wire agrees
with the value of pure pearlite. Assuming that 0.77 wt.% C (=3.5 at%) are involved in Fe3C
formation, 10.5 at% of Fe are included in the cementite and the rest of Fe forms the ferritic
phase. Cementite is ferromagnetic at room temperature. Using the room temperature
saturation magnetization of cementite, ~62 emu g~! [16,17] or 0.48 x 10® A m~!, together
with the above mentioned value for pure Fe and the individual contents of Fe and Fe3C, a
saturation magnetization of 1.55 x 10° A m~! for pearlitic material can be calculated, using
a simple rule of mixture. The difference between calculated and measured value is below
2%, see Figure 2.

An advantage of pearlitic steels is their chemical composition. An important aspect of
the formation of soft magnetic materials is maintaining a high saturation magnetization Js,
which can easiest be achieved with high Fe-contents. When using the bottom-up process,
several other—very often non-magnetic—elements have to be used to accomplish the goal
of formation of nanocrystalline alloys from e.g., amorphous melt-spun ribbons. Suzuki
et al. [21] found a correlation between saturation magnetization and additive content,
resulting in a change of saturation magnetization by —0.05 T/wt.%a4ditives, independent
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of the type of the additive. Here it was demonstrated that pearlitic steel even increases
its saturation magnetization upon severe deformation with the very small amount of C
(in wt.%) being of no relevance in regard of the above-mentioned decrease of |; with
additive content.

In short, while the thick, non-deformed wire shows the expected pearlitic behaviour in
saturation magnetization, all thin wires show values near or even above pure Fe. The slight
surplus in saturation magnetization is possibly due to C in supersaturated solid solution,
which is typically present in the severely deformed wires [6,7].

3.2. Coercivity

For an ideal soft magnetic material, the coercivity should tend towards zero, easing
the magnetization process and reducing the hysteretic heat losses for certain applications.
The coercivity does not necessarily increase with decreasing grain size, as it is the case for
“coarse” grained (D > ~100 nm) materials [22]. For very small grains from the so-called
random anisotropy regime, where L,y covers many grains, coercivity collapses with D° [8,9].
The relevant length scale, Ly, is derived from a competition between magnetic exchange
and magneto-crystalline anisotropy energy K; and it is given by:

Loy = “lBAKl (1)

with A being the exchange stiffness constant (Fe: 20.7 p] /m [15], K; = 45,00046,800 ]/ m?3 [23-25].
B takes into account the symmetry of the crystal, considering the distribution of the random
anisotropy axes, which results in = 0.4 for cubic crystals [26]. The opposing effect of D on the
coercivity for D < Lgy and D > L, are described by Equations (2) and (3) [8].

H. = p¢ <;<> for D < Ly 2)

S

VAKL
Js D

Js is the magnetic saturation polarization in [T] (Fe: 2.15 T [15]), p. is a dimensionless
pre-factor close to unity [8] and the average anisotropy constant <K> = 8 K;* D® A3, Using
L.y = D, the threshold grain size for Fe, giving highest H, based on above equations, is
found to be close to 34 nm. Applying the given values of pure Fe using above equations, a
grain size of 10 nm is needed to achieve a soft material with a coercivity of 100 A m~! and
about 5 nm for a very soft material with 1 A m~1.

Focusing on pearlitic steel, References [18,27-29] describe the interplay of coercivity
and plastic deformation. In [18], the changes of the magnetic properties of patented steels
containing 0.24 and 0.70 wt.% C are discussed. An increasing saturation magnetization
with increasing true strain due to cementite dissolution was found. The coercivity increases
at small drawing strains, which is followed by a constant regime for the material containing
0.24 wt.% (Hc,const ~1200 A m~ ). Contrarily, for the 0.70 wt.% material a peak at low strains
(¢ ~0.4, H; ~1600 A m~1) is followed by a drop in coercivity, reaching about 1200 A m~!
at a true strain of ~3.5. The decreasing coercivity is explained by a combination of vol-
ume reduction of cementite as well as rotation and fragmentation of cementite lamellae.
These arguments are complemented by Ul’yanov et al. who found a low coercivity state
(He ~8000 A m™!) of cementite after strong deformation using ball milling [27].

The measured coercivities H. of the thin wires, as determined by VSM, are smaller
(24 um: 520 Am~1, 36 um: 610 A m~!) than that of the thick wire (540 um: 1510 A m™1).
The coercivity of the pristine state is in agreement with results of both, a cold drawn, 0.8%C
steel “music wire” (H. ~1590 A m~!) [30] as well as with a steel containing slightly less C:
0.7%, found by Gorkunov et al., with H. ~1350 A m~1[18].

H: =p. forD > L,y 3)
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In a previous work by our group, a strong, beneficial influence of a low temperature
annealing treatment (150 °C, 1 h) on the coercivity of severe plastically deformed materials
was found [31]. For different Cu-based materials with dilute Fe contents, the drop in
coercivity upon annealing was up to 76%. Thus, there is a chance to further enhance the
soft magnetic properties by annealing, but this treatment has to be performed in a careful
way, since according to Equation (2) a slight increase in grain size already has a huge effect
on coercivity. In [32], it was stated that after annealing at 150 °C for 30 min, the strongly
deformed wires retain their strength and consequently their refined microstructure. This
treatment was chosen for the 36-pm wire. VSM measurement shows that the coercivity
drops by 76 A m~! or 12% due to this annealing treatment.

If one strictly connects the grain size with coercivity, the magnetic measurements
would indicate that there is hardly any further refinement of grain size when drawing the
wire from 36 to 24 um in diameter, albeit the reduction in diameter constitutes a substantial
degree of further deformation. Along with the impart of additional strain, Li et al., observed
a further strengthening of the material for increasing the strain from 5.1 (¢4 ~6.2 GPa) to
6.52 (0 ax ~6.8 GPa) [7]. If one were to consider that the strength of the material can only
be influenced by the grain size, a contradiction arises between the magnetic measurements
and the mechanical results. However, in the literature it can be frequently found that the
strength is described as a combination of several contributing microstructural features such
as dislocation density and extent of carbon dissolution, e.g., shown by Zhang et al. for
wires of drawing strains up to 5.4 [33]. The magnetic measurements support this approach
to explain the strength of supersaturated nanostructures.

Due to the findings of microstructurally refined and magnetically soft materials,
Equation (2) is applied to draw the graph in Figure 3. It demonstrates that the combination
of subgrain sizes found in literature [7] and measured coercivities of the thin wires is close
to the result of Equation (2). As already mentioned, Li et al. found a size below 10 nm
for equiaxed subgrains in the transverse cross section of the wire, which was subjected
to e = 6.52. It is important to note that the grain size is anisotropic with the grains being
elongated along the drawing direction [7]. The larger effective grain size might be the
explanation for the deviation of measured data from the trend line.

—— Equation {2}
¢  Z24um
* 36 um E
A 540 pm ]

0‘1 | L L 1 M A A AT T EREREET IR A S A S SRR TR R ET]
10" 2x10' 10° 2x10* 3x10*

Grain Size [nm]

Figure 3. Coercivity as a function of small grain sizes, using Equation (2) and the parameters for pure
bce Fe mentioned in the text, compared with the coercivity of thin wires. For the thinnest wire, the
subgrain size of 10 nm [7] is taken as the grain size; for the 36-um wire, the grain size is enlarged by
2 x In(36/24) to 12.3 nm. The 540 um wire with a grain size of 23 pm, does not follow this trend.
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Regarding the thin wires, there is a small tetragonal distortion (c/a < 1.01) of the
bce crystal present in the severe plastically deformed material [34,35] and furthermore,
it was shown that there is a clear difference in the hysteretic behaviour between bcc and
tetragonally distorted Fe nanoparticles (c/a = 1.23) [36]. However, due to the much smaller
tetragonal distortion found in pearlitic wires, the usage of the magnetic parameters for bec
Fe is justified.

Another proof for the dissolution of cementite to a large extent in the severely drawn
wires is provided by temperature dependent measurements of coercivity. Using the SQUID,
the coercivity as a function of temperature was measured for a 36-pum wire, which provides—
besides the saturation magnetization—another strong hint for the predominance of the
bce Fe phase, but not of the cementite phase. This measurement involves recoil loops
of going to the highest fields, saturating the sample and then accurately measuring the
coercivity applying small fields. These loops are repeated in temperature steps of 20 K. No
Pd-standard was available at that time for SQUID measurements, thus, the measurements
of the coercivity always include a systematic offset due to the residual magnetic fields of
the superconducting magnet [37]. To approximate the real values, the coercivity of both
measurements (VSM, SQUID) at the highest temperatures are subtracted to calculate the
offset, which is used to compensate for the systematic offset in SQUID measurements.
When applying the same sequence for all measurements, it can be safely assumed that this
systematic error (i.e., residual fields) is constant and the measurement can be corrected for
the coercivity determined with VSM. Considering the grain size of the 36-um wire, assumed
to be 12.3 nm (see Figure 3), temperature dependent coercivities are calculated, based on
temperature dependent magneto-crystalline anisotropies K; taken from literature [23-25].
A comparison of the calculated and measured values is given in Figure 4. There is an offset
of measured data compared to literature data, which is easily explainable by the unknown
actual grain size and its strong dependency (D°) on coercivity. However, the trend in
measured coercivities perfectly follows the ones in literature. While the magneto-crystalline
anisotropy only drops by a bit more than 10% for bee-Fe [23-25], the drop for Fe;C would
be much larger, about 50% [38]. Taking these results and the values of the volume saturation
magnetization, the deformed wires behave magnetically like bec Fe.

1500 T T T T 1 T 1
[ |
[ ]
® A
1250 ® ® - .
F Y
‘l—E 1000 Yy v -
< Vv u
e v v A g
- 750} Yy A
v
A Klein & Kneller (1968} v v v
B Westerstrand et al. {1975)
500 ® Puzeietal (1989) .
¥ 36 um, as-drawn
36 um, 30 min, 150°C
250 | L | 1 1 L | L 1 1 | L 1
0 50 100 150 200 250 300

Temperature [K]

Figure 4. Measured and corrected temperature-dependent coercivities of a 36-pum wire as a function
of temperature. Results are compared with coercivities calculated according to literature values of
temperature dependent magneto-crystalline anisotropy Kj [23-25]. The slightly decreased coercivity
of the stress-relieved 36-um wire is also included.
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The slightly smaller value of coercivity after the annealing treatment of 150 °C for
30 min is also shown in Figure 4. The decrease in coercivity can be explained by decreasing
the residual stresses imparted by the drawing process. Residual stresses couple with
the magnetostriction of the material and lead to magneto-elastic anisotropy, effectively
increasing the magnetic anisotropy. While the pure bce Fe phase was of advantage when
considering the achievable values of saturation magnetization, it is of disadvantage from a
magnetostrictive point of view. While e.g., Si can be added (FeCuNbSiB [9]) for reaching
zero magnetostriction, pure Fe is linked to a non-zero magnetostrictive value.

Another aspect of the discussion of the coercivity of severely deformed wires is
the already found trend of decreasing coercivity with increasing applied strain (up to
~3.5) [18]. Therein, a pearlitic steel containing 0.7% C was subjected to wire drawing and its
room temperature coercivity was determined. Figure 5 shows a comparison of the results
from [18] together with a linear fit and the measurements described in this work. The trend
in decreasing coercivity with increasing strain is clear and it is explained in [18] by volume
reduction of the cementite, fragmentation and rotation of the remaining cementite lamellae
in combination with a low-coercivity state of cementite after severe deformation [27]. The
reasons for the small deviation of the linear extrapolation to the measured coercivity for
24- and 36-pum wires are manifold. The applicability of the linear extrapolation up to these
large degrees of deformations is hypothetical, the materials slightly differ in C-content and
experienced different drawing steps towards the final accumulated strain. Furthermore,
there is a difference in the distance of the cementite lamellae in the non-deformed state.
While this distance is 67 nm for the patented wire with 540-um diameter [7], it is slightly
larger (70-90 nm) for the initial state described in [18]. Already starting with a slightly
smaller distance of lamellae could lead to a diminution of coercivity at higher strains.

T T T T T T T T T
1600 | ® Data from Gorkunov (2005)
— linear fit
A 36pm
1400 ; v 24pm .

1200

Am]

= 1000
I
800 |

600 |- 4 .

400 1 1 | | | | |
0 1 2 S 4 5 6 7

strain ¢ [-]

Figure 5. Data taken from [18], showing the coercivity determined on a steel containing slightly
less C. This data is compared with results for even thinner wires, presented herein. The linear fit
neglects the point at zero strain.

When comparing the two different approaches for describing the decreasing coercivity
with increasing strain, it has to be mentioned that wire drawn materials feature a very
pronounced texture. In [39], the pronounced fiber texture of bcc-W was presented. The
texture prevails after annealing treatments, even in the recrystallized state. The develop-
ment of the same texture was found for pearlitic steels experiencing strains smaller than
1.65 [40]. In conjunction with a pronounced texture, the crystallographic orientation of a
grain correlates with adjacent grains or subgrains—counteracting the random anisotropy
model, which relies per definition on a random orientation of crystallites. Summarizing,
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there are two ideas, which describe the found trend in coercivity. The first one is based
on the random anisotropy model, while the second is based on microstructural changes,
especially taking place for the cementite. Due to the presented arguments the one relying
on microstructural changes for the cementite phase is more likely to be applicable.

4. Conclusions

Pearlitic wires—ferritic wires in different wire-drawn states—were subjected to mag-
netic measurements, focusing on the volume saturation magnetization and coercivity.

According to the indirect phase analysis based on the evaluation of saturation magne-
tization data, the drawn wires with diameters of 24 and 36 pm behave—from a magnetic
point of view—like pure Fe with cementite being dissolved. This finding is supported by
an independent measurement of the temperature dependent coercivity, also fitting to the
behavior of pure Fe.

The measured values of volume saturation magnetization of the thin wires, who
experienced a drawing strain larger than 5.4, are slightly higher as it can even be expected
for pure Fe. This can be attributed to Fe being supersaturated by C, as it enlarges the
magnetic moment of Fe-atoms.

It was demonstrated that an annealing treatment has a positive effect to magnetically
soften the wire. Annealing at 150 °C for 30 min slightly reduces the coercivity, which is
most likely due to a reduction of residual stresses being present from the severe deforma-
tion process.
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