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Although much effort has been devoted to the study of the relationship between properties and modulated
structure in FeCrCo alloys, the connection between their structure and composition at atomic scale and their
magnetic and mechanical properties at macroscale remains largely unclear. We explored this connection by

::Kl?é’lv?gmg tracing the evolution of microstructure and composition in FeCrCo (using data from STEM-HAADF/EDS) and
Magnetic properties correlating this evolution to the development of magnetic and mechanical properties during the step aging
Hardness process. The results indicated that, during the decomposition of o into a; and oy, the size of the a; phase

increased (from 10 to 36 nm) as step aging progressed. The volume fraction of the a; phase increased in early
stages of spinodal decomposition, then remained unchanged in later stages. The o; phase was rich in Fe and Co.
By contrast, the ay phase was rich in Cr. The composition difference between o; and ay increased during the first
six stages but decreased in the last stage. A close examination of the atomic structure showed that the lattice
misfit increased as step aging progressed. Both magnetic and hardness properties increased as step aging pro-

gressed, but remanence and hardness decreased slightly in the final stage.

1. Introduction

FeCrCo permanent magnet alloys were introduced in the 1970s
[1,2]. They have attracted a great deal of attention because of their
excellent machinability [2,3] far superior to the AINiCo5 alloys that are
often used in similar applications [4,5]. FeCrCo can be formed into thin
wires or sheets for applications in such devices as electric motors [6],
telephone receivers [7,8], printers, stereo-cartridges, and so on [9].
Because of their high Curie temperature (650 °C) [10,11] and high
corrosion resistance [12], FeCrCo functions well at high temperatures
and in harsh environments [13].

Although the magnetic properties of FeCrCo are not as good as those
of NdFeB [14-16], FeCrCo preserves its magnetic strength at high
temperatures (up to 400 °C) where NdFeB loses almost all magnetic
properties [17]. In comparison with SmCo, which is known for high
thermal stability [18,19], FeCrCo falls short in magnetic properties but
preserves its high ductility [20].

* Corresponding authors.

The FeCrCo phase diagram shows five solid phases (a, v, o, o1, 02)
[21-23]. Both the y phase and o phase are adverse to magnetic prop-
erties, and the ¢ phase is also adverse to mechanical properties [11]. A
miscibility gap in the FeCrCo system was identified by Kaneko et al.,
who used measurements of mechanical hardness and Curie temperature
[23]. Hasebe et al. computed the miscibility gap of a-Fe-X systems by
measuring magnetic effects in samples subjected to thermodynamic
treatments [24]. Minowa et al. further studied the shape of the misci-
bility gap in FeCrCo alloys by using a transmission electron microscope
(TEM) and by monitoring changes in magnetic properties [25].

Magnetic and mechanical properties in FeCrCo alloys result from
spinodal decomposition, which occurs within the miscibility gap
[26,27]. Spinodal decomposition results when the high-temperature o
phase decomposes into a modulated structure consisting of two lower-
temperature phases: a; (a strongly ferromagnetic, iron and cobalt-rich
phase) and oy (a weakly ferromagnetic, chromium-rich phase) [28,29].

Previous studies showed that the desirable magnetic properties of

E-mail addresses: egwang@mail.neu.edu.cn (E. Wang), han@magnet.fsu.edu (K. Han).

https://doi.org/10.1016/j.matchar.2023.112764

Received 4 December 2022; Received in revised form 14 February 2023; Accepted 24 February 2023

Available online 27 February 2023

1044-5803/Crown Copyright © 2023 Published by Elsevier Inc. All rights reserved.


mailto:egwang@mail.neu.edu.cn
mailto:han@magnet.fsu.edu
www.sciencedirect.com/science/journal/10445803
https://www.elsevier.com/locate/matchar
https://doi.org/10.1016/j.matchar.2023.112764
https://doi.org/10.1016/j.matchar.2023.112764
https://doi.org/10.1016/j.matchar.2023.112764
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matchar.2023.112764&domain=pdf

Z. Xiang et al.

FeCrCo alloys were closely related to the shape and arrangement of the
nanosized a; particles [30]. Several research groups have subjected the
alloys to external magnetic fields [13,31,32] and to mechanical defor-
mation [33-35] in order to induce the a; phase to elongate and line up
parallel to the direction of the magnetic field or of the deformation. The
result was that magnetic properties were enhanced.

Step aging is an efficient method to achieve desired o; phase and
magnetic properties. The aging starts at relatively high temperature (at
about 645 °C) in order to accelerate the initiation of decomposition
because the substitutional elements need high temperature for diffusion.
The solubility of the alloying elements at this temperature, however, is
high, leading to the decomposed phases have relatively small compo-
sition difference and therefore weak magnetic properties. One therefore
must gradually decrease the temperature in order to decrease the solu-
bility of the alloying elements in order to increase the composition dif-
ferences of Fe, Cr and Co elements between the two phases. The
temperature must be decreased gradually to keep sufficient diffusion
rate. To compensate for the decrease in diffusion rate, one has to in-
crease the aging time when decreasing temperature. When the temper-
ature gradually decreases to a lowest temperature for practical
applications (at about 520 °C), the enrichment degree of Fe, Cr and Co
elements between the two phases should reach the maximum, leading to
that the composition difference between the two phases reaches the
maximum and magnetic properties reach the optimized value. Other
studies have shown that differences in magnetic properties are related to
the variations in the process of step aging [32,36]. These variations
affect the size, volume fraction, and composition of the a; and oy phases.
Mossbauer spectrometry has been used to investigate phase composition
in order to clarify its effect on magnetic properties [37-39], but this
technique cannot quantify size, volume fraction, and composition at the
same time. To resolve this problem, we used atomic resolution high-
angle-annular-dark-field scanning transmission electron microscopy
(HAADF-STEM) [40].

The application of FeCrCo alloys is affected not only by magnetic
properties but also by mechanical properties [26,41]. Several research
groups have reported strength enhancement as a result of spinodal
decomposition, but the hardening mechanism of FeCrCo still needs
study [42,43]. It is generally accepted that hardness enhancement also
results from spinodal decomposition. When lattice mismatch occurs
during decomposition, it generates internal stress, thus blocking dislo-
cation motions. In our previous research, we discussed the effect on
hardness brought about by composition fluctuations that occurred in a
later stage of the spinodal decomposition of an FeCrCo alloy placed
under a magnetic field [40].

In this study, Fe58Cr27Col5 samples were prepared by electric arc
furnace melting. These samples were subjected to solution treatment,
then aged in seven steps. Using HAADF-STEM, we studied the evolution
of the microstructure and composition of various phases formed during
the spinodal decomposition that occurred during the step aging of
Fe58Cr27Co15 samples. We further compared the sizes, volumes, and
compositions of the a; and oy phases to establish parameters that could
then be correlated with the changes in magnetic properties resulting
from each of the seven stages of step aging. We also measured the
wavelength and amplitude of decomposition at each stage, as well as the
lattice misfit between the o; and oy phases. These parameters were used
to analyze hardness evolution during step aging and deduce the mech-
anism for enhancement of desirable properties.

2. Experimental procedures

The Fe58wt%Cr27wt%Col5wt% ingot used in this study was pre-
pared with oxygen-free Fe (99.99 wt%), high-purity Co (99.95 wt%),
and high-purity Cr (99.96 wt%) in a vacuum electric arc furnace in a
hemispherical copper mold with an inner diameter of 40 mm. This ingot
was placed in the center of a high-temperature resistance furnace under
high-purity Ar atmosphere for two hours of solution treatment at
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1300 °C (Fig. 1), after which it was cut into eight samples (ST, SA1, SA2,
SA3, SA4, SA5, SA6, and SA7, each measuring 10 x 10 x 15 mm?).
Sample ST was set aside and received no further step aging. The other
seven samples were moved to a low-temperature resistance furnace
under high-purity Ar atmosphere for further step aging. Step 1 aging
treatment was done at 645 °C for 10 min for sample SA1, Step 2 (at
645 °C for 1 h) for sample SA2, Step 3 (combining Step 2 treatment with
additional treatment at 620 °C for 1 h) for sample SA3, Step 4
(combining Step 3 treatment with additional treatment at 600 °C for 2 h)
for sample SA4, Step 5 (combining Step 4 treatment with additional
treatment at 580 °C for 3 h) for sample SA5, Step 6 (combining Step 5
treatment with additional treatment at 560 °C for 4 h) for sample SA6,
Step 7 (combining Step 6 treatment with treatment at 540 °C for 5 h,
followed by further treatment at 520 °C for 6 h) for sample SA7 (Fig. 1).
After step aging, samples SA1-SA7 were air-cooled to room temperature.

All eight samples were polished and examined by X-ray diffraction to
determine peak shift in a Scintag X-ray diffractometer with a scintillator
detector and graphite-monochromated Cu Ko radiation (wavelength A
1.5406 A). In order to accurately analyze the peak shift in the (110),
(200), and (211) directions, the scanning angle was set to move in one-
second steps of 0.0025° and collected data from 43° to 46°, 63° to 66°,
and 81° to 85°. We used NIST standard Si powder to correct instrument
effect.

From each step-aged sample, we sliced thin specimen sheets (each
10 x 15 x 0.5 mm?) to be prepared for later Scanning Transmission
Electron Microscopy (STEM) examination. These specimens were
ground to a thickness of 30 pm. From each, a 3 mm diameter disk was
punched out and ion-milled at 3-5 keV with an incidence angle of 7°. We
acquired high angular annual dark field (HAADF) STEM images using a
probe-aberration-corrected, cold-field-emission JEM JEOL-ARM200cF
equipped with a JEOL HAADF-STEM detector, operating at 200 kV.
These images were taken with a 40 pm condense lens aperture with a
medium spot size (4c in our ARM200cF) at an image scan speed of 32
pixels/ps. The beam convergence angle was 21 mrad [44-46]. We used
the Oxford Aztec system of Energy Dispersive Spectroscopy (EDS) to
obtain EDS Spectrum Imaging (EDS-SI) for our analyses of the changes in
elemental composition in the a; and ay phases of the specimens.

Vickers hardness tests were performed using a diamond indenter
under a load of 500 g with a dwelling time of 10 s. From each of the step-
aged samples, we prepared an additional specimen (3 mm in diameter,
10-20 pm thick) for examination at a temperature of 298 K of the hys-
teresis loops of these specimens. For this examination, we used the
Vibrating Sample Magnetometer (VSM) installed in a Physical Property
Measurement System (PPMS) made by Quantum Design Inc., which has
a maximum applied field of 9 T.

3. Results
3.1. Magnetic properties and hardness

Vickers hardness tests of samples (ST and SA1-SA7) showed that
hardness values gradually increased from sample SAl (i.e. step 1) to
sample SA6 (i.e. step 6) but stopped this trend from sample SA6 to
sample SA7 (i.e. step 7) (Fig. 2). This trend was consistent with the
chemistry fluctuation amplitude of Cr and Co (see Section 3.4). Hardness
values increased by 6.4% from sample SA1 to sample SA2, 1.9% from
sample SA2 to sample SA3, 17.4% from sample SA3 to sample SA4,
12.9% from sample SA4 to sample SA5, and 14.5% from sample SA5 to
sample SA6. The largest increase in both hardness value and composi-
tion amplitude occurred from sample SA3 to sample SA4 (Cf. Figs. 12
and 2). From sample SA6 to sample SA7, however, hardness values
decreased marginally by 0.98%. This decrease in hardness may reflect a
decrease in the amplitude of Cr and Co, combined with an increase in the
wavelength of spinodal decomposition (see Section 4.1).

The hysteresis loops of the step-aged samples SA1-SA7 showed that
the values of both remanence and coercivity gradually increased with
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Fig. 1. Schematics of solution treatment and step aging of FeCrCo samples.
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Fig. 2. Vickers hardness and hysteresis loops of sample ST (no step aging), sample SA1 (step 1), sample SA2 (step 2), sample SA3 (step 3), sample SA4 (step 4),
sample SA5 (step 5), sample SA6 (step 6), and sample SA7 (step 7). (a) Vickers hardness. Some error bars are too small to show in the Figure. Vickers hardness of
solution treated samples after step aging increased by 17.4%, 25.0%, 27.4%, 49.5%, 68.9%, 93.4%, and 91.5%, respectively for samples SA1-SA7. (b) Hystere-

sis loops.

further step aging from sample SA1 to sample SA6. From sample SA6 to
sample SA7, coercivity increased, but remanence decreased. This
divergence between the two trend lines may be related to a shift in the
relative compositions, sizes, and volume fractions of the a; and oy
phases. From sample SA1 to sample SA2, coercivity increased by 3.8%
and remanence by 31.9%; from sample SA2 to sample SA3, coercivity
increased by 96.3% and remanence by 14.0%; from sample SA3 to
sample SA4, coercivity increased by 258.5% and remanence by 113.8%);
from sample SA4 to sample SAS5, coercivity increased by 106.8% and
remanence by 25.3%; from sample SA5 to sample SA6, coercivity
increased by 25.4% and remanence by 3.2%; and from sample SA6 to
sample SA7, coercivity increased by 9.9%, but remanence decreased by
19.1%. The increase in both coercivity and remanence from sample SA3
to sample SA4 was larger than the others (Fig. 2b). This corresponds to
changes resulting from step aging times (see Section 4.2).

3.2. Analysis of X-ray diffraction

All of the samples were subjected to XRD testing, including sample
ST (which was solution treated but not step-aged), and samples SA1-SA7
(which were both solution treated and step-aged). We used a finer step
size (0.0025°) to study the changes that occurred during step aging in
lattice constants. The crystal phase identified is the bce-a phase. For the
(110), (200), and (211) reflections, the peaks for samples SA1-SA7

showed a downward shift compared to those for sample ST. In the
step-aged samples SA1-SA7, the downward shift of the peaks increased
as step aging progressed (Fig. 3a-c). When we calculated average lattice
constants using the (110), (200), and (211) reflections, we found that 1)
the constants of all the step-aged samples were larger than the constant
of the non-step-aged sample, and 2) they all increased as step aging
progressed (Fig. 3d).

Although XRD revealed that the peak shifts were the results of
decomposition, it could not distinctly separate the a; phase from the ay
phase, both of which had same crystallographic structure as the mother
o phase. We thus used STEM/EDS to do further analysis on the
assumption that the major difference between the o; and oy was
chemical composition rather than crystalline structure.

3.3. Analysis of evolution of structure

Using conventional TEM, previous researchers have confirmed the
presence of a; and oy phases in the late stage of spinodal decomposition
in FeCrCo [20,47]. So far, however, neither Selected-Area Diffraction
Patterns (SADPs) of the crystal structure nor HAADF-STEM imaging for
the atomic structure have been reported for early stages of decomposi-
tion of this alloy.

It is well known that spinodal decomposition occurs only in unstable
regions. Such a region appears in phase diagrams as a miscibility gap.
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Fig. 3. X-ray diffraction patterns and average lattice constants of sample ST and samples SA1-SA7 from various scanning angles. (a) 43-46°. (b) 63-66°. (c) 81-84°.
(d) Average lattice constants calculated using the Bragg reflection angles (26) of (110), (200), and (211) from samples ST and SA1-SA7. We used Gaussian fit in Origin

to get 20 value.

When certain alloys are heated, phase separation occurs spontaneously
in the miscibility gap without any nucleation process. Consequently,
spinodal decomposition will require less time. In our previous studies,
we found that the SADPs of FeCrCo were ellipsoid in the later stage of
spinodal decomposition [40]. Other researchers have described ellipsoid
SADPs that appeared during the initial stages of FeC martensite
decomposition [48]. Similar ellipsoid diffraction spots have also been
reported in Cul5Ni8Sn alloys [49,50]. In this study, during the initial
aging of FeCrCo, we found not only similarly ellipsoid SADPs but also
two diffraction spots at (110) and (200) (Fig. 4b). The presence of
ellipsoid SADPs indicates that a modulated microstructure (i.e., one with
both oy and oy phases) had occurred despite the fact that the sample had
been annealed at 645 °C for only 10 min.

Using TEM, prior researchers have observed periodic structure in
CuNiCr alloys during the initial stages of aging, indicating that spinodal
decomposition had occurred [51]. We did not, however, observe a clear
periodic structure in sample SA1 (step 1: 645 °C for 10 min), using either
TEM or low magnification HAADF-STEM (Fig. 4a and c). At the atomic
scale, however, we observed that some regions appeared darker than
others (Fig. 4d). The bright-dark contrast between neighboring regions
reflects a change in intensity that is proportional to the square of the
atomic numbers of the atoms in the two neighboring regions [52,53].
Since the atomic number of Cr (24) is smaller than that of either Fe (26)
or Co (27), we deduced that the dark regions were rich in Cr and the
bright regions were rich in Fe and/or Co. When we drew a profile line
from a dark region to a bright region, we found that the intensity ratio of
each atom increased overall, a variation in chemistry that indicated that
the spinodal decomposition had occurred in the early stages of aging
(Fig. 4d).

In samples aged for longer time, low magnification HAADF-STEM
images showed a contrast resulting from spinodal decomposition. In
sample SA2, which was subjected to 645 °C for 60 min, we could observe
many bright patches, each about 10 nm in size, of an o; phase that was

rich in Fe and/or Co. These patches were homogeneously distributed
throughout the surrounding dark matrix of an ay phase that was rich in
Cr (Fig. 5a). We also observed similar microstructure in further step-
aged samples SA3-SA7 (Fig. 5b-f). As step aging progressed, especially
in samples SA4, SA5, SA6, and SA7, the a; phase became more distinct
from the ay. These results may reflect an increase in the composition
difference that occurred between the a; and oy phases with increased
aging.

The results showed that, at medium stages of aging, four samples
SA2-SA5 had microstructure that was broadly representative of all
stages (Cf Figs. 4 and 5). We used atomic scale HAADF-STEM images of
these samples to analyze atomic characteristics between the o; and oy
phases formed during spinodal decomposition (Fig. 6). The Z-contrast
intensity gradually increased overall from the ay phase to the a; phase,
indicating no sharp interface between the two phases. We chose the
maximum intensity ratio between the a; and oy in each of the four
samples. This ratio gradually increased as step aging progressed, indi-
cating that more diffusion occurred as aging time increased. We could
clearly distinguish a dark region from a bright region as step aging
progressed, especially in sample SA5 (Fig. 6 a3-d3). The schematic di-
agram of the distribution of Fe, Cr, and Co at different stages of heat
treatment showed that the three elements were distributed in a disor-
dered pattern throughout both a; and ay phases. Fe, Cr, and Co each
fluctuated together when spinodal decomposition occurred. As step
aging progressed, regions enriched in each of the three elements
increased in size (Fig. 7).

Using Image Pro-Plus software, we measured the size and volume
fraction of the a; phase in samples SA2-SA7 (Fig. 8). The results indi-
cated that the size of the a; phase increased as step aging progressed.
The volume fraction of the a; phase, however, increased only from step 2
to step 4, but remained practically unchanged from step 4 to step 7.
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3.4. Analysis of evolution of composition

Because spinodal decomposition has no barrier to nucleate, it is a
rapid diffusion process. Using EDS-SI maps, we analyzed the composi-
tion evolution between the a; and ay phases in samples taken at earlier
and later stages of spinodal decomposition. We used sample SA1 (step 1,
aged at 645 °C for 10 min) to analyze the fluctuations of elements at the
early stage. The EDS results showed that Fe, Cr, and Co each fluctuated
together within areas about 2 nm wide, indicating that the wavelength
was very small in the early stage of spinodal decomposition (Fig. 9a2).
That explained why we did not observe a clear a; phase in the HAADF-
STEM image of the same sample (Fig. 4c). In the EDS maps of sample
SA2 (Step 2, aged at 645 °C for 60 min), we could clearly observe the
contrast between rich and poor elements in adjacent regions, each about
10 nm wide. This indicated that the fluctuations of elements here had a
larger wavelength than in sample SAl, making it possible to clearly
distinguish the a; phase in the HAADF-STEM image in sample SA2. In
sample SA3-SA7, we could also observe this contrast (Fig. 9).

Close examination of the EDS results of the a; and oy showed that,
from sample SAl to sample SA6 of the aging process, the degree of
enrichment of the dominant elements of both phases increased steadily.
From sample SA6 to sample SA7, however, certain elements either
decreased or increased. For example, the concentration of Co in the oy
phase decreased from sample SA6 to sample SA7, although the con-
centration of Fe continued its steady increase. Similarly, the concen-
tration of Cr, which had steadily decreased from sample SA1 to sample
SA6, actually increased from sample SA6 to sample SA7. By contrast, in

[RchyE Breiomn
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Fig. 4. TEM and HAADF-STEM images of
sample SA1 (step 1: 645 °C for 10 min), as
viewed along [001]. (a) Bright field TEM
image with insert SADP image. (b) SADP
image. The insets showed in green rectan-
gles are from enlarged diffraction spots. The
original locations of these spots are indi-
cated by arrows. These enlarged spots are
composed of two partially overlapped spots,
indicating an occurrence of spinodal
decomposition. (c) Low magnification
HAADF-STEM image. (d) Atomic scale
HAADF-STEM image. The insert shows the
intensity profile of values taken from each
atom along the blue line from a dark region
(shown in the yellow circles) to a bright re-
gion, with the greatest intensity ratio be-
tween bright and dark at about 1.5 + 0.1.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

[001]

[Enm

the ay phase, the concentration of Fe gradually decreased from sample
SA1 to sample SA7, but the concentration of Cr decreased from sample
SA6 to sample SA7. Similarly, the concentration of Co, which had
steadily decreased from step 1 to step 6, actually increased from sample
SA6 to sample SA7 (Fig. 10).

In previous study, we measured the chemistry of FeCrCo samples,
using line EDS in STEM and confirmed that we could use both amplitude
(A) and wavelength (A) in cosine function to describe the late stage of
spinodal decomposition [40]. Other researchers have studied the rela-
tionship between A and aging time in Cu30Ni2.5Cr and Cu45Nil0Cr
alloys annealed from 300 °C to 800 °C. Their results showed that A
remained constant in the initial stage of spinodal decomposition, but
increased later as aging time increased [54]. To analyze the evolution of
wavelength in different step-aged samples, using HAADF-STEM images,
we measured the sizes of the a; and ay phases to calculate the wave-
length (Fig. 11). Since the oy phase of sample SA1 (step 1: 645 °C 10
min) in the HAADF-STEM images was too small to be seen, we analyzed
the wavelength evolution in samples SA2-SA7. The results showed that
the wavelength increased as step aging progressed. The wavelength
increased by 86.7% from sample SA2 to sample SA3, 7.1% from sample
SA3 to sample SA4, 6.7% from sample SA4 to sample SA5, 6.3% from
sample SA5 to sample SA6, and 17.6% from sample SA6 to sample SA7.
This indicated that the wavelength increased faster in the early stages of
high temperature step aging.

We also analyzed the amplitudes of element fluctuation of Fe, Cr, and
Co in samples SA1-SA7 (Fig. 12). The results showed that, in the oy
phase, the amplitude of Fe increased almost linearly from sample SA1 to
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Fig. 5. Low magnification HAADF-STEM images of samples SA2-SA7. (a) Sample SA2 (step 2: 645 °C 1 h). (b) Sample SA3 (step 3: step 2 + 620 °C 1 h). (c) Sample
SA4 (step 4: step 3 + 600 °C 2 h). (d) Sample SAS5 (step 5: step 4 + 580 °C 3 h). (e) Sample SA6 (step 6: step 5 + 560 °C 4 h). (f) Sample SA7 (step 7: step 6 + 540 °C 5
h + 520 °C 6 h). Bright patches of the a; phase regions are indicated by red arrows. The a; phase regions are distributed throughout the surrounding dark matrix of
the a, phase indicated by blue arrows. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sample SA7. The amplitude of Cr and Co also increased almost linearly,
but only from sample SA1 to sample SA6, decreasing thereafter from
sample SA6 to sample SA7 (Fig. 12a). In the oy phase, the amplitude of
Fe increased, but not necessarily linearly, from sample SA1 to sample
SA7. The amplitude of Cr also increased not necessarily linearly from
sample SA1 to sample SA6, decreasing thereafter from sample SA6 to
sample SA7, but the amplitude increase ratios of Fe and Cr from sample
SA3 to sample SA4 were disproportionately large. The amplitude of Co
increased almost linearly from sample SAl to sample SA6, then
decreased from sample SA6 to sample SA7 (Fig. 12b). For Fe, the average
amplitude in both phases increased with step aging. For Cr and Co,
however, the average amplitude increased with step aging only up to
sample SA6. From sample SA6 to sample SA7, the average amplitude
decreased even though step aging had progressed (Fig. 12c).

4. Discussion
4.1. Effect of step aging on hardness

Previous researchers have found that the increment in hardness
resulting from spinodal decomposition is closely related to the periodic
diffusion of elements in spinodal alloys [55-57]. Our EDS results showed
fluctuations of all three elements in all step-aged samples SA1-SA7
(Fig. 9). Because of these fluctuations, the Vickers hardness of
solution-treated samples after step aging gradually increased from
sample SA1 to sample SA6, then decreased marginally from sample SA6
to sample SA7 (Fig. 2a). These changes in hardness reflected changes in

the amplitude and wavelength of spinodal decomposition. Chan et al.
[58] and Schwartz et al. [59] found that hardness increased as ampli-
tude and wavelength of the spinodal decomposition. Other researchers,
however, found that hardness increased with an amplitude increase but
decreased when the wavelength increased [60,61]. The hardness and
microstructure data, reported in a previous study, support the latter
conclusion [40].

In samples SA1-SA7, both the spinodal decomposition wavelength
and amplitude of Fe, Cr, and Co gradually increased from sample SA1 to
sample SA6 (Figs. 11 and 12). Consequently, hardness increased from
sample SA1 to sample SA6 (Fig. 2a). The fact that the hardness decreased
marginally from sample SA6 to sample SA7, however, may reflect the
simultaneous decrease in amplitude and increase in wavelength of both
Cr and Co that occurred at that point. The test data showed that hardness
increased most (17.4%) from sample SA3 to sample SA4. Meanwhile, the
amplitude ratio of Fe and Cr increased most from sample SA3 to sample
SA4. This confirms that the spinodal decomposition amplitude plays a
leading role in hardness.

Kato calculated the incremental critical resolved shear stress
(ACRSS) for Fe-Cr binary alloys using the following formula [61]:

ACRSS = AyY /2 +0.65AGb/A b}

The first term, AnY/2, represents the misfit-hardening effect, where
A is the amplitude, Y the elastic constant, and 7 a coefficient describing
the coherency strain by the lattice misfit, the value for # is derived as
follows [62]:
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Fig. 6. Analysis of atomic resolution HAADF-STEM images of samples SA2-SA5. Low (al), medium (a2) and high (a3) magnification images of the o; and o, phases in
sample SA2, as viewed along [011]. Low (b1), medium (b2) and high (b3) magnification images of the a; and a, phases in sample SA3, as viewed along [001]. Low
(c1), medium (c2) and high (c3) magnification images of the a; and ay phases in sample SA4, as viewed along [001]. Low (d1), medium (d2) and high (d3)
magnification images of the oy and « phases in sample SA5, as viewed along [011]. The insets show the intensity profile of values taken from each atom along the
line AB from a dark region to a bright region (a3-d3). The greatest intensity ratio between bright and dark of samples SA2, SA3, SA4 and SAS5 at about 1.21 + 0.1,
1.43 £ 0.2, 1.51 + 0.1 and 1.56 + 0.1, respectively. Red circles correspond to the area of the a; phase, blue circles to the area of the oy phase. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Schematic diagram of evolution of atomic structure between the a; and a, phases during the process of step aging. (a) No step aging. The Fe, Cr, and Co are
uniformly distributed throughout the o matrix. (b) Step 1. The three atoms do not clearly rich together. (c)-(h) correspond to step 2, step 3, step 4, step 5, step 6, and
step 7, respectively. The Fe and Co are rich in the a; phase. The Cr is rich in the a, phase. The rich regions of the three atoms are increase from step 1 to step 6, and
remain unchanged from step 6 to step 7. The three elements are disorderly distributed between the o; and oy phases.
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where Aa/ag is the misfit between the lattice constants for the a; and oy
phases. The second term, 0.65AGb/4, represents the modulus-hardening
effect induced by composition variations, where 4 is the wavelength, b
the magnitude of the Burgers vector, and AG the amplitude of the shear
modulus change.

In previous study, we calculated the ACRSS for Fe-Cr-Co ternary
alloys using a formula derived from Eq. (1) as follows [40]:

ACRSSke—cr—co =

3)
ACRSSre_cr = Acy 1Y /2 +0.65AGr._cib /A 4
ACRSSpe—co = Aco Y /2 +0.65AGr,_cob/A 5)

The calculated results were similar to our experimental results.

Eq. (2) indicates that hardness increases with an increase in the de-
gree of the lattice misfit. Using atomic resolution HAADF-STEM images
to study the evolution of lattice misfit during step aging, we measured
the lattice spacing in both a; and ay phases in two directions for samples

((Fe —Cr) vol% ) ACRSSge_c: + ((Fe — Co) vol% ) ACRSSre_co

SA1, SA2, SA3, SA4, and SA5 (Fig. 13 and Table 2). Using these values,
we calculated the lattice constants in the a; and oy phases for samples
SA1-SA5 (Table 2). For each sample, the calculated lattice constants
varied, depending on direction and phase. For example, the lattice
constant in one direction in the oy phase might be smaller than in the
other direction in the ay phase. In the same direction, however, the
lattice constant in the a; phase might be larger than in the oy phase. This
difference in calculated lattice constant may be the result of imaging
distortion or lattice distortion. We therefore calculated the average
lattice constant in two directions for the a; and oy phases, then calcu-
lated the lattice misfit between the two phases for samples SA1-SA5
(Fig. 13f). The results showed that the value of lattice misfit gradually
increased in samples SA1-SA5 indicating that the degree of lattice misfit
increased as step aging progressed. This may explain why hardness
increased with the duration of step aging during the first five steps.

4.2. Effect of step aging on magnetic properties

Room-temperature magnetic properties measurement data for each
step-aged samples SA1-SA7 showed that, from sample SA1 to sample
SA6, the values of remanence and coercivity gradually increased as step
aging progressed (Fig. 14a). The changes in magnetic properties may be
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Fig. 9. HAADF-STEM images and EDS maps scan profiles in samples SA1-SA7. (al)-(g1) HAADF-STEM images of the «; and o phases in samples SA1-SA7. EDS probe
is scanned in the map indicated in the figures. (a2)-(g2) Superimposed EDS maps of Fe, Cr, and Co in samples SA1-SA7.
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Fig. 10. Compositions evolution of Fe, Cr, and Co in the ®; and o, phases in samples SA1-SA7. (a) In the o phase; (b) In the a, phase. Using superimposed EDS map
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Fig. 12. Amplitudes of Fe, Cr, and Co of samples SA1-SA7. (a) Amplitudes of Fe, Cr, and Co in the a; phases. (b) Amplitudes of Fe, Cr, and Co in the a, phases. (c)
Average amplitudes of the a; and a5 phases. Before step aging, the original concentrations of Fe, Cr, and Co were 58%wt, 27%wt, and 15%wt, respectively. Using
overlay EDS map of each sample (Fig. 9 a2-g2), we measured 1, 2, 3, 4, 5 EDS maps to analyze the amplitudes of Fe, Cr, and Co in o; for each sample, and 6, 7, 8, 9,
10 EDS maps to analyze the amplitudes of Fe, Cr, and Co in «y for each sample. The composition of each EDS map was shown in Table 1. We also analyzed the average

amplitude of the two phases for each sample.

related to the volumes, sizes, and compositions of the a; and oy phases
and to the composition difference between the two phases.

The a; phase is ferromagnetic, indicating that its magnetic properties
are proportional to its volume. The HAADF-STEM results showed that
the volume of the a; phase kept increasing from sample SA1 (step 1) to
sample SA4 (step 4), leading to a significant increase in remanence and
coercivity during those steps (Figs. 14a and 8b). This increase showed
that the volume of the a; phase played an important role in developing
magnetic properties at the early stages of spinodal decomposition. We
found that the volume of the «; phase remained unchanged from sample
SA4 to sample SA7, even though remanence and coercivity still
continued to increase from sample SA4 to sample SA6. We concluded
that, although volume fraction was an important parameter during the

10

first four steps, other microstructure parameters became more important
in the later stages of step aging.

It was reported that a refined microstructure could pin the movement
of domain walls, resulting in an increase in magnetic properties of
MRE,(Fe, Co)14B [63], NdFeB [64] and SmCo [65] alloys. Consequently,
we assumed that refined a; particles could increase the magnetic
properties of FeCrCo alloys. The results showed that the size of oy par-
ticles kept increasing from sample SA1 to sample SA7 (Fig. 8a). Both
coercivity and remanence, however, kept increasing from sample SA1 to
sample SA6 (Fig. 14a). These results indicated that the magnetic prop-
erties for each step-aged sample were connected not only to the size and
volume of the o; phase but also to the compositions of both a; and oy
phases.
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For NdjFe;4B, some researchers found that substitution of Co for Fe
could increase Tc, even though the moment of Co (1.6 pp) is lower than
that of Fe (2.2 pg). They also found that the saturation magnetization
increased with Co increased up to 30%, and then decreased with Co
further increase [66]. For (Ndj.xCey)2Fe;yCoyB, other researchers
revealed that the permanent magnetic properties were significantly
enhanced but only for a critical concentration of Co [67]. For FeCrCo

11

alloys, at low cobalt contents (5 wt%-9 wt%), it was found that both
remanence and coercivity increased with Co increase [3,31]. At higher
cobalt contents (15 wt%-20 wt%), other researchers have confirmed this
conclusion [30,68]. The magnetic properties are dominated by the
ferromagnetic a; phase (rich Fe-Co) for FeCrCo alloys [13]. We infer that
the concentration of Co in the oy phase plays an important role for the
magnetic properties of FeCrCo alloys.
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Composition of each map of samples SA1-SA7. Average compositions of the a; in samples SA1-SA7 are 59.8Fe23.2Cr16.8Co, 63.8Fel17.6Cr18.6Co, 64.6Fel5.4Cr20Co,
67.0Fe13.0Cr20.0Co, 67.6Fe10.6Cr21.8Co, 68.2Fe7.6Cr24.2Co, and 68.4Fel12.4Cr19.2Co, respectively. Average compositions of the oy in samples SA1-SA7 are
54.2Fe31.6Cr14.2Co, 53.8Fe33.0Cr13.2Co, 49.6Fe39.2Cr11.2Co, 39.0Fe51.4Cr9.6Co, 33.8Fe57.2Cr9.0Co, 32.2Fe60.0Cr7.8Co, and 31.4Fe59.6Cr9.0Co, respectively.

Sample Maps in the a; phase (wt%)
Map 1 Map 2 Map 3 Map 4 Map 5
SA1 58Fe22Cr20Co 61Fe20Cr18Co 59Fe29Cr12Co 61Fe23Cr16Co 60Fe22Cr18Co
SA2 64Fel7Cr19Co 63Fe19Cr18Co 64Fel7Cr19Co 62Fe22Cr16Co 66Fel13Cr21Co
SA3 65Fel7Cr18Co 65Fel3Cr22Co 68Fel1Cr21Co 65Fel4Cr21Co 60Fe22Cr18Co
SA4 66Fel11Cr23Co 71Fel3Cr16Co 64Fel7Cr19Co 68Fel3Cr19Co 66Fel11Cr23Co
SAS 68Fe9Cr23Co 66Fe14Cr20Co 66Fel10Cr24Co 70Fe8Cr22Co 68Fel12Cr20Co
SA6 71Fe6Cr22Co 67Fel1Cr22Co 69Fe6Cr26Co 65Fe8Cr27Co 69Fe7Cr24Co
SA7 70Fel2Cr18Co 69Fel1Cr20Co 68Fel13Cr19Co 68Fel2Cr20Co 67Fel4Cr19Co
Sample Maps in the a, phase (wt%)
Map 6 Map 7 Map 8 Map 9 Map 10
SAl 53Fe32Cr15Co 53Fe33Cr14Co 55Fe30Cr15Co 52Fe34Cr14Co 58Fe29Cr13Co
SA2 53Fe34Cr13Co 55Fe33Cr12Co 54Fe33Cr13Co 53Fe33Cr14Co 54Fe32Cr14Co
SA3 48Fe43Cr9Co 51Fe38Cr11Co 48Fe41Cr11Co 52Fe33Cr15Co 49Fe41Cr10Co
SA4 37Fe53Cr10Co 47Fe45Cr8Co 31Fe59Cr10Co 44Fe48Cr8Co 36Fe52Cr12Co
SAS 31Fe62Cr7Co 42Fe45Cr13Co 25Fe68Cr7Co 39Fe53Cr8Co 32Fe58Cr10Co
SA6 32Fe59Cr9Co 29Fe61Cr10Co 29Fe63Cr8Co 41Fe56Cr3Co 30Fe61Cr9Co
SA7 33Fe57Cr10Co 28Fe62Cr10Co 32Fe58Cr10Co 33Fe60Cr7Co 31Fe61Cr8Co
Using STEM-EDS maps, we analyzed the composition of the «; phase Table 2
able

in each step-aged sample (Fig. 10 and Table 1). The results showed that
the concentration of Cr decreased as step aging progressed but increased
from sample SA6 to sample SA7. The concentration of Fe increased as
step aging progressed, however, the concentration of Co kept increasing
from sample SAl to sample SA6, but decreased from sample SA6 to
sample SA7 (Fig. 10). The results showed that the magnetic properties
were improved with the concentrations of Fe and Co increasing. The
remanence decreased from sample SA6 to sample SA7 may be related to
the decrease in the concentration of ferromagnetic Co and the increase
of non-ferromagnetic Cr in the oy phase. Previous researchers [69]
studied the effect of Co on magnetic properties of Ndy(FeCo)14B/a-Fe
and found that both remanence and maximum energy product have
remarkably enhanced with the Co increase, but the coercivity decreased.
The EDS results showed that the intensity of Co in the a; phase decreased
from sample SA6 to sample SA7, contributing to a decrease in the
remanence, but an increase in coercivity.

Based on the model for theoretical hysteresis curves of interacting
among ellipsoids analyzed by Stoner and Wohlfarth [70], Drapal derived
a formula to calculate the H. between strongly magnetic a; particles and
weakly magnetic ap matrix for FeCrCo alloys as follows [71]:

- J:aZ)z
Hols

(Jm]

H. = p(1=p)(N, —N,) Q)

where p is the volume fraction of the a; phase, Jy and Jguo are the
saturation magnetic polarizations of the a; and ay phases, respectively,
N, and Ny, are the demagnetizing factors of the a; phase along the a and b
axes, Js is the saturation polarization of the alloy, and g is the perme-
ability of a vacuum.

According to Eq. (6), the coercivity depends on the value of p, on the
shape anisotropy of the a; phase, N, — N,, on the difference between the
saturation polarizations of the a; and ay phases, Jsq1 — Jsq2, and on the
saturation polarization of the alloy, J,. The HAADF-STEM results
showed that the shape of the a; phase in all step-aged samples SA1-SA7
was spherical, indicating that the value for N,-N, was identical (Fig. 5).
In samples SA4-SA7, those from the later stages of step aging, the vol-
ume of the a; phase remained unchanged, showing that the value for H,
was determined by the value of (Jgq — Jsaz)z/.]s. Since Fe and Co are
ferromagnetic elements and Cr is a non-ferromagnetic element, the
value of Js is larger for a; than for ay. The STEM-EDS results showed that
the differences in the levels of Fe, of Cr, and of Co between the o; and o
phases increased steadily from sample SA1 to sample SA6 (Fig. 14b).
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Average lattice spacing and lattice constant of samples SA1, SA2, SA3, SA4, and
SA5, respectively.

Phase SA1 SA2 SA3 SA4 SA5
Lattice spacing (nm)
) ) (01-1):
(110): 0.1917 (01-1): 0.1414 (110): (110): 0.1448
+ 0.0009 + 0.0009 0.1859 0.1943 +
- + 0.001 + 0.001 0.0009
1 o
(—-110): (—-110): (200):
(-110): 0.1978 (200): 0.1951 0.1918
0.2015 0.2091
+ 0.0009 + 0.0009 1 0.002 4 0.002 +
’ ’ 0.0007
(01-1):
110): 110):
(110): 0.1909 (0-1): 0.1406 E) 13:)37 818;3 0.1429
+ 0.001 + 0.0008 ) ) +
e + 0.001 + 0.001 0.0008
2
200):
(—-110): (—-110): (200)
(—110): 0.1966 (200): 0.1939 0.1902
=+ 0.002 =+ 0.0009 0.2008 0.2062 +
+ 0.002 + 0.002 0.0009
Lattice constant (nm)
. . (01-1):
(110):0.2711 + (01-1): 0.2828 10y oy 0.2895
0.0015 £ 0.0022 0.2625 0.2957
e + 0.0033 + 0.0021 0.0033
1 o
(—110): (—110): (200):
(-110):0.2797 (200): 0.2760 0.2712
+ 0.0030 + 0.0014 0.2849 0.2748 +
+ 0.0011 +0.0014 0.0028
) ) (01-1):
(110):0.2701 + (01-1):0.2813 (110): (110): 0.2858
0.0037 4 0.0017 0.2598 0.2916 "
In oy + 0.0011 + 0.0034 0.0019
(-110:0.2781  (200): 0.2742  C 110 (110 (200):
4 0.0033 4 0.0018 0.2840 0.2733 0.2690
. : + 0.0007 + 0.0032 + 0.002

This increase reflected an increase in the value of (Jsq1 —Js¢2), Which may
be the main reason for the increase in coercivity from sample SAl to
sample SA6. Eq. (6) also shows that the value for H, increases as Js de-
creases. The results of the hysteresis loops indicated that the value for Js
decreased from sample SA6 to sample SA7 (Figs. 2b and 14a). This
decrease may explain why the coercivity kept increasing from sample
SA6 to sample SA7 despite a decrease in the composition difference
between the a; and oy phases in these two samples (Fig. 14b).
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Other researchers have found that magnetic properties are closely
related to exchange coupling interactions between soft and hard phases
and that the magnitude of exchange coupling interactions is related to
the difference in saturation magnetization between the two phases
[72-74]. For FeCrCo alloys, the Fe-Co-rich a; phase is the hard phase,
and the Cr- rich ay phase is the soft phase. The composition difference
between these two phases increased from sample SAl to sample SA6
(Fig. 14b). This indicated an increase in the saturation magnetization
difference, thus suggesting that the exchange coupling interaction
strengthened as step aging progressed. This strengthening contributed to
increases in both remanence and coercivity from sample SA1 to sample
SA6, but the decrease in composition difference from sample SA6 to
sample SA7 may have contributed to a corresponding decrease in
remanence.

In further study, we found increases in coercivity of 3.8% from
sample SAl to sample SA2, 96% from sample SA2 to sample SA3,
258.5% from sample SA3 to sample SA4, 106.8% from sample SA4 to
sample SA5, and 25.4% from sample SA5 to sample SA6, 9.9% from
sample SA6 to sample SA7. The corresponding increases in remanence
were 31.9%, 14.0%, 114.5%, 25%, and 3.2%, followed by a decrease
from sample SA6 to sample SA7. Increases in both coercivity and
remanence from sample SA3 to sample SA4 were much larger than any
of other intervals, likely because the relative amplitude of composition
fluctuations for both Fe and Cr was greater there (see Figs. 12 and 14).

5. Conclusions

The study of the evolution of microstructure, hardness, and magnetic
properties in Fe58Cr27Col5 samples led us to conclude that:

(1) Lattice constant increased as step aging progressed.

(2) In certain sample that was annealed at 645 °C for only 10 min,
spinodal decomposition had already occurred. In other samples
that were annealed longer than 10 min at various temperatures,
the size of the oy phase increased as step aging progressed. The
volume fraction of the a; phase increased significantly during the
early stages of spinodal decomposition and then maintained that
level during the later stages.

The oy phase was rich in both Co and Fe, whereas the a3 phase
was rich in Cr. In both a; and oy phases, the degree of enrichment
of the dominant elements of both phases increased steadily as
step aging progressed. During the last step, however, that trend
changed. In the a; phase, for example, Co content decreased and
in the ay phase, Cr decreased.

After the first six steps of aging, the wavelength gradually
increased as step aging progressed, which should have caused a
decrease in hardness but did not do so because, at the same time,
both wave amplitude and lattice misfit increased, thereby leading
to an overall increase in hardness. In the last stage, decreases in
both wave amplitude and lattice misfit led to a corresponding
decrease in hardness.

During the early stages of spinodal decomposition, both rema-
nence and coercivity increased because of the increasing fluctu-
ation of composition in both phases and the increasing volume of
the a; phase. As step aging progressed, the a; phase stopped
increasing in volume. Meanwhile, the a; phase also coarsened,
which should have decreased magnetic properties, but since the
degree of fluctuation of composition continued to increase,
leading to an overall increase in remanence and coercivity. In the
last step, the degree of fluctuation of composition decreased,
leading to a decrease in remanence.

Comparison of changes in hardness, magnetic properties, and
composition indicated that the relative fluctuation of composi-
tion between the a; and ay phases during step aging played a
leading role in determining the hardness and the magnetic
properties of FeCrCo alloys.
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