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• Variation of both microstructure and
composition induced by spinodal com-
position was smooth at atomic scale.

• Magneticfield increased both amplitude
and wave-length of spinodal composi-
tion.

• Magnetic field elongated α1 domains
lined up parallel to the direction of the
magnetic field.

• Increasedwave-length of spinodal com-
position resulted in decreased hardness
and increased toughness.

• Mechanisms for fluctuations of compo-
sition and hardness were controlled by
diffusion of certain alloying elements.
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Application of an external magnetic field during heat treatment affects the hardness of magnetic Fe-Cr-Co alloys.
The microstructure and composition at atomic scale, as well as the hardening mechanisms need extensive stud-
ies. Using atomic resolution STEM, we investigated the effect of a 3 T magnetic field on the spinodal decomposi-
tion, as well as microstructure and hardness in step-aged Fe27wt. %Cr15wt. %Co samples. Spinodal
decomposition resulted in a homogeneous α phase transforming into an Fe-Co rich α1 phase and a Cr rich α2

phase. Although α1 and α2 showed distinct contrast at low magnification Z-contrast images, close examination
at atomic scale of the samples showed no sharpα1/α2 interfaces. Inside each phase, composition fluctuations oc-
curred. A 3 T external magnetic field during step aging increased the size of theα1 phase and introduced micro-
structural anisotropy, which is desired for permanent magnet applications, In addition, the spinodal
decomposition increased the hardness. Annealing in a 3 T magnetic field decreased the hardness but increased
the ductility, which is desirable for manufacturing permanent magnets. The change in hardness values is attrib-
uted to the composition fluctuations of Fe, Cr and Co, and we further discuss the mechanisms for composition
fluctuations and hardness.
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).
, han@magnet.fsu.edu (K. Han).

td. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2020.109383&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2020.109383
mailto:egwang@mail.neu.edu.cn
mailto:han@magnet.fsu.edu
https://doi.org/10.1016/j.matdes.2020.109383
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/matdes


Z. Xiang, L. Zhang, Y. Xin et al. Materials and Design 199 (2021) 109383
1. Introduction

Spinodal decomposition occurs in certain alloys when the alloy is
heated to a range of temperatures where the two phases become im-
miscible. This range appears in phase diagrams as a miscibility gap.
When spinodal decomposition occurs, the elements of the alloy sepa-
rate, causing lattice mismatch that generates coherent internal stress,
leading to an increase in hardness [1].

FeCrCo permanent magnet alloys are known for their excellent
plasticity, ductility, and machinability, making them suitable for
use in small devices with accurate dimensions and complicated
shapes, such as wires, tubes, bars, and strips [2,3]. Consequently,
they are widely used in motors for electrical appliances [4], hybrid
cars [5] and wind turbines [6].

The manufacturing of magnetic alloys usually requires heat treat-
ment under external magnetic fields to enhance the magnetic proper-
ties. This practice was used, for example, in FeNdZrB [7], FePt [8–10],
and FeCrCo alloys [11]. An external magnetic field during isothermal
heat treatment can improve anisotropy of the α1 phase and elongate
it in a direction parallel to the applied magnetic field, resulting in en-
hanced magnetic properties [12]. However, the heat treatment affects
not only themagnetic properties [13–15] but also themechanical prop-
erties [16,17]. In particular, no research has been done so far on the
hardening mechanism of Fe-Cr-Co treated in a magnetic field, but we
can deduce the mechanism from that of other Fe-Cr alloys [18,19] that
are all known to be spinodal. Researchers have studied, for example,
Fe32at%Cr [20] and Fe52.85at%Cr [21] alloys. It is generally accepted
that hardness results from spinodal decomposition, which leads to ele-
ment fluctuations. In duplex stainless steel, for example, which is an
alloy of consisting of an ironmatrix and typically more than 10.5% chro-
mium, the hardness was found to increase almost proportionally with
the amplitude of the Cr concentration fluctuations after aging the alloy
at 300–400 °C [22].

In order to evaluate the contribution of the spinodal decomposition
to the increased strength, several groups used formulas to calculate the
value of the strength increment. The amplitude and lattice mismatch
between α1 and α2 phases play important roles in these calculations
[18,23]. These two parameters can be obtained by measuring the com-
position and atomic microstructure of the two phases. Using the phase
diagram of Fe31wt%Cr23wt%Co alloy, previous work deduced that the
α phase decomposes after aging at 600 °C into an iron‑cobalt rich α1

phase and a chromium richα2 phase [24]. Other groups have confirmed
this prediction in FeCrCoAl [25], FeCoCrWGa [26], and FeCrCoTiSi [27]
alloys, using Mössbauer spectrometry. Conventional transmission elec-
tronmicroscopy (TEM) has been used to investigate themodulated mi-
crostructure of Fe-Cr-Co alloys. Using conventional TEM, we also
analyzed the effect of grain boundaries on the microstructure of
spinodal decomposition in FeCrCo made by directional solidification in
a magnetic field [28,29]. Since spinodal decomposition occurs at the
nanometer scale, however, TEM alone is insufficient for revealing the
compositional variation of the α1 and α2 phases at a fine scale. A very
effective technique for studying ultrafine-scale structures is atomic res-
olution high-angle-annular-dark-field scanning transmission electron
microscopy (HAADF-STEM), as it can provide both atomic scale micro-
structure and atomic scale chemical composition analysis of α1 and α2

phases.
Magnetic fields have been used to improve modulated structure

and enhance properties in FeCrCo alloys, such as FeCrCoMoTiNb
[30] and FeCrCoMo [31]. The microstructure and composition at
atomic scale, as well as the hardening mechanisms without and
with external magnetic field, however, still remain largely unclear.
In this study, we analyzed the hardening mechanism of spinodal de-
composition by investigating the microstructure and composition at
atomic scales using HAADF-STEM. We also analyzed the hardness of
an Fe27wt%Cr15wt%Co alloy after step aging without and with a
magnetic field of 3 T.
2

2. Experimental procedures and calculations

2.1. Sample preparation

We prepared an ingot of Fe27wt%Cr15wt%Co alloy by melting
oxygen-free Fe (99.99 wt. %), high-purity Co (99.95 wt.%), and high-
purity Cr (99.96wt. %) in a CJB-150 vacuumelectric arc furnace in hemi-
spherical copper molds with inner diameter of 40 mm. From this ingot,
we made samples of 10 × 15 × 5 mm3, with the long side along the
cooling direction.

Three types samples HT (homogenized treatment), SA (step aged
without magnetic field), and MSA (step aged with 3 T magnetic field)
were studied. All samples were first homogenized treatment (HT) for
two hours at 1300°C under Ar atmosphere. Subsequently, HT samples
were examined under homogenized condition. SA and MSA samples
were placed in the center of a vacuum resistance furnace under a
high-field superconducting magnet, which can generate a magnetic
field with a maximum magnetic flux density of 12 T at the center of a
Φ100 mm cold bore. Then, the SA and MSA samples were step aged at
645°C for 1 h, 620°C for 1 h, 600°C for 2 h, 580°C for 3 h, 560°C for 4 h,
540°C for 5 h, 520°C for 6 h and furnace cooled without and with 3 T
magnetic field, respectively. The placement of the MSA sample was
such that its cooling direction during the casting was parallel to the di-
rection of the field.

The phase constitutions of all three sampleswere examined by X-ray
diffraction (XRD). Two specimens for later TEM and STEM examination
were prepared by slicing thin sheets (each 10 × 15 × 0.5 mm3) from SA
and MSA samples. These specimens were ground to a thickness of
30 μm. From each, a 3 mm diameter disk was punched out, then glued
on a copper ring. The samples were then ion milled at 3–5 keV using
an incidence angle of 5°-7°. In order to analyze the orientation relation-
ship between the α1 phase and external magnetic field, we marked the
original external magnetic direction on the MSA samples when we cut
the sample. We loaded the sample on TEM holder by aligning the mag-
netic field direction to the long axis of the sample holder. We only ro-
tated “Y” direction to check the direction of the α1 phase.

2.2. Analysis of XRD data

Phase data were collected by XRD, using a Scintag Theta-2-Theta
reflection diffractometer with Cu Kα radiation (wavelength λ
1.540562 Å) and diffracted analyzer. We examined all Types samples
in order to collect data on phases and lattice parameters. The scanning
angle was set to move in one-second steps of 0.02° from 30° to 120°.
In order to more accurately analyze the peak shift and separation in
the (110), (200), and (211) directions, we changed the one-second
step setting to 0.0025° and collected data from 43° to 46°, 63° to 66°,
and 81° to 85°. We used standard Si powder to correct reflections.

In order to study the influence on lattice constant of step agingwith-
out magnetic field (in the case of SA samples) or step aging with 3 T
magnetic field (in the case of MSA samples), we calculated lattice con-
stants for (110), (200), and (211) (Figs. 3b-3d).We compared thefitting
results from different approaches and reported θ value using
Gaussian fit.

We calculated the volume fraction ofα1 andα2 phases in SA samples
from (211) direction using the following formula:

Iα ¼ K1Wα

ρα Wα
μ
ρ

� �
α
− μ

ρ

� �
β

� �
þ μ

ρ

� �
β

� � ð1Þ

where Iα is integrated intensity per unit length of diffraction line, K1 is a
constant, ρ the density,Wα theweight fraction, and μ/ρ is the absorption
coefficient (cm2/g). The absorption coefficient of Fe, Cr, and Co are 304.4
(cm2/g), 252.3 (cm2/g), and 338.6 (cm2/g), respectively. Using Energy
Dispersive Spectroscopy (ESD) in STEM, we measured the composition
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ofα1 andα2 phases are about 68.9wt%Fe12.0wt%Cr19.1wt%Co, 31.5wt%
Fe62.0wt%Cr6.4wt%Co, respectively. Using the composition ratio of Fe,
Cr, and Co in α1 and α2, we calculated the absorption coefficient of α1

and α2 phases as 304.4 and 217.7, respectively, and the density of α1

and α2 phases as 7.94 (g/cm3) and 7.50 (g/cm3), respectively.

2.3. Analysis of microstructure

Using a JEOL-2011 transmission electron microscope (TEM) and a
JEM JEOL-ARM200cF, we examined the step aged samples at 200 kV.
For HAADF-STEM images, the spot size was 4c, condenser lens aperture
was 40 μm and image scan speed was 32 pixels/μs. The beam conver-
gence angle was 21 mrad, and the STEM image collection angle was
from 68mrad to 174mrad. Using the Image Pro-Plus software, wemea-
sured the volume fraction of α1 and α2 phases.

Wealso used electron-energy-loss spectroscopy (EELS) to collect the
core-loss spectra of Fe, Cr, Co, in order to calculate sample thickness. In
this case, the beam convergence anglewas 21mrad and the EELS collec-
tion angle was 100 mrad. Each spectrumwas acquired in 2 s using dual
range EELS.

In addition, we analyzed changes in element composition between
phases in Fe-Cr-Co by means of (EDS), using the Oxford Aztec system
in STEM. In order to be sure that our EDS results were not affected by
the thickness of the samples, we computed absolute thickness by
using the EELS Log-Ratio technique [32].

We took a HAADF-STEM structure image of MSA sample and ac-
quired an EELS spectrum from the image Fig. 1a. We used the I0 = It
exp(−t/λ) function in Digital Micrograph software to compute the
thickness of region A in α2 phase and region B in α1 phase (Fig. 1b).
We calculated the effective atomic number (Zeff) in order to get the ab-
solute thickness. The simplified formula for the effective atomic num-
ber, Zeff, can be described as [33]:

Zeff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 1 � z1ð Þ2:94 þ f 2 � z2ð Þ2:94 þ f 3 � z3ð Þ2:94 þ : . . .

2:94
q

ð2Þ

where fn is the fraction of the total number of electrons associated with
each element, and Zn is the atomic number of each element. The compo-
sition of region A and region B were Fe27at%Cr19at%Co and Fe52at%
Cr9at%Co, respectively, so the Zeff for region A was 24.9, and the Zeff
for region B was 26. We then computed the thickness for region A as
103.1 nm and B as 103.7 nm, so close as to be substantially the same
for our purposes.

We used an absolute integrator program andMATLAB to digitize the
intensity of atomic columns of SA and MSA samples [34,35]. From our
Fig. 1.Calculation of absolute thickness ofMSA sample. (a) HAADF-STEM structure ofMSA. (b) E
to compute the thickness of region A in α2 phase and region B in α1 phase.

3

thickness calculation, the thickness of MSA sample is uniform, and the
atomic number of Fe, Cr, Co are similar.We can assume each atomic col-
umn to have same number of atoms. We simulated the intensity of the
atomic columns to analyze the composition of α1 and α2 phases.

2.4. Testing of hardness

Hardness tests were performed on a Tukon 2100 tester with a dia-
mond indenter under a load of 0.5 kg for a dwelling time of 10 s. We
used a Vickers indenter to obtain average hardness and a Knoop in-
denter to analyze the anisotropy in hardness of samples treated with a
magnetic field.

3. Results and discussion

3.1. X-ray diffraction data

XRD data indicated that spinodal decomposition resulted in a body
center-cubic (bcc) α phase being decomposed into an iron‑cobalt rich
bcc-α1 and a chromium rich bcc-α2 phases (Fig. 2). HT samples contained
only the bcc-α phase with a single lattice constant, when the data was
collected using a coarser step size (0.02°) (Fig. 2a). In step aged SA and
MSA samples, however, data collected using afiner step size (0.0025°) re-
vealed the presence of phase decomposition, although data collected
using a coarser step size (0.02°) showed no significant phase change at
all (Fig. 2). The (110) and (200) peaks for SA and MSA samples showed
shifts towards smaller angles, slightly more in SA than in MSA. These
shifts indicate that the lattice spacing is smallest inHT samples and largest
in SA samples. The difference of lattice distance between SA and MSA in
these directions, however, was marginal because the difference was
smaller than the standard deviation (Table 1). By using XRD, some re-
searchers detected the presence of sidebands or dual peaks at same direc-
tion in CuNiSn [36,37], CoFeO [38], TiNbTaZr [39], LaTiGaFeCoSb [40],
TaMoAlN [41], and TiO-VO [42,43] systems. They concluded that this side-
bands or dual peaks were caused by the spinodal decomposition. In our
study, the (211) reflection for Types HT and MSA samples showed only
a single peak, but SA samples had dual peaks, one with downward and
the other upward shifts (Fig. 2b, c, d). We attribute these dual peaks to
the presence of both iron‑cobalt rich bcc-α1 and chromium-rich bcc-α2

phases. The lattice constant for the left peak (α1) was 0.2878 ±
0.0002 nm, larger than HT samples, while the lattice constant for the
right peak (α2) was 0.2872 ± 0.0002 nm, smaller than HT samples
(Table 1). We deduced that dual peaks are probable for the (110) and
(200) reflections, even though they did not appear in our data. Our
ELS spectrum of green rectangle region as shown in the image (a).We used EELS spectrum



Fig. 2.X-ray diffraction patterns of the three Types samples from various scanning angles. (a) 40–120°. (b) 43–46°. (c) 63–66°. (d) 81–84°. In the (110) and (200) directions, XRD patterns
show single peaks for all types samples, but in the (211) direction, SA samples shows peak splitting (d).

Table 1
Lattice constants of HT samples, SA samples, and MSA samples. Values were calculated
using lattice spacing in (110), (200), and (211) directions.

Samples a
(110)

Error
bara

a
(200)

Error
bar

a (211) Error
bar

HT 0.2867 0.0002 0.2874 0.0003 0.2873 0.0001
SA 0.2873 0.0001 0.2876 0.0001 Left peak

=0.2878
Right
peak = 0.2872

0.0002

MSA 0.2872 0.0003 0.2875 0.0002 0.2876 0.0002

a Each type sample was tested three times. The error bars are the values of standard
deviation of three results.
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HAADF-STEM results confirmed that the lattice spacing inα1 was greater
than in α2. We calculated the area ratio between the α1 peak and the α2

peak as about 1.4. Using the above formula (1), we estimate the volume
fraction of α1 and α2 as 60% and 40%, respectively.

The relative intensity (110) in MSA samples was much higher than
that in HT and SA samples, indicating that texture was introduced.
This enhancement in texture was attributed to external magnetic field.
3.2. Microstructure

Our selected area diffraction patterns (SADPs) showed ellipsoid
diffraction spots in step-aged samples (Fig. 3). The presence of
4

these patterns indicated a modulated microstructure in which α1

and α2 had slightly different orientations and lattice constants,
resulting in diffraction spots overlaying, but not quite atop each
other. Similar overlapping diffraction spots were also found in
Cu15Ni8Sn alloys [36,44]. Although this modulated structure has
been widely studied in FeCrCoV [45], FeCrCoSi [46,47] alloys, so
far no researcher has mentioned the presence of ellipsoid SADPs
in these alloys after spinodal decomposition.

We used atomic resolution HAADF-STEM to investigate SA andMSA
samples.When themodulatedmicrostructure ofα1 andα2 phases of SA
was viewed along [001] direction, many bright patches of α1 phase ap-
peared throughout the surrounding α2 dark matrix. In MSA sample,
patches of the α1 phase, which were more elongated than in SA, lined
up parallel to the direction of themagnetic field. Since the atomic num-
ber of Cr is lower than that of either Fe or Co, we deduced that the α2

matrix (dark network) was Cr-rich and that the α1 phase (bright
patch) was Fe and/or Co rich (Fig. 4a and b).

Applying a magnetic field increased both wavelength itself and the
wavelength anisotropy of the spinodal decomposition in step-aged
samples. In SA samples, the average wavelength (λ) was 43 ± 7.5 nm
along the [020] direction and 37 ± 6.9 nm along the [200] direction.
InMSA samples, theλ values parallel and perpendicular to themagnetic
field direction were 129 ± 24.6 and 60± 7.1 nm, respectively. Applica-
tion of amagnetic field therefore increased theλ ratio values from 1.2 in
SA to 2.2 in MSA (Fig. 4).



Fig. 3. TEM images of α1 and α2 phases in two samples. (a) Bright field image of SA sample, as viewed in the [001] direction. Spherical α1 domains are uniformly distributed throughα2

network. (b) SADP image of SA sample. The diffraction points are elliptical, especially in the blue rectangle region, indicating the presence of two overlapping points in the same location.
(c) Bright field image of MSA sample, as viewed in the [001] direction. Elongated α1 domains are arranged along the magnetic field direction. (d) SADP image of MSA sample showing
elliptical diffraction points similar to those seen in SA.

Fig. 4. Lowmagnification HAADF-STEM images ofα1 andα2 phases of SA andMSA samples, as viewed along [001] direction. Fig. 4a. SA sample. Sphericalα1 domains (as indicated by red
arrow) are uniformlydistributed through theα2 network (blue arrow). Fig. 4b.MSA sample.Manyelongatedα1 domains (as indicated by red arrow) are uniformlydistributed through the
α2 network (blue arrow) in direction parallel to the magnetic field.
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The volume fraction of α1, measured from HAADF-STEM images,
showed that the application of a magnetic field during step aging in-
creased the volume fraction of α1 phase from 62% in SA samples to
72% in MSA samples. In SA samples, the volume fractions of α1 and α2

phases were 62% and 38%, respectively, confirming our previous XRD
results (Figs. 4 and 2). Therefore, the application of magnetic fields ac-
celerates the growth of the α1 phase. This acceleration reflects the fact
that this α1 phase has a larger ferromagnetic moment than α2 (Fig. 4).

The lattice constant in the Co/Fe-rich α1 phase in SA and MSA sam-
ples, measured from HAADF-STEM images, was about 0.4% higher than
in the Cr-rich α2 phase (Table 2). The interfaces remained coherent;
i.e., because of the lowλ value, the small difference between the two lat-
tice constants introduced no misfit dislocations (Fig. 5a and g).

Digitized image of SA samples did not reveal any sharp interfaces
between α1 and α2, even though the intensity of atomic columns in
the α1 phase was, on average, 112% higher than in α2 phase (Fig. 5a
and d). Digitized atomic resolution images showed that the intensity
was different in different regions of each phase, indicating that a var-
iation in chemistry must have occurred inside both phases (Fig. 5b-c,
e-f, and h-k).

Using atomic resolution HAADF-STEM images, wemeasured the lat-
tice spacing in α1 and α2 phases in the [110], [−110], [010], and [100]
directions for both SA and MSA samples, and we calculated the lattice
constant in α1 and α2 phases in the four directions (Table 2) (also see
Fig. 5a, g, and Appendix A). For SA, the average lattice constants of α1

and α2 phases were 0.2787 nm and 0.2775 nm, respectively. For MSA,
the average lattice constants of α1 and α2 phases were 0.2759 nm and
0.2748 nm, respectively.
3.3. Composition

A combination of HAADF-STEM imaging, (EDS) mapping, line-
scanning, and point analysis confirmed that the α1 phase was rich in
both Fe and Co and that the α2 phase was rich in Cr (Fig. 6 and
Table 3). The composition of Fe, Cr, and Co in both SA andMSA samples
changed periodically, sometimes as a cosine wave and sometimes as a
square wave function. This occurs mainly because of a pattern of uphill
diffusion of Cr throughout the alloy. This pattern, in which one region is
Cr rich and Fe-Co poor while the next is Fe-Co rich and Cr poor, is char-
acteristic of all binary Fe-Cr alloys [1,48]. Researchers also found this
pattern in other spinodal alloys, such as Zr(Fe,Nb)2 [49], U-50Zr [50],
and 5 wt% Alnico5 doped Sm(Co0.9Cu0.1)5 ribbons [51]. Our
EDS-Mapping results showed that the intensity of Fe, Cr, Co changed
gradually within both α1 and α2 phases ‐‐ the diffusion reaction was
continuous. At the boundary betweenα1 andα2, however, the diffusion
reaction was discontinuous in that the intensities of Fe, Cr, Co changed
abruptly from one phase to the other. This result indicates that the reac-
tion is still developing within each phase but mature at the boundary
(Fig. 6c, f).

The amplitude level (A), whichwe defined as themaximum concen-
trationminus the average concentration of a given element, was greater
in the α2 phase than in the α1 phase for all three elements (Fe, Cr, and
Co) (Fig. 7). In both phases, the value of A was highest for Cr and lowest
for Co (Fig. 6b, e). ThemaximumA value for Crwas greater inMSA sam-
ples than in SA samples. The average λ for all three elements in MSA
samples was also greater than in SA samples, showing that step aging
Table 2
Lattice constant (nm) of SA and MSA samples, calculated using lattice spacing in (110), (−110

Samples (110) Error bar (−110) Error bar

SA (in α1) 0.2837 0.0019 0.2734 0.0031
SA (in α2) 0.2814 0.0043 0.2730 0.0023
MSA (in α1) 0.2756 0.0012 0.2744 0.0004
MSA (in α2) 0.2754 0.0008 0.2731 0.0005
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with an external magnetic field promotes the diffusion of Fe, Cr, and
Co atoms (Figs. 6 and 7).

The phenomenon of Fe and Co diffusing together while Cr diffuses in
the opposite direction can be explained by excess Gibbs free energy
((Gυ)E), expressed as:

Gυ	 
E ¼ ΩABχυ
Aχ

υ
B ð3Þ

whereΩAB is the interaction parameter for A-B regular solution. The two
elements (A and B) attract each other when ΩAB is negative and repel
each other when ΩAB is positive. It was found that ΩAB values were 12
kJ/mol for Fe-Cr system and ‐12 kJ/mol for Fe-Co [52]. In our alloy,
therefore, Fe and Co are miscible but Fe and Cr are not. Cr was rejected
from both Fe-rich phases, which was also rich in Co.

3.4. Hardness

Spinodal decomposition hardening was also studied in AlMg [53]
and MnCuNiFe [54] alloys. Our Vickers hardness tests of HT, SA, and
MSA samples indicated that hardness increased with step aging, more
in the SA sample (step aged without magnetic field) than in the MSA
(step aged with 3 T magnetic field) (Fig. 8a). The Knoop hardness
value for MSA sample was 398 HV, greater when the indenter was per-
pendicular to the magnetic field than when parallel (Fig. 7b). We also
tested the Knoop hardness of a HT sample and a SA sample. The results
were shown in appendix B.

Hardness in FeCrCo alloys is often assumed to be closely related to
wavelength and amplitude, i.e. periodic composition change. This
change is widely accepted that results from spinodal decomposition
that results from step aging (Fig. 6). This type of change increases hard-
ness by introducing a lattice mismatch, which generates internal stress
and, in turn, blocks dislocations. Chan used the cosine function to de-
scribe periodic composition changes as [48]:

C−C0 ¼ A βð Þ cosβ ð4Þ

where C is elemental concentration, C0 is the average elemental concen-
tration, and A(β) is the amplitude. The value for β is calculated as
β=2π/λ, whereλ is thewavelength of elementalfluctuation. Using this
equation, Chan calculated the relationship between yield stress and am-
plitude and between yield stress and wavelength. The results showed
that yield stress increases with amplitude and wavelength as λA2/2π.

In step-aged samples of SA andMSA, our EDS results showed differ-
ences in fluctuation among all three elements (Fig. 6). Because of these
fluctuation differences, the Vickers hardness of SA andMSA samples in-
creased by 100% and 85%, respectively (Fig. 8a). Both the amplitude
(A) and the wavelength (λ) of this fluctuation were greater in the
MSA sample than in the SA (Fig. 7). As discussed above, decomposition
accelerated by application of a 3 T magnetic field, which increased the
wavelength and lowered the hardness (Figs. 7 and 8).

In order to study the hardnessmechanism increased by spinodal de-
composition, using the dislocation dynamics method, for {110} 〈111〉
and {112} <111> slip systems, Takahashi et al. studied the relationship
between the increase of critical resolved shear stress (ΔCRSS) and am-
plitude (A) and wavelength (λ) of Fe-Cr alloys. Their results showed
that, for both slip systems, theΔCRSS increased almost linearlywith am-
plitude increases. For the {110} <111> slip system, the ΔCRSS did not
), (010), and (100) directions.

(010) Error bar (100) Error bar Average value

0.2741 0.0013 0.2834 0.0015 0.2787
0.2738 0.0010 0.2816 0.0005 0.2775
0.2787 0.0018 0.2750 0.0005 0.2759
0.2776 0.0009 0.2729 0.0011 0.2748
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Fig. 6.HAADF/EDSdata from samples designated as SA andMSA. Fig. 6a.HAADF image ofα1 andα2 phases in SA samples. Yellow square corresponds to the area of EDSmapping,white line
to the EDS line scan, and black arrows to the positions shown in Table 3 above. Fig. 6b. EDS line scan profile showing local composition (weight percent) of Fe (pink), Cr (purple), and Co
(blue) along the line indicated in Fig. 6a. Composition at locations 1, 2, 3, 4, 5 is shown inTable 3. Fig. 6c. Overlay EDSmapof Fe (green), Cr (red), andCo (blue)within the area delineated in
Fig. 6a. by the yellow square. Fig. 6d. HAADF image ofα1 andα2 phases inMSA samples. Fig. 6e. EDS line scan profile showing local composition (weight percent) of Fe (pink), Cr (purple),
and Co (blue) along the white line indicated in Fig. 6d. Composition at locations 1, 2, 3, 4, 5 appears in Table 3. Fig. 6f. Overlay EDS map of Fe (green), Cr (red), Co (blue) in the area
delineated in yellow square in Fig. 6d.

Table 3
The composition of each point of SA and MSA samples (wt%), each point indicated in Fig. 6b and e.

Samples Point 1 Point 2 Point 3 Point 4 Point 5

SA 38Fe57Cr5Co 74Fe12Cr14Co 52Fe36Cr12Co 67Fe11Cr22Co 44Fe50Cr6Co
MSA 42Fe49Cr9Co 70Fe15Cr15Co 25Fe71Cr4Co 71Fe9Cr20Co 45Fe44Cr11Co
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show a strong dependence onλ. However, for the {112}<111> slip sys-
tem, the ΔCRSS dependence on λwas closely associated with the angle
(θ) between a dislocation line and the Burgers vector. With θ=90° and
39.2°, the ΔCRSS decreased when λ increased. For other angles, the
ΔCRSS increased when λ increased [18]. Our hardness results are con-
sistent with Takahashi's conclusions only when the edge dislocation
and mixed dislocation (the angle (θ) between dislocation line and Bur-
gers vector is 39.2°) moved in the {112} <111> slip system.
Fig. 5. Analysis of atomic resolution HAADF-STEM images of α1 and α2 phases of SA and MSA s
composition between orwithin phases. Fig. 5a. Intensity variation fromα1 toα2 in SA sample. L
taken along the blue line. Fig. 5b. Intensity variationwithinα1 phase in SA sample. Bottom inset
the intensity profile of values taken along the blue line. Fig. 5c. Intensity variation within α2 p
about 6.5 ± 0.2 based on the intensity profile of values taken from each atom along the blu
represents the integrated intensity of one atomic column, which undergoes smooth variati
Intensity variation within α1 phase of SA sample. Bottom inset shows that the intensity ratio
along the blue line. Fig. 5i. Intensity variation within α2 phase of MSA sample. Bottom inset
intensity profile of values taken along the blue line. Fig. 5j-k. Digitized images of the intensity
column, which undergoes smooth variation between columns.

8

The ΔCRSS can be derived as follows [55]:

ΔCRSS ¼ AηY=2þ 0:65ΔGb=λ ð5Þ

where AηY/2 represents themisfit-hardening effect, and 0.65ΔGb/λ rep-
resents the modulus-hardening effect induced by composition varia-
tions, with A the amplitude, λ the wavelength, b the magnitude of the
Burgers vector, and η the coefficient describing coherency strain in-
duced by lattice misfit. The value for η is derived as follows [56]:
amples, as viewed along [001] direction. Variation in intensity corresponds to variation in
eft bright region isα1, right dark region isα2. Bottom inset shows intensity profile of values
shows that the intensity ratio between bright and dark regions is about 6.9±0.09 based on
hase of SA sample. Bottom inset shows that the intensity ratio between bright and dark is
e line. Fig. 5d-f. Digitized images of the intensity variations shown in Fig. 5a-c. Each dot
on between columns. Fig. 5g. Intensity variation from α1 to α2 in MSA sample. Fig. 5h.
between bright and dark is about 5.1 ± 0.1, based on the intensity profile of values taken
shows that the intensity ratio between bright and dark at about 5.3 ± 0.2 based on the
variations shown in Figs. 5h-i. Each dot represents the integrated intensity of one atomic



Table 4
The composition of eachmap of SA andMSA samples (wt%). The average compositions ofα1 for SA andMSA samples are 68.9Fe12Cr19.1Co and 70.6Fe9.1Cr20.3Co, respectively. The av-
erage compositions of α2 for SA and MSA samples are 31.5Fe62Cr6.4Co and 31.6Fe62.4Cr6Co, respectively.

Samples Maps in α1 phase

Map 1 Map 2 Map 3 Map 4 Map 5

SA 70.6Fe11.5Cr17.9Co 69.3Fe10.6Cr20.1Co 68.3Fe12.7Cr19Co 68.5Fe11.9Cr19.6Co 67.8Fe13.5Cr18.7Co
MSA 71.5Fe8.5Cr20Co 69.5Fe9.7Cr20.8Co 72Fe7.7Cr20.3Co 68.9Fe7.9Cr23.2Co 71.2Fe11.7Cr17.1Co
Samples Maps in α2 phase

Map 6 Map 7 Map 8 Map 9 Map 10
SA 30Fe63.5Cr6.5Co 31Fe64.5Cr4.5Co 32.5Fe61.7Cr5.8Co 32.8Fe59.8Cr7.3Co 31.4Fe60.6Cr8Co
MSA 30.1Fe63.8Cr6.1Co 34.5Fe59.3Cr6.2Co 33.2Fe61Cr5.8Co 31.5Fe62.6Cr5.8Co 28.7Fe65.2Cr6.1Co

Fig. 7. The amplitude of Fe, Cr, Co and thewavelength of element fluctuation of SA andMSA samples. Before step aging, the original concentrations of Fe, Cr, and Cowere 58wt%, 27%wt%,
and 15%wt%, respectively. In both types samples, we measured 1, 2, 3, 4, 5 EDS maps to analyze the amplitude of the three elements in α1, and 6, 7, 8, 9, 10 EDS maps to analyze the
amplitude of the three elements in α2. We also analyzed the average amplitude of two phases for each sample (also see Table 4). (a) The amplitude of three elements in α1 and α2

phases, and the average for SA sample. (b) The amplitude of three elements in α1 and α2 phases, and the average for MSA sample. (c) The wavelength of element fluctuation of SA
and MSA samples.

Fig. 8. Hardness of HT, SA, and MSA samples. (a) Vickers hardness of the three samples. (b) Knoop hardness of MSA sample in two directions: parallel and perpendicular to the magnetic
direction.
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η ¼ Δa
2Aa0

ð6Þ

where a is the lattice constant. The elastic constant, Y, is derived as follows:

Y ¼ E
1−ν

ð7Þ

where E is Young's modulus, and ν is Poisson's ratio. The amplitude of
shear modulus change, ΔG, is derived as follows:
9

ΔG ¼ ΔC
GA−GB

ð8Þ

whereΔC is the composition difference of element Z between Z-rich and
Z-poor regions, GA and GB are the shear moduli of elements A and B,
respectively.

For Fe-Cr-Co ternary alloys, the ΔCRSS can be derived using the fol-
lowing equation:



Table 5
The parameters of η, ν, E, Y, ΔCFe-Cr, ΔCFe-Co, ΔGFe-Cr, GFe-Co, (Fe-Cr) vol. %, and (Fe-Co) vol. % for SA and MSA samples.

Samples η ν E (GPa) Y (GPa) ΔCFe-Cr (GPa) ΔCFe-Co (GPa) ΔG Fe-Cr (GPa) ΔGFe-Co (GPa) (Fe-Cr) vol. % (Fe-Co) vol. %

SA 0.0086 0.331 229 342 0.5 0.13 16.50 0.78 69% 31%
MSA 0.0075 0.331 229 342 0.53 0.143 17.49 0.858 69% 31%
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ΔCRSSFe−Cr−Co ¼ Fe−Crð Þvol:%ð ÞΔCRSSFe−Cr
þ Fe−Coð Þvol:%ð ÞΔCRSSFe−Co ð9Þ

We estimated theΔCRSS for our binary alloys by substituting Awith
ACr and ACo, and ΔG with ΔGFe-Cr and ΔGFe-Co in Eq. (5):

ΔCRSSFe−Cr ¼ ACrηY=2þ 0:65ΔGFe−Crb=λ ð10Þ

ΔCRSSFe−Co ¼ ACoηY=2þ 0:65ΔGFe−Cob=λ ð11Þ

For both Cr and Co, composition amplitudes varied between α1 and
α2. For our calculations, we used the mean value of amplitude for each
phase. In the SA sample, the mean amplitudes of Cr and Co were 0.25
and 0.063, respectively. In the MSA sample, the mean amplitudes of Cr
andCowere 0.266 and 0.071, respectively. In the SA sample, the average
wavelength along the [200] and [020] directionswas 40 nm, whereas in
the MSA sample, the average wavelength in the directions parallel and
perpendicular to the magnetic field was 95 nm (Fig. 7).

The value of b in the above equations was 2.5 × 10−10 m in Fe-Cr al-
loys [55], and we used this value for our calculations. We used average
lattice constants of α1 and α2 phases to calculate the η for SA and
MSA samples (Tables 2 and 5). The values of the Young's modulus for
Fe, Cr, and Co are 211 GPa, 279 GPa, and 209 GPa, respectively and
were used to estimate the Young's modulus of Fe27wt%Cr15wt%Co
(Table 5). The shear modulus of Fe, Cr, and Co are 82 GPa, 115 GPa,
and 76 GPa, respectively. We also calculated the values of Y, ΔCFe-Cr,
ΔCFe-Co, ΔG Fe-Cr, ΔGFe-Co (Table 5). We estimated the volume fraction
of Fe-Cr and Fe-Co for the two samples (Table 5).

With the above values in Tables 2 and 5 for Eqs. (9), (10), and (11)
we estimate ΔCRSSFe-Cr-Co. For SA and MSA samples, ΔCRSS was about
330 MPa and 285 MPa, respectively, and the ΔCRSS ratio between the
two samples was 1.16.

The relationship between hardness (HV) and tensile strength (σy)
has been described by [57]:
Fig. 9. Analysis of the area of deformed region of HT, SA, and MSA samples. (a) The image of d
introduced by indenter of SA sample. (c) The image of deformed region introduced by inden
samples are 5591 ± 1190 μm2, 762 ± 91 μm2, and 930 ± 98 μm2, respectively.

10
HV ¼ Chy=υy � σy ð12Þ

where Chν/υy is a constant that is dependent on thematerials tested and
the geometry of the indenter. The value for Chν/υy is about 0.306 for
steels. After step aging, the increase in hardness (HV) was 203 for SA
and 173 for MSA samples (Fig. 8). The increase in tensile strength
(MPa) was 663 for SA and 565 for MSA samples. Under the Von Mises
criterion, the relationship between shear strength and tensile strength
is 0.5 for metals. Thus, shear strength values would be about 332 MPa
for SA and 283 MPa for MSA samples and the shear strength ratio of
SA over MSA samples would be 1.17. This value was consistent with
our calculations based on Eqs. (9), (10), and (11).

In SA and MSA samples, the estimated deformation zones intro-
duced by the indenter were about 762 and 930 μm2, respectively, and
the area ratio between deformation zones and indentation zones was
about 0.29 for SA and 0.32 for MSA samples (Fig. 9). This indicates
that the ductility was greater in MSA than in SA samples.

Our Knoop hardness test results indicated anisotropy in all samples,
consistent with the anisotropy of the compositionwavelength resulting
from spinodal decomposition (see appendix B).

4. Conclusions

Spinodal decomposition resulted in improved microstructure and
hardness of Fe-27wt%Cr-15wt%Co. Our major results are as follows:

(1) Lattice constants increased after step aging in a 3 T magnetic
field, but they increased even more without magnetic field.

(2) After step aging, the α phase decomposed into Fe-Co rich α1 and
Cr rich α2. In samples step aged without magnetic field, spherical
α1 domains were interspersed through the surrounding α2 net-
work. After step aging at 3 T, however, elongated α1 domains
lined up parallel to the direction of the magnetic field against the
background of surrounding α2 network. The overall composition
eformed region introduced by indenter of HT sample. (b) The image of deformed region
ter of MSA sample. We measured the area of deformed region of Types HT, SA, and MSA
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of the alloy gradually changed from α1 to α2, indicating no sharp
interface between the two phases. Fe, Cr and Co were
inhomogeneously distributed inside each phase, indicating that
fine-scale spinodal decomposition had occurred.

(3) After step aging, the changes that occurred in Fe, Cr, or Co
conformed to the cosine function in that each of the elements
had its own amplitude (A) and wavelength (λ). Concentrations
of Fe and Co reached their peaks in the α1 phase and their valleys
inα2 phase. By contrast, the concentration of Cr reached its peak in
the α2 phase and its valley in α1 phase. Application of a 3 T mag-
netic field increased both amplitude and wavelength for all three
elements.

(4) After step aging, the hardness increased due to spinodal decompo-
sition. Application of a 3 T magnetic field during step aging coars-
ened the microstructure, decreased hardness, and increased
toughness. The magnetic field induced an anisotropy in the hard-
ness, whichwas greater in the direction perpendicular to themag-
netic field.
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Appendix A. Appendix

Table A.1. Lattice spacing (nm) of SA (step aged without magnetic field) and MSA (step aged with 3 T magnetic field) samples at (−110), (110), (010), and (100) directions.
Samples
 (110)
 (−110)
 (010)
 (100)
A (in α1)
 0.1933
 0.2013
 0.2844
 0.2741

A II (in α2)
 0.1931
 0.1989
 0.2816
 0.2738

SA (in α1)
 0.1947
 0.1956
 0.2752
 0.2787

SA (in α2)
 0.1931
 0.1947
 0.2729
 0.2776
M
The Knoop hardness test of HT sample (homogenized treatment) showed that the hardness valuewas smaller when the indenter was parallel to the
cooling direction rather than perpendicular. This may be related to the grain size parallel to the cooling direction was larger than perpendicular
(Fig. B.1). The Knoop hardness value for SA sample (step agedwithout magnetic field) was greater when the indenter was parallel to the cooling di-
rection (parallel to the magnetic field) rather than perpendicular (Fig. B.2). This may be related to the wave-length (λ) of element fluctuation was
different in different direction. However, the Knoop hardness value for MSA (step aged with 3 T magnetic field) was smaller when the indenter
was parallel to the magnetic field rather than perpendicular (Fig. B.2). This indicated that the wave-length was greater in the direction of the mag-
netic field. The Knoop hardness tests showed the anisotropy in hardness resulting from amplitude (A) and wavelength (λ) anisotropy.

Appendix B. Appenix

Fig. B.1 SEM image of HT sample. The average grain sizes of parallel and perpendicular to the cooling direction are 1034 ± 420 μm and 257 ± 81 μm, respectively.
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Fig. B.2. Knoop hardness of the HT, SA, andMSA samples in two directions: parallel and transverse to the cooling direction (The cooling direction is parallel to the direction of 3 T
magnetic field).
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