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ABSTRACT

Exploring the chemical micro- and nanostructure of metal alloys is essential to

understand their physical properties, such as magnetism or hardness. Addi-

tively manufactured (AM) materials, e.g. via laser powder bed fusion (LPBF)

followed by various heat treatments, can raise further questions concerning the

printed material. For the in-situ alloyed, spinodal Fe54Cr31Co15 system, the

macroscopic magnetic behaviour is greatly influenced by subsequent

homogenisation and heat treatment steps. Here we show that the decomposition

takes place on the nanometre scale, resulting in ferromagnetic FeCo-rich parti-

cles embedded in a Cr-rich matrix. By studying phenomena like chemical

homogeneity, grain structure, and texture of the in-situ alloyed material at

different scales, we reveal correlations between the heat treatment and the

resulting nanostructure and its ferromagnetic properties. We found that the

isothermal heating conditions determine the degree of phase segregation and

that a homogenization step can be omitted for additively manufactured, in-situ

alloyed FeCrCo alloys. The approach thereby offers insight and a path for also

tailoring specific manufacturing parameters to provide the right quality printed

materials with desired functionalities. For example, magnetic FeCrCo alloys are

often used in electric motors or magnetic sensors, and the flexibility of the

presented approach can lead to optimal use of the material.
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Introduction

In recent years, additive manufacturing has been

established not only as a method for the production

of structural materials but also for functional mate-

rials design [1–3]. The method of laser powder bed

fusion (LPBF) provides great freedom considering

design, but usually, commercial powders suitable for

additive manufacturing are limited to a few very

common materials. To overcome this limitation, the

method of in-situ alloying can provide the desired

flexibility. In this technique, a mixture of elemental

powders is used instead of the pre-alloyed powder.

The main advantage here in comparison with using

pre-alloyed powders is, first, that for additively

manufactured (AM) novel materials, no pre-alloyed

powder exists. Thereby, in-situ alloying of pure ele-

ment powder mixtures is often the only method that

can be used for these very diverse classes of materi-

als. Second, the chemical composition of the alloy can

be varied by simply changing the composition of the

powder mixture. This may be crucially important for

rapid prototype design, where adaption of the

chemical composition might become necessary for

research and development purposes. For example, in

industry 4.0, using pre-alloyed powders for these

custom prototypes may be too slow and expensive

[4–6]. Third, AM is important due to its ability to

produce complex-shaped parts as well as the possi-

bility of anisotropic printing [7–11].

Changing the composition, shape, and structure of

an alloy may lead to drastic changes in its physical

properties. This is especially true for the Fe–Cr–Co

system, where this flexibility can be quite interesting.

In this system, the magnetic properties can be vastly

different depending on the chemical composition, as

Kaneko et al. have already shown in their studies

[12]. In this field, for AM, it might be of particular

interest to be able to adjust the magnetic properties

according to each specific case. Despite the flexibility

in the AM process itself, an additional way of

manipulating the chemical microstructure and,

thereby, the magnetic properties is to spinodally

decompose the alloy after printing. Spinodal

decomposition is a well-known phenomenon during

that an alloy decomposes when heated and held

within the miscibility gap [13–17]. For FeCrCo alloys,

it is known that it decomposes into two distinct

chemical phases, a FeCo-rich and a Cr-rich phase

with the first one causing the alloy to become

ferromagnetic [18–21]. Coupling the flexibility of the

AM in-situ alloying process with the spinodal

decomposition procedure offers great potential to

manipulate and fine-tune the physical properties

such as magnetism of such alloys.

An important question for in-situ alloying is the

issue of the homogeneity of the printed parts. In a

previous study, we have shown that the homogeneity

of in-situ alloyed FeCrCo alloys depends on the laser

power and energy density used during the printing

process [22]. A laser power of 240 W with an energy

density of 400 Jmm-2 was found to produce the most

homogeneous and dense alloys. Usually, homogeni-

sation treatments after printing are applied to ensure

full homogeneity. In this study, we extend the ques-

tion of homogeneity down to the nanometre range

and compare the chemical and magnetic micro- and

nanostructural properties of an as-printed and fully

homogenised samples. Additionally, we investigate

the influence of different spinodal decomposition

conditions (i.e. different heat treatments after print-

ing) on these properties.

We used scanning electron microscopy energy-

dispersive X-ray spectroscopy (SEM–EDXS) and

electron backscatter diffraction (EBSD) to determine

the chemical structure at the micrometre scale and

scanning transmission electron microscopy (STEM)

imaging and spectroscopy techniques to measure it at

the nanometre scale. STEM–EDXS and magnetic dif-

ferential phase contrast (DPC)—STEM imaging have

been applied to map the chemical and magnetic

nanostructures of the different alloys, respectively.

Methods

Printing parameters and SEM-EBSD
measurements

Based on our previous work, three samples were

chosen for further analysis due to their intriguing

combination of heat treatments and magnetic per-

formances. In Table 1, the printing parameters, the

postprocessing heating treatments, and the magnetic

properties are reprinted.

The used laser power and energy density were the

same for all three specimens; however, the

homogenisation and heat treatment after printing

was different. If a sample was homogenised, it was

heated up to 1100 �C for one hour. The heat treatment
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labelled 640HT denotes heating of the alloy at 640 �C
for 1 h, followed by cooling it down to 510 �C with a

cooling rate of 26 �C h-1 and keeping the tempera-

ture for another hour. The procedure labelled 510HT

kept the alloy at 510 �C for 50 h. The chosen heat

treatments are based on the miscibility gap of FeCrCo

alloys, and further details can be found elsewhere

[12, 22, 23].

The samples were printed on an ORLAS Creator

from Coherent, Germany. X-ray diffraction (XRD)

measurements on these samples were performed and

published in an earlier paper by Arneitz et al. [22].

For SEM/EBSD investigation, samples were cut

along the three main directions, called x, y and z (see

Fig. S.1 of the supplementary information), and

embedded in a conductive resin. Samples were then

ground using SiC paper (800, 1200, 2000 and 4000) for

3 min each, polished (3 and 1 lm) for 10 and 30 min,

respectively, and vibropolished (0.01 lm) over night.

EBSD investigations with two degrees of resolution

(overall image and close-up) were performed in a

TESCAN REM—Mira electron microscope using TSL

OIM Analysis v.8 software for analysis. A working

distance of 25 mm and a field of view of

1000 9 800 lm for the overview images and

200 9 160 lm for the close-up images were used. The

exposure times were set to 3.5 ms and 10 ms with

step sizes of 0.85 lm and 0.1 lm, respectively. For the

image processing, (1) static background division, (2)

dynamic background division and (3) intensity his-

togram normalization were deployed.

Specimen preparation STEM

For (S)TEM measurements, thin slices were cut out of

the 3D printed blocks. Disc-shaped specimens with

diameters of roughly 3 mm were subsequently either

punched or cut out. To achieve electron transparency,

the specimens were mechanically thinned using a

dimple grinder followed by Ar-ion milling under

cryogenic conditions using a PIPS II from AMETEK

Inc., USA.

STEM measurements

High-resolution imaging and spectroscopy were

performed using a TFS Titan3 G2 60–300 microscope

(Thermo Fisher Scientific Inc., USA) in scanning TEM

(STEM) mode operating at 300 kV acceleration volt-

age. STEM images were acquired with a high-angle

annular dark field (HAADF) detector (collection

angle of 63–200 mrad, Cameral length (CL) = 91 mm)

using Velox software (Thermo Fisher Scientific [24])

for data acquisition and processing. Energy disper-

sive X-ray spectroscopy (EDXS) and elemental map-

ping were carried out with a TFS Super-X detector

(Chemi-STEM technology, solid angle: 0.7 sr [25])

within the Titan microscope and Velox software was

used for data acquisition and processing again. Ori-

ginLab (Version 2021b) was employed for plotting

and statistical analysis of the quantified EDXS data.

LM-STEM DPC measurements

Mapping the in-plane magnetic domain structure

was achieved by low-magnification STEM differential

phase contrast (LM-STEM DPC) imaging. To obtain

the magnetic structure, a 4-segment annular detector

and Velox software were used. STEM DPC uses the

interaction of the electron beam with the magnetic

structure while passing through the specimen to map

fields. Classically, the interaction between an electron

and a magnetic or electric field is described by the

Lorentz force FL ¼ q Eþ v� Bð Þð Þ, displaying a

deflection of the moving electron when passing

through the field. By detecting the shift of the imag-

ing electron beam of a STEM, the field structure

causing the deflection can be detected and visualized.

Thus, DPC is a powerful technique to determine the

magnetic domain structure of spinodal FeCrCo alloys

at the nanometre scale. More details about STEM

Table 1 Overview of the three additively manufactured, in-situ alloyed, magnetic spinodal FeCrCo alloys used in this study. Reprinted

from Arneitz et al. [22]

Sample Laser power/W Energy density/Jmm-2 Homogenisation Heat treatment l0Hc/kAm
-1 l0Mr/T BHmax/kJm

-3

FeCrCo_1 240 400 No 640HT 22.29 0.42 0.08

FeCrCo_2 240 400 1100 �C 640HT 19.10 0.47 0.08

FeCrCo_3 240 400 1100 �C 510HT 0.80 0.10 0.08
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DPC and how it can be used to determine the mag-

netic domain structure of spinodal alloys can be

found in a recent paper about spinodal Cu52Ni34Fe14
[26] and in further literature [27–35].

To secure a low-field environment, the microscope

was operated in low-magnification (LM) mode and

the objective lens was switched off during DPC

measurements leading to residual stray fields\ 12

kAm-1. Velox software was again used for DPC data

acquisition and generating the difference and sum

images. A MATLAB (Version R2019b) script was

written to display a false-colour magnetic field

structure, which we refer to as colour wheel repre-

sentation. The processing workflow of getting from

single quadrant images to the magnetic field struc-

ture in colours is illustrated in figure S.8 of the sup-

plementary information.

Results and discussion

SEM–EDXS measurements

We begin the discussion of our results with a SEM–

EDXS elemental map at the larger (lm) scale for Fe to

elaborate the chemical homogeneity of the in-situ

alloyed but unhomogenised FeCrCo_1 specimen.

Figure 1 shows the grey-scaled Fe elemental map that

reveals a rather homogeneous distribution of Fe

across the scanned area. However, we also observe a

few dark inclusions together with brighter and dar-

ker inhomogeneities. In order to quantify the homo-

geneity of the specimen we determined the amount

of area covered either by brighter or darker features

using the software Fiji (Version 2.3.0) [36]. There, the

histogram of occurring grey values can be used to set

certain thresholds and colourize and determine the

brighter (Fe-richer) and darker (Fe-depleted) areas.

The process was repeated several times to determine

maximum values for the area fractions of the differ-

ent inhomogeneities. The found results are displayed

in image (b) for the Fe-rich areas and (c) for the Fe-

depleted regions.

We found that more than 90% of the FeCrCo_1

alloy had a similar homogenous distribution of Fe, Cr

and Co compared to the two other specimens that did

not show chemical inhomogeneities after their addi-

tional heat treatment. The homogeneous distributions

of Fe of specimens FeCrCo_2 and FeCrCo_3 are

shown in figure S.2 in the supplementary informa-

tion. However, roughly 3 percent of the investigated

area showed a higher Fe content and * 6% showed

either higher Co or Cr content. Similar elemental

maps for Cr revealed that the very dark inclusions

seen within image (a) are almost pure Cr-particles

([ 98 at.% Cr) that probably stem from insufficient

melting of larger Cr-powder particles. Cr has a higher

melting point (1907 �C) compared to the other used

powders (1538 �C for Fe and 1423 �C for CoCr). The

residual inhomogeneous mixing is likely due to high

cooling rates and complex melt pool temperature

fields of the LPBF process [37, 38]. Interestingly, the

two homogenised alloys did not show any differ-

ences at this level of resolution despite their different

spinodal decomposition treatment that resulted in

vastly different magnetic properties (e.g. coercivity,

see Table 1).

To analyse the chemical composition, we also

evaluated the EDXS elemental maps quantitatively

for Fe, Cr and Co of all three specimens. The results

are displayed in Fig. 2, where the Fe, Cr and Co

content in at.% is shown for the nominal overall

Figure 1 SEM–EDXS elemental map of Fe with a field of view of

850 9 600 lm (a). Images (b) and (c) highlight the Fe-rich and

Fe-poor regions, respectively. The maximal area fraction coloured

in red is displayed in the upper right corner of the images. For the

displayed image b the threshold was set to 2.9%, meaning that the

2.9% brightest pixels were coloured. For image c, the threshold

was at 5.1% for the darkest pixels.
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composition, all three alloys and the Cr-particles of

FeCrCo_1 revealed in Fig. 1. The homogeneous parts

of FeCrCo_1, FeCrCo_2 and FeCrCo_3 all showed

similar compositions of (54.1 ± 0.4) at.% Fe,

(31.6 ± 0.3) at.% Cr, and (14.4 ± 0.3) at.% Co, and

thus were in good agreement with the nominal

composition of Fe53.8Cr31.0Co15.2. It should be noted

that for the quantitative values displayed in Fig. 2,

only the SEM–EDXS signals of Fe, Cr and Co were

used, neglecting minor signals of Mn or Mo (between

0.5 and 1 at.% each) and others. This approach has

also been used later for the STEM–EDXS analysis for

better comparability. Errors were calculated assum-

ing a t-distribution of the mean values for Fe, Cr and

Co of the three alloys with a confidence interval of

95% (a = 0.05, t = 4.303) [39].

Themicroscopic EDXS elementalmaps reveal at least

three interesting facts about the investigated samples.

First, the homogenisation step during the heat treat-

ment influences the chemical homogeneity. Second,

with optimized printing and in-situ alloying parame-

ters, a homogeneity[ 90% is regularly achievable. This

denotes progress in the field of in-situ alloying, since

homogeneity is always a concern with this technique

[7, 40–43]. Third, the spinodal decomposition takes

place at the nanometre scale and the change of the

chemical structure there cannot be detected with the

conducted SEM–EDXS measurements.

EBSD analysis

In order to further understand the structure of the

additively manufactured alloys at the larger (lm)

scale, electron backscatter diffraction (EBSD) mea-

surements were conducted. Figure 3 shows the

inverse pole figure (IPF) maps of all three alloys

measured along each main direction of the printed

cubes, which is parallel to the building direction (i.e.

top view along the z-direction) and perpendicular to

it along x and y (side and front view), respectively.

Comparing the grain structures perpendicular and

parallel to the growing direction, one major differ-

ence becomes evident. Grains in the xy plain (images

a, d and g) appear more equiaxial, while grains in the

xz (images b, e and h) and yz (images c, f and i) plane

are larger and more columnar. This can also be seen

when analysing the aspect ratios of the grains for

each plane of orientation, plotted in figure S.3 in the

supplementary information. This is probably due to

the epitaxial growth of the grains, which is typically

observed in the LPBF process [44–47]. The resulting

larger and elongated grains parallel to the building

direction and smaller, more equiaxial grains per-

pendicular to it, are also revealed, when comparing

the grain size distribution for each direction, as

shown in Fig. 4.

There, the grain size distribution perpendicular to

the building direction, i.e. grain sizes measured from

images (a), (d) and (g), is plotted in red and parallel

to it are displayed in green and blue. For all three

specimens the grain sizes are smaller perpendicular

to the building direction. Additionally, larger grains

([ 175 lm) appear only within the homogenised

specimens FeCrCo_2 and FeCrCo_3. This is most

likely due to the fact that upon homogenisation (high

T), very small grains are eventually consumed by the

surrounding grains resulting in a few larger ones.

This observation is also displayed in Table 2, where

the three specimens’ mean grain sizes along all three

directions (xy, xz, and yz) are shown. For FeCrCo_1,

the mean grain size parallel to the printing direction

is just slightly bigger, whereas for FeCrCo_2 and

FeCrCo_3, a significant shift towards a larger diam-

eter is observed.

To further analyse the very small grains found only

within FeCrCo_1, a magnified inverse pole fig-

ure map is displayed in figure S.4 in the supple-

mentary information. The regions with a low

confidence index showed smaller grains with a

higher degree of misorientation. These areas proba-

bly formed due to the high cooling rates in the LPBF

process and were only observed in the unho-

mogenised specimen [48]. However, comparing the

Figure 2 Quantitative analysis of the chemical composition of all

three alloys and the Cr-rich inhomogeneities of FeCrCo_1. As a

reference, the nominal composition is also displayed.
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Figure 3 Inverse pole figure maps of FeCrCo_1 (a-c), FeCrCo_2 (d-f) and FeCrCo_3 (g-i) measured along the z-, x- and y-direction

defined by figure S.1, respectively. The field of view for all images is 1000 9 800 lm.

Figure 4 Grain size distribution perpendicular (red) and parallel (green, blue) to the building direction (z) of all three specimens.
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overall amount of misorientation for all three speci-

mens, little quantitative differences can be found (see

S.5). Another measure showing the similarities

between all three alloys independent of their

homogenisation and heat treatments is their

strong\ 001[ texture parallel to the building

direction. Figure 5 displays the pole figure images

recorded along the z-direction revealing the similar

textures and that the x-, y- and z- printing directions

can be identified as the [100], [010] and [001] direc-

tions, respectively, of the body-centred cubic (bcc)

crystal structure.

Such an occurrence of a strong\ 001[ texture

parallel to the building direction is consistent with

other studies on Fe-based materials [49–52]. The most

prevalent\ 001[ texture is found within FeCrCo_1,

which can probably be attributed to a loss of texture

during the homogenisation treatment. The slightly

stronger texture may also be the reason for the higher

coercivity of FeCrCo_1 compared to FeCrCo_2 (see

Table 1).

Summarising the SEM–EDXS and EBSD results, we

found that all three specimens are very similar in

terms of grain structure, grain growth, texture, and

chemical homogeneity at the larger scale (lm). The

as-printed FeCrCo_1 displays some chemical inho-

mogeneities highlighted by Cr-particles and the

strongest\ 001[ texture parallel to the building

direction. Other than that, only a few differences

between unhomogenised and homogenised speci-

mens were found. As a consequence, by in-situ

alloying, the homogenisation step within the heat

treatment may be omitted, and time and energy can

be saved.

The two homogenised but differently spinodally

decomposed alloys appear almost identical, although

previous magnetic hysteresis measurements strongly

suggest a different micro- or nanostructure. There-

fore, a more detailed analysis at a higher resolution is

mandatory to fully explore the similarities and dif-

ferences of the chemical nanostructures and their

influence on the magnetism of the alloys.

(S)TEM imaging

To gain a better understanding of the differences and

similarities of the micro- and nanostructure of the

different alloys, we employed high-resolution scan-

ning transmission electron microscopy (HR—STEM)

imaging and energy-dispersive X-ray spectroscopy.

In a first step, high-angle annular dark field

(HAADF) images were recorded. For a better com-

parison, all the alloys were tilted into

Table 2 Evaluation of the mean grain size perpendicular (xy) and

parallel (xz and yz) to the printing direction according to the

distributions displayed in Fig. 4

Mean grain size FeCrCo_1 FeCrCo_2 FeCrCo_3

xy_mean/lm 93 77 94

xz_mean/lm 108 144 136

yz_mean/lm 100 158 144

Figure 5 Pole figure images, showing the occurring textures in

samples FeCrCo_1 (a), FeCrCo_2 (b) and FeCrCo_3 (c). All

specimens were investigated along the z-direction, i.e. the texture

of the cuts along the xy plane is recorded. A clear\ 001[ texture

can be seen in all three samples parallel to the building direction,

with the unhomogenised sample (FeCrCo_1) having the strongest

texture.
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a\ 001[ crystallographic zone axis before acquiring

the images. Selected area electron diffraction (SAED)

and convergent beam electron diffraction (CBED)

were used to secure proper alignment.

Figure 6 displays large area HAADF images of all

three alloys and reveals similar grain sizes and

structures compared to the previous SEM/EBSD

findings. Additionally, small dark inclusions can be

found randomly distributed across all three alloys.

Larger zoom areas are marked with a red dashed

rectangle and displayed in the lower right of the

images to better visualize the dark inclusions. Slight

changes in the brightness of different grains can be

attributed to thickness variations across the regions of

interest as well as tilting between the grains. Conse-

quently, only one grain at a time was tilted into

a\ 001[ zone axis (ZA), moving others out of a

perfect ZA alignment (typically a couple of degrees).

Due to the clear\ 001[ texture of all three alloys, a

ZA alignment was easily achieved. The images of

FeCrCo_2 and FeCrCo_3, Figs. 6b, c, respectively,

also show several milling traces stemming from the

ion bombardment during the thinning process.

Nevertheless, on such larger scales, all three alloys

display again very similar structures.

STEM—EDXS measurements
of the nanostructure

To derive the chemical composition of the nanos-

tructures, STEM–EDXS spectroscopy was carried out.

A detailed overview of the chemical structures found

for all three specimens is displayed in Fig. 7. The top

row of images (a, c and e) reveals the HAADF images

of the three specimens, the second row (b, d and f) the

overlay of the Cr, Fe and Co EDXS elemental maps,

respectively. The Cr signal is displayed in blue, the Fe

signal in red and the Cr signal in green and additive

colour mixing is used to display the overlay signals.

The third row of images displays additional EDXS

elemental maps/overlays of the same area for

FeCrCo_1. The field of view for FeCrCo_1 and

FeCrCo_2 is 750 nm 9 750 nm, whereas for

FeCrCo_3 it is 100 nm 9 100 nm.

The HAADF images for FeCrCo_1 and FeCrCo_2

both display a similar structure of brighter particles

embedded in a slightly darker matrix. Within each

image, one dominant dark inclusion can also be seen.

As mentioned earlier, both specimens are expected to

spinodally decompose into FeCo-rich particles

embedded in a Cr-rich matrix, and the HAADF

images strongly support that. The contrast of

HAADF images strongly depends on the average

atomic number (* Z2), meaning areas with heavier

elements will appear brighter than areas containing

light elements. Thus, the brighter particles are

expected to contain more iron and cobalt (ZCr = 24,

ZFe = 26, ZCo = 27) than the darker surrounding

matrix. The overlay of the EDXS elemental maps (b

and d) validate this assumption, showing FeCo-rich

particles (yellow) embedded in a Cr-rich matrix

(blueish).

Single EDXS elemental maps for Fe, Cr and Co of

all specimens are shown in figure S.6 of the supple-

mental information. The FeCo-rich particles appear in

various shapes, trending however towards cubic and

cuboid forms. Furthermore, the edges of the particles

Figure 6 Large-area HAADF images of FeCrCo_1 (a), FeCrCo_2 (b) and FeCrCo_3 (c) displaying grain sizes and structures similar to

SEM/EBSD measurements. Furthermore, randomly distributed dark inclusions can be seen within all three images.
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tend to align along the\ 001[ crystallographic

directions, as indicated by the dark arrows in the

lower right of the images. The Cr-rich matrix also

contains molybdenum which most likely originates

from the Co29Cr6Mo-powder used for printing. The

Mo EDXS elemental map is displayed in the image

(a) of figure S.7. of the supplementary information.

Analysing the dark inclusion of FeCrCo_1, the

EDXS analysis revealed an oxide particle containing

Si, Al, Mn and O. It seems that the particle consists of

an Al/Si richer core surrounded by Mn and covered

by O. However, the particle is mainly covered by the

FeCo-rich phase but otherwise does not seem to

influence the decomposition of the FeCrCo alloy. An

EDXS overlay image of the particle is shown in fig-

ure S.7 of the supplementary information. Similar

oxide particles are found in all three alloys, suggest-

ing that they emerge due to residual material within

the printing chamber during printing or impurities

within the powders used for printing. However, the

authors are aware that in future measurements, spe-

cial attention should be paid to the cleanliness of the

printing chamber and the powder used in order to

obtain the purest alloys.

Contrary to the previous two alloys, FeCrCo_3

exhibits a different nanostructure that is revealed by

images (e) and (f). The HAADF image does not show

the same particles-in-matrix structure even though

small darker and brighter features can be seen.

However, the EDXS elemental map reveals a granu-

lar-like structure consisting of small particles, either

FeCo- or Cr-rich. The particles are considerably

smaller, also reflected by the smaller scanned area of

100 nm 9 100 nm. The change of the nanostructure

towards a granular-like elemental distribution of Fe,

Cr and Co of FeCrCo_3 is also displayed by the

individual EDXS elemental maps shown in figure S.5

within the supplementary information.

A further comparison of the FeCo-rich particle

sizes of the three alloys is given in Fig. 8. There, the

average sizes of the particles are shown. Mean

diameters of (69 ± 15) nm, (69 ± 18) nm and

(5.7 ± 1.6) nm for FeCrCo_1, FeCrCo_2 and

FeCrCo_3 are found.

Figure 7 HAADF and overlays of Cr, Fe and Co EDXS elemental

maps for all three alloys. The alignment along the [001]

crystallographic direction is indicated by the black arrows in the

lower right of each image for each alloy. The field of view of the

images of FeCrCo_1 (images (a) and (b)) and FeCrCo_2 ((c) and

(d)) is 750 nm 9 750 nm, whereas for the images of FeCrCo_3

((e) and (f)) it is 100 nm 9 100 nm.
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This again displays the similarity of alloys

FeCrCo_1 and FeCrCo_2 and the significant change

of the microstructure for specimen FeCrCo_3. Aside

from analysing the size of the FeCo-rich particles,

also a quantitative analysis of the EDXS spectra,

gathered from the elemental maps shown in Fig. 7,

has been performed. The Cr, Fe and Co compositions

for all three alloys and both the Cr-rich matrix and

the FeCo-rich particles are displayed in Fig. 9.

The overall composition for all three alloys was

found to be (54.2 ± 1.0) at.% Fe, (31.0 ± 0.6) at.% Cr

and (14.8 ± 0.5) at.% Co, neglecting the other minor

signals like Mo or from the oxide particles for sim-

plicity. These values match very well with the results

found with SEM–EDXS and the nominal composition

Fe53.8Cr31.0Co15.2.

For alloys FeCrCo_1 and FeCrCo_2, the Cr-rich

matrix consists of (57.2 ± 2.1) at.% Cr, (36.2 ± 1.7)

at.% Fe and (6.6 ± 0.6) at.% Co and the FeCo-rich

particles of (8.3 ± 2.1) at.% Cr, (69.1 ± 1.4) at.% Fe

and (22.6 ± 0.9) at.% Co. The compositions for alloy

FeCrCo_3 are slightly different and shifted closer to

the overall composition. This may be very well

understood, considering the average size of the par-

ticles of FeCrCo_3 and the thickness of the sample.

Although the thickness of the specimen was not

determined experimentally, it is sufficient to assume

a thickness multiple times the size of the FeCo-rich or

Cr-rich particles. Hence, the quantified EDXS signal

of a certain particle seen within the elemental map is

not solely due to the single phase of that specific

particle but a convolution of various signals of both

phases. Thus, the EDXS signals of one phase/particle

are expected to change towards the overall compo-

sition of the alloy, which is exactly what can be

observed.

The values for the particle sizes as well as the

compositions were gained by averaging the results of

10 line profiles/spectra for each specimen and phase.

For the overall values, the results for the three spec-

imens were averaged. The errors shown were calcu-

lated assuming a t-distribution and using a

confidence interval of 95% (a = 0.05 and t = 2.262 for

the particles/matrix and t = 4.303 for the overall

composition) [39]. The EDXS signals were quantified

using standard Cliff-Lorimer quantification provided

by Velox Software (theoretical k—factors). A Brown-

Figure 8 Mean diameter of FeCo-rich particles for all three

specimens. The diameters were measured out of the overlays of

EDXS elemental maps (Fig. 7).

Figure 9 Quantitative STEM–EDXS analysis providing the chemical compositions of the Cr-rich (a) and FeCo-rich (b) phases as well as

the overall composition for all three alloys.
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Powell model for the ionization cross section model

and no absorption correction was used [53, 54].

The nanostructures revealed by EDXS elemental

mapping and quantification provide a few interesting

insights. First, comparing the results for alloy

FeCrCo_1 and FeCrCo_2, one can clearly state that

both structures are strikingly similar despite the

missing of a homogenisation step of FeCrCo_1 before

the heat treatment. Although the SEM–EDXS mea-

surements showed less homogeneity of the alloy

FeCrCo_1, the STEM analysis revealed a similar

nanostructure of both alloys when comparing a

homogeneous region of FeCrCo_1 with FeCrCo_2.

We can therefore conclude that the heat treatment

after a possible homogenisation, i.e. the spinodal

decomposition of the alloy, is the main reason for the

evolution of the nanostructure into FeCo-rich parti-

cles embedded in a Cr-rich matrix. Comparing the

results for FeCrCo_1 and FeCrCo_2, it is safe to state

that the as-printed alloy was sufficiently homoge-

neous to provide a similar micro- and nanostructure

with the benefit of saving time and energy by omit-

ting the homogenisation step. Combining this with

the flexibility of using pure element powders for

printing, the process provides tremendous upsides

for future material designs and applications.

Second, the difference in the nanostructure

between FeCrCo_1/FeCrCo_2 and FeCrCo_3 is

obvious. This further strengthens the statement from

above that the heat treatment is the main reason for

the evolution of the nanostructure. This is known for

spinodally decomposed alloys; however, for mag-

netic alloys like FeCrCo, the change of the micro- and

nanostructure also affects its magnetic properties

[55–57]. This is also reflected by the magnetic hys-

teresis measurements presented before, showing that

the formation of FeCo-rich particles is the reason for

the FeCrCo alloy to become ferromagnetic. Depend-

ing on the size of these ferromagnetic particles, the

interaction of these changes, and therefore also the

macroscopic magnetic properties. Due to the similar

micro- and nanostructure, FeCrCo_1 and FeCrCo_2

display similar coercivities and remanence magneti-

zations, whereas FeCrCo_3 possesses a coercivity two

magnitudes smaller. This can be explained by the

change of the nanostructure from larger FeCo parti-

cles in a Cr-rich matrix for FeCrCo_1 and FeCrCo_2

to a granular-like structure that has only smaller

FeCo-rich particles present within FeCrCo_3. Thus,

depending on the heat treatment, not only the

chemical nanostructure but also the magnetism of

FeCrCo alloys can be tuned.

Magnetic nanostructure

To investigate the magnetic nanostructures of alloys

FeCrCo_1 and FeCrCo_2, we also conducted LM-

STEM DPC investigations. Prior to DPC measure-

ments, the objective lens of the microscope (* 2 T

field strength) was used to magnetize the alloy.

Afterwards, the lens was switched off to secure a

low-field environment with residual stray fields

below 12 kAm-1. Since the coercivities of the alloys

were measured at 22.29 kAm-1 and 19.10 kAm-1,

respectively, the magnetic domain structure is hardly

perturbed during measurements and can be mapped

using LM-STEM DPC. Conversely, the magnetic

structure of alloy FeCrCo_3 could not be determined

since the coercivity of this alloy was too low

(0.8 kAm-1) to withstand the stray fields within the

microscope. Again, this reflects the dramatic effect

the different heat treatment has on the magnetism

resulting from the different nanostructure.

Figure 10 displays an annular bright-field image

and a magnetic DPC image of alloy FeCrCo_1 (a, b)

together with the known overlay of the Cr, Fe and Co

EDXS elemental maps of alloy FeCrCo_2 (c) as well as

a magnetic DPC image (d) of the very same region.

The DPC images exhibit the in-plane magnetic

structures and are shown in colour wheel represen-

tation. There, the direction of the in-plane magnetic

induction vector is imaged as a function of hue, and

the colour wheel in the upper right reveals this cor-

relation. Hence, the magnetic DPC images reveal the

colourized in-plane magnetic domain structures [27].

Image (a) of Fig. 10 displays the sum image of all

four DPC quadrants and thus is similar to an annular

bright-field (ABF) image of the investigated region of

FeCrCo_1. This can be helpful for identifying features

within a DPC image stemming from dynamical

scattering effects, such as bending contours which are

nicely visible within BF-images. In order to minimize

such effects, the alloy was again slightly tilted out of a

perfect\ 001[ZA alignment, resulting in a rather

homogeneously grey BF image.

Nevertheless, a thickness gradient from the upper

left to the lower right can be identified. The magnetic

structure revealed by the DPC image (b) reveals a

lamellar like domain structure (i.e. regions with dif-

ferent colours). Dark arrows within the DPC image
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reveal the direction of the magnetic vector of certain

areas, i.e. the magnetic domains. The arrows indicate

a complicated pattern of magnetic domains with a

tendency of the magnetization vector pointing

roughly along the\ 100[ crystallographic direc-

tions. This is in accordance with the literature that

postulates\ 100[ as the magnetic easy axes for Fe-

rich FeCo [13]. However, a precise determination of

the directions with respect to the crystallographic

lattice is difficult since the specimen has been tilted

out of an ideal [001] ZA alignment (* 10�) prior to

the DPC measurements to minimize the before

mentioned dynamical scattering effects [58, 59].

Nevertheless, a pattern of magnetic domains

responsible for the magnetic behaviour of the alloy is

clearly visible.

For alloy FeCrCo_2, the domain boundaries run

roughly across the diagonal of the image from the

upper left to the lower right. Again, dark arrows

within the image illustrate the direction the magnetic

induction vector is pointing to within certain regions.

A similar tendency of the magnetic vector pointing

along the\ 001[ crystallographic directions can be

identified, further displaying the similarities of both

alloys FeCrCo_1 and FeCrCo_2. Moreover, a com-

parison with the EDXS elemental map displays the

coupling of several FeCo-rich particles to form one

magnetic domain. Some magnetic domains are found

to be significantly bigger than the FeCo particles,

indicating that single domain FeCo-rich particles

coupled to each other, forming one domain. Finally,

only a weak correlation between the chemical and

magnetic structure is observed since no preferred

direction for the domain walls with respect to the

chemical- and crystal structure was found.

One question that still remains is how different

heat treatments and the resulting smaller or larger

FeCo-rich particles affect the magnetic domain

structure. Our measurements confirm that the size

(and shape) of the FeCo-rich particles is directly

Figure 10 Images (a) and

(b) show a bright-field and

magnetic DPC image of

FeCrCo_1. Additionally, an

overlay of Cr, Fe and Co

EDXS elemental maps (c) and

a magnetic DPC image

revealing the in-plane

magnetic induction map (d) of

the same area of FeCrCo_2 are

displayed. The DPC images

show the direction of the

magnetization vectors as a

function of hue. The colour

wheel inset in the upper right

exhibits the correlation

between colour and direction

of magnetization.
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related to the magnetic hardness of the alloy. Other

studies on spinodal FeCrCo alloys paint a very sim-

ilar picture [23, 60]. There is also the possibility to

predetermine the preferred magnetic direction by

precipitating the alloy in a magnetic field or by

mechanical deformation [18, 19, 61, 62]. It seems that

by a clever choice of heat treatment parameters

(temperature, treatment time, magnetic field) one can

manipulate the chemical nanostructure in such a way

that one can obtain well-defined (macroscopic)

magnetic properties. Further high-resolution mea-

surements of the nanostructure and its coupling with

the magnetic domain structure are therefore needed

to fully understand this relationship.

Summarising the results of this study, we found

that regardless of homogenisation or spinodal

decomposition parameters, all three investigated

FeCrCo alloys were surprisingly similar at the larger

lm scale. At the nanoscale, however, the differences

became evident. Homogenisation prior to spinodal

decomposition has only minor influences on the

chemical nanostructure, which is illustrated by the

similar EDXS elemental maps for FeCrCo_1 and

FeCrCo_2. This is also reflected in terms of similar

magnetic properties since both alloys exhibit com-

parable coercivities, remanences and magnetic

domain structures revealed by LM-STEM DPC mea-

surements. FeCrCo_3, on the other hand, showed a

vastly different chemical nanostructure, which we

conclude to be the reason for the change in magnetic

properties.

This study shows the tremendous flexibility and

freedom additive manufactured in-situ alloying pro-

cesses can have. However, we also found that the

spinodal decomposition process is the reason for

these alloys to become ferromagnetic once the

homogeneous base material is produced. In a further

step, inhomogeneous/anisotropic printing, meaning

printing different compositions at different regions,

may open a multitude of new possibilities for print-

ing mechanical, chemical and physical properties of

an alloy. For the system FeCrCo, one can think of

directly printing regions with higher or lower FeCo-

contents to change the magnetic properties of the

alloy and induce magnetic anisotropy. Another

example would be a possible change in the mechan-

ical hardness depending on the printing profile of

different chemical compositions. Different heat

treatment adds further flexibility, and so the AM and

in-situ alloying process exhibits astonishing

possibilities for future material designs. This new

flexibility can help optimize devices and applications

that use such magnetic alloys, such as electric motors

or sensors [18, 23, 63–65].

Conclusion

The study explores the micro- and nanostructure of

three additive manufactured spinodally decomposed

magnetic FeCrCo alloys. The alloys were manufac-

tured by laser powder bed fusion by in-situ alloying

directly within the powder bed. We altered the heat

treatment of the alloys to explore the influence of

homogenisation and spinodal decomposition tem-

perature on the chemical micro- and nanostructure

and the resulting magnetic properties. The following

conclusions can be drawn.

1) The grain structure of all three alloys was very

similar and displayed elongated and larger

grains parallel to the printing direction com-

pared to more equiaxial appearances perpen-

dicular to it.

2) SEM–EDXS elemental mapping exhibits very

homogeneous distributions of Fe, Cr and Co for

the homogenised specimens, whereas the as-

printed alloy showed some inhomogeneities,

such as Cr-rich particles within an otherwise

homogeneous ([ 90%) alloy.

3) For all three samples, a strong\ 001[ texture

was observed parallel to the building direction,

which is consistent with findings from other

studies.

4) STEM–EDXS elemental mapping at the nanos-

cale revealed the spinodal decomposition of all

three alloys, i.e. the segregation of FeCo-rich

particles within a Cr-rich matrix, causing the

alloys to become ferromagnetic. The 640HT

treatment led to (69 ± 15) nm large cuboid

FeCo particles for both the as-printed and the

homogenised alloy. The cuboid particles tend to

align along the\ 100[ crystallographic direc-

tions and cause the alloys to become magneti-

cally hard. Decomposition at 510 �C resulted in

a granular-like structure with much smaller

FeCo-rich particles of (5.7 ± 1.6) nm, which

explains the change of the macroscopic mag-

netic properties. Additionally, all alloys
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possessed oxide particles containing Si, Al and

Mn stemming from the printing process.

5) Mapping the in-plane magnetic induction of

FeCrCo_1 and FeCrCo_2 with DPC-STEM

showed again their similarities and that the

appearance of FeCo-rich particles caused a

complex pattern of elongated ferromagnetic

domains.

Our study shows that combining in-situ alloying

and spinodal decomposition of additively manufac-

tured FeCrCo alloys provides unique flexibility to

change and manipulate the chemical micro- and

nanostructure. By doing that, physical properties

such as the coercivity, remanence or mechanical

hardness of the alloy can be changed and fine-tuned.

Fully understanding the structure–property relation-

ship at different scales is the key to intelligent future

materials design and to directly produce materials

with desired functionalities.
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