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Alnico is a prime example of a finely tuned nanostructure whose magnetic properties are
intimately connected to magnetic annealing (MA) during spinodal transformation and
subsequent lower temperature annealing (draw) cycles. Using a combination of transmission
electron microscopy and atom probe tomography, we show how these critical processing steps
affect the local composition and nanostructure evolution with impact on magnetic properties.
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Abstract

Alnico is a prime example of a finely tuned nanosture whose magnetic properties are
intimately connected to magnetic annealing (MA)idgispinodal transformation and subsequent
lower temperature annealing (draw) cycles. Usingoabination of transmission electron
microscopy and atom probe tomography, we show lh@se critical processing steps affect the
local composition and nanostructure evolution witipact on magnetic properties. The nearly 2-
fold increase of intrinsic coercivity @) during the draw cycle is not adequately explaibgd
chemical refinement of the spinodal phases. Inst@atteased Fe-Co phase;)( isolation,
development of Cu-rich spheres/rods/blades andtiaddi o; rod precipitation that occurs
during the MA and draw, likely play a key role ip;ldnhancement. Chemical ordering of the Al-
Ni-phase ¢.) and formation of Ni-richdz) may also contribute. Unraveling of the subtleseff

of these nano-scaled features is crucial to unaledgtg on how to improve shape anisotropy in

alnico magnets.

Keywords: Magnetic, Microstructure, Spinodal decompositidigm-probe tomography, TEM,

STEM HAADF



1. Introduction

Using an external magnetic field during heat-tresttn magnetic annealing (MA), to
control materials’ microstructure has been widdiydeed since the 1950s.[1] MA promotes
formation of texture, biases spinodally decompogkdse morphologies, promotes martensitic
transformation in ferrous alloys, changes phasestaamation temperatures, etc. [2, 3] Cahn
showed that MA is most effective in alnico magregts temperature near the onset of spinodal
decomposition (SD) and below the Curie temperdairdinico has recently re-attracted a large
amount of interest as a near-term, non-rare-eatingnent magnetic alloy for wind power
generators and electric vehicle motors.[5-7] lwdo cost and stable performance over a wide

temperature range make it still irreplaceable atghty years of development.

Unlike rare-earth based permanent magnets, cosrdivialnico is provided by shape
anisotropy, instead of intrinsic magneto-crystalenisotropy. As a result, magnetic properties
of alnico strongly depend on the details of itsquei microstructure: a periodically arrayed
elongated Fe-Co richu{) hard magnetic phase embedded in a continuousmagmetic Ni-Al-
rich (a2) matrix, formed via SD. Achieving the optimum peofles in alnico requires a well
controlled and lengthy heat-treatment process,udich solutionization of the alloy above
1200°C, isothermal MA near its Curie temperaturd smbsequent lower temperature annealing
(draw cycles).[1, 8-12] The application of MA marlke most important cornerstone in alnico
magnets’ development history. MA biases thephase’s morphology during SD and make it
grow along the <100> crystallographic directionselst to the external field. [13] The resulting
anisotropic spinodal nano-structure has signifigamhproved coercivity () and remanence

(Br) of alnico. The biased growth is optimal onlyhen it is performed within a narrow



temperature range for a limited time. For examfile, ideal morphology (in transverse cross-
section) that brings optimum ¢Hn higher grade alnico 8 and 9 series is a mostuigture
consisting of periodically arrayed ~40nm diametephases embedded in a continuagisatrix

obtained by MA at ~840°C.[14]

On the other hand, the microstructure and chemistignges during the lower
temperature draw process are much more subtl@uglthdraw cycles play an equally important
role in increasing K in alnico. For example, our recent study showet for alnico 8H, its
coercivity was nearly doubled after drawing, coneplato the MA alone.[14] More interestingly,
the absolute increase during the draw-relatgdedhancement was almost independent of the
preceding MA temperature. However, the mechanisimndeH, enhancement during draw
remains surprisingly elusive and is not well unteyd despite the fact that drawing has been
practiced for decades. Most previous understandimdraw enhancement of;Hvas based on a
simplistic assumption: lower temperature anneategults in a larger composition separation
and a larger magnetization difference betweeanda, phases, which increases thg.[H] This
assumption appears oversimplified, especially amisig the recent findings which reveal an
insignificant compositional variation before anteathe draw.[14] This lack of understanding is
mainly due to our inability to access and evaludwe very subtle nature of chemical and
microstructural evolution during the draw. Reveglithese subtle effects appears crucial to

improve shape anisotropy in permanent magnetsdoiceecoercivity in soft magnetic alloys.

This study was designed to elucidate the structamdl chemical evolution in alnico at
different stages during heat treatment, especidllying the draw process, as well as their

relationship with magnetic properties. An isotrofanico 8H) 32.4Fe-38.1C0-12.9Ni-7.3Al-



6.4Ti-3.0Cu (wt%) alloy was chosen for this invgation. A combination of electron
backscatter diffraction (EBSD), atom probe tomobgsadAPT), and transmission electron
microscopy (TEM) techniques were used to betteradisr and more precisely characterize the
morphology and chemistry in SD phases. Based orcomnprehensive characterization results,
we discuss H enhancement mechanisms beyond the conventiongnation.

2. Experimental details

Batch of pre-alloyed powder was made by gas-atdioizan Ames Laboratory. Details
on magnet alloy consolidation to full density byt hsostatic pressing have been reported
elsewhere.[15] The resultant alloy was polycrystallwith randomly oriented grains. Center
sections of the alloy were cut into 3 mm diametgBbmm cylinders. The cylindrical samples
were solutionized at 1250°C for 30 min. in vacuurd guenched in an oil bath (sample 1). Some
samples were then annealed at 840°C with an extappdied field of 1T for 0.5 min., 1.5 min.,

5 min., and 10 min, with corresponding samples l&bas 2 thru 5, respectively. This MA
temperature was determined from our previous stutich gives optimum alloy magnetic
properties.[15] Some samples also underwent artiaddl low temperature drawing process at
650°C for 1, 3, and 5 hrs (labeled 6 thru 8), respely. After MA or low temperature draw, the
samples were water quenched to room-temperaturail®ef heat-treatment conditions of
samples 1-8 are listed in Table 1. Their magnetp@rties were measured using a Laboratorio

Elettrofisico Engineering Walker LDJ Scientific AMBIHysteresis graph in a closed-loop setup.

APT and TEM are sensitive methods for investigatidetails of structure and
compositions of materials down to atomic-scale ltggm.[16, 17] In this study, APT analysis of
samples 1 to 8 was performed to better understam®D phase morphology in three dimensions,

as well as a more accurate determination of ¢he@nd o, composition and morphology at
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different heat-treatment stages. TEM was used teealethe crystallographic relationship
between different phases. In each sample, graitis thweir <001> crystal orientation parallel to
the external magnetic field direction were firséndified on the polished longitudinal sections
(electron beam perpendicular to external field adiom) using EBSD, on an Amray 1845 field
emission SEM. This can exclude the effect of odaganh difference between crystallographic
<001> and external field on SD microstructure.[B&jth APT and TEM samples were then
lifted-out from the same selected grain to procedt a more detailed structural analysis, as
shown in Fig. 1. An FEI Nova 200 dual-beam focusedbeam (FIB) instrument was used to
perform lift-outs and annular milling of targetedaimps to fabricate needle-shaped APT
specimens. A wedge lift-out geometry was used tamhaonultiple samples on a Si microtip
array to enable the fabrication of several needitesn one wedge lift-out.[18] APT was
performed with a local electrode atom probe (LEABPOX HR manufactured by CAMECA
Instruments. Samples were run in voltage mode avitlase temperature of 40 K and 20% pulse
fraction at a repetition rate of 200 kHz. The datasvere reconstructed and analyzed using the
IVAS 3.6.12 software (CAMECA Instruments). An FElekbs dual-beam FIB was used to
perform lift-out of TEM samples with the sample fage normal parallel to the external field
direction (transverse direction). An FEI probe ason corrected Titan Themis TEM with a

Super-X energy dispersive X-ray spectrometer (ER& used for structural characterization.

3. Results

3.1 Magnetic properties

Magnetic properties of Samples 1-8 are summarineBig. 2. Compared with the as-

solutionized sample (sample 1), short time MA (3Gample 2) already results in a dramatic



improvement of | from 35 Oe to 476 Oe, and Br from 1.5 KGs to 9@sKlIncreasing the MA
time to 10 min. further increase;H~26%), but Br plateaus between 30s and 10min Af Whe
saturation magnetization (Ms) of sample 1 and MAnglas (samples 2 to 5) is similar,
indicating a similar volume fraction of the phase in those samples.[6] Drawing can triple the
H.i to 17070e (sample 8), with the most obvious imprognt occurring after the initial drawing

(Sample 6); however, both Ms and Br slightly dréterethe draw.

3.2 Microstructure after solutionization

Chemical segregation has already begun after 12%80°&blutionization, although the
sample has almost no coercivity. High-angle-anndéak-field (HAADF) scanning transmission
electron microscopy (STEM) imaging was used to miré strain contrast and differentiate
phase morphology more clearly than can be achiewttdtraditional diffraction contrast TEM.
Thea, phase shows brighter contrast in HAADF STEM imdge to the higher averaged atomic
number of the elements. A mixture of ~5-10 mmndisks, and ~10-40 nm long rods with a
diameter of ~5-10 nm was observed in sample 1 &&). The disks and rods are sometimes
connected to each other. Tlga, interface is slightly blurry, which may be dueitcomplete
phase separation or sample thickness with respettiet 3D microstructure. Isoconcentration
surfaces within the APT data of sample 1 revealsn&rpenetrating nature of the anda;
phases, as shown in Fig. 3b. Tiaeanda, phases are continuous with meandering boundaries
within the entire analyzed volume. Both the and o, phases have ~5-10 nm diameterbe
appearance of disk and rods within the STEM imagesprojected view of the; phase along

different crystallographic directions.



A high density of Cu-enriched clusters were detkatgidea,, as shown in Fig. 3 b and f.
The Cu-enriched clusters have an average diamgtel.2nm and occupy ~1.1% of the alloy’s
volume. The Cu concentration at the cluster cewts measured to be ~53.4 at% for sample 1
by APT. High-resolution HAADF STEM image (HRSTEMigF 3c) and corresponding fast-
Fourier-transform (FFT) (Fig. 3e) shows coherent,, a,/Cu interfaces. This result implies that
the Cu-cluster and; has the same lattice structure. Moreover, due tallssize of the Cu-
clusters, their positions (as indicated by arrawkig. 3c) in the HAADF STEM image can only

be identified by overlaying the matching EDS eletabmapping (Fig. 3d).

3.3 Microstructure after magnetic field annealing

A faceted rod-shaped; phase (~15-20 nm) is developed during the MA Becés
shown in Fig. 4a, a well-defined mosaic structwmposed by a {110{Heinrich, 2007 #4227}
facetedo; phase with a ~10-20nm diameter was quickly dewexlap a large volume fraction of
sample 2 after 30s of MA. Some areas of sampleo@&siblurred imaging contrast, as indicated
by white arrows, which implies regions with morptgical differences. Increasing the MA time
to 90s (sample 3, Fig. 4c) caused a slight increasigea; diameter to ~20-30nm. {100} facets
started to appear in some phases. Smatll; particles (~5nm) located between {100} facets of
two adjacent large; rods were also observed, as indicated by bluevarimo Fig. 4c. Moreover,
clusters ofa; particles (~5nm), as pointed out by red arrowssewermed, possibly from the
white arrow regions indicated in Fig. 4a. A furtiMA time increase to 10min (sample 5, Fig. 4e)
modified thea; phase diameter size distribution into a bimodatriiution with large (~25nm-
40nm) and small (~5nny), phases. Isoconcentration surfaces within the A&@& dlearly show
a; phase elongation in all MA-treated samples, as dsinated in Fig. 4b, d, andRegions with

a morphology similar to sample 1 is also visibls,iadicated by the black arrow in Fig. 4b,
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which may be regions indicated by the white arrowFig. 4a. These regions are most likely
areas from the solutionization process that haveyeb been modified from short time MA
processes. Transformation of big isolatelocks from a parallelogram shape into an octagon
shape with a cross-sectional diameter of ~35 nrar &f©® min MA is also obvious. For all

samples, the, phase is continuous.

Isoconcentration surfaces within the APT data reveat the location of Cu-enriched
clusters tends to follow the edge of two adjaceht(} facets in sample 2 (Fig. 4b). With
increasing MA time, the region between two {100ké#s ofa; shows a much higher Cu-
enriched cluster density, as shown in Fig. 5a. Thiglso the area where most of the small
phase is located. Figure 5b shows a HRSTEM imageawiple 5. Smalh; phases with a ~3-
5nm size are clearly visible between two {100} fiscef largea; rods. Locations of the Cu-
clusters (indicated by orange arrows) were idesdifboy comparing the matching EDS Cu
elemental mapping (Fig. 5¢). FFT analysis (Fig. Slddws that the Cufinterface is coherent,
which implies that the Cu-clusters still have tlaeng lattice structure as after 10min of MA.
APT data shows no obvious change in Cu-cluster eliam(~1-1.3nm), volume fraction (0.8-

1.1%) and composition (55- 68 at%) from sampler@ &

3.4 Microstructure after low temperaturedrawing

A slight increase of large; rod diameters to ~35-60nm after a 650°C low teaijpee
draw was observed by STEM imaging and APT, as shavialg. 6. Smalk; phases in between
two largea; phases agglomerate and form smallerods with a ~15nm diameter, as indicated
by blue arrows in Figure 6a, c. Regions withclusters, as indicated by red arrows in Fig. 6a,

tend to disappear after longer drawing hours (6@). Moreover, additional; phase precipitates
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from the o, phase after longer drawing hours, as shown bypthle isosurfaces within the;

phases in Fig. 6b and d. Thegeclusters are slightly bigger in sample 8 thanample 6.

A distinctive morphological change was observed floe Cu-enriched phase after
drawing. A transformation from clusters to rod stspoccurs, as shown by the APT Cu
elemental map in Fig. 7a. From samples 6 to 8Cineods show an average diameter of ~3.3nm,
which is 2-3 times larger than those found in santplMoreover, the central composition of Cu
tends to increase substantially from 60 at.% in@ars to 82 at.% in sample 6, and finally to 96
at.% in sample 8. Although APT aberrations couktadt the particle concentrations, with a
greater distortion for smaller particles, structulifferences revealed by STEM indicate a higher
Cu concentration (brighter contrast) for the largarticles in sample 8, consistent with the APT
results. Figure 7 b shows a HAADF STEM image ohgle 8, the bright contrast Cu-enriched
phase is clearly visible, as confirmed by matcHiigS Cu elemental mapping in Fig. 7c. The
HRSTEM image shows lattice distortion in the bright-enriched phase region (Fig. 7d), which
is also manifested by a streaking/satellite peathen(110) spots of the image FFT (Fig. 7e),

which is further evidence that the Cu content ghkr in the drawn samples.

3.5 Chemistry evolution in a; and a, phases

The a; anday phase compositions in samples 1 thru 8 are sumethiiz Fig. 8. Results
were extracted from cropped volumes of the APT taaawere completely contained within the
phases and away from the interface, so that theniché variation caused by the interfacial
profile could be excluded. The phase chemistry was relatively stable during thelevneat-
treatment process, except for a slight increasthenFe and Co content after drawing. More

obvious chemistry changes were detected iruiipdase. After the first 30s of MA, there was an
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increase of Co and Ti content, and a decrease ajoAtent, while the chemical composition
tends to be stable during the following MA procasd$erawing at 650°C gradually increased the
Al and Ni concentration, while that of Co and Fer@ased. The Ti concentration plateaued
during the MA and drawing step. This indicated the diffusion speed of all elements is fast
enough at 840°C to approach its thermodynamica#iipls concentration within 30s, however,
there is an obvious diffusion speed decrease &iG@Hhd therefore, it takes a much longer time

to reach the equilibrium concentration.

4 Discussion

The APT combined with detailed TEM and magnetizatiseasurements provide a clear
picture of relationships between the phase evaluéind magnetic properties. Observation of
phase separation in sample 1 indicates that oi@hieg cannot provide a fast enough quench to
bypass initiation of the SD. After only 30s of Mihe optimal coercivity imparted from this step
is observed, even though the APT and TEM showshdurmorphological changes up to 10
minutes of MA. The small changes in chemistry freample 2 to 5 implies that the chemical
diffusion is rapid and the observed gradual morpgplchange is more likely to be driven by
minimization of interfacial and magnetic energytekfMA, particles are not only elongated, but
also become less interconnected to each otherhvieips increase H

The 650°C draw has a remarkable effect on baghakld refinement of the chemistry
between they; anda, phases. The conventional explanation is that drgfdrther increases the
chemical separation of the two phases.[19] Howewer results suggest that the draw effect on
Hq enhancement likely involves several mechanisn@udiing chemistry, ordering, as well as
subtle structural features, such as evolution efGu-enriched phase. For the phase, the Fe

and Co concentration slightly increases after itts¢ draw step (comparing sample 5 and 6), then
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it is nearly constant. On the other hand, indhehase, Fe and Co contents continue to decrease
with increasing draw time, which is likely due teetcoarsening/growtf, in a, of precipitates.
Overall, the chemical variation is small and may clwange the magnetization of thg phase
significantly. On the other hand, site orderinghe a, phase may play an important role. Our
previous study showed that formation energy is loam T decreases with increasingsite
ordering (from BCC to DO3 and L21) [5]. Thus, drawnealing may promote site ordering in
the a, region, possibly due to a decreases in the FeCandontent in the, phase. Considering
that Tc of a is near room temperature, both chemistry changels site ordering decrease
magnetization of the, phase at room temperature, which increases H

The most dramatic change is in the growth of thee@iiched regions. Transformation of
small Cu-enriched clusters into larger and longe+e@rich rods may be driven by minimization
of interfacial energy as the center of the clustas higher and higher Cu concentration. Similar
elongated precipitates along elastic soft [100jeation has been reported in Cu2at.%Co
system.[20] These elongated large Cu-rods may gedvetter pinning for magnetic domain wall
movement. The Cu-enriched phase not only beconggebiand longer but also less magnetic,
which can further separat@ rods. The Cu lattice shearing from thec structure may be
because thdcc structure of Cu is thermodynamically more staMoreover, since some
branching types may be very detrimental tg, ld larger Cu cluster can isolate two originally
connectedy; rods and increasesgH21] Finally, formation of smalli; rods or even chains of
spheres, along with the previously reported foromabf Ni-rich (3) separation phase at the/

azinterface can also help to increasg[B2]

5. Conclusions
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Coercivity enhancement is a complex interplay betwéhe intrinsic properties of the
alnico alloy and its nanostructure. With MA, thenddics of the SD is rapid and the near
optimum geometric spacing is quickly reached dueigber annealing temperature. MA sets the
template for the spinodal and locks in remanendglewhe draw process is responsible for the
finer microstructural and chemical tuning, whicmtrols the coercivity. The profound effect of
draw on improving K is likely due to a combination of several mechansisincluding chemical,
site ordering, and subtle microstructural variagiohe draw process does not introduce
dramatic microstructural changes ef and o, phases, but does affect the size, shape, and
distribution of the intervening Cu-rich phase fongiin-between these phases. This new

understanding provides possible directions forrferproperty enhancement of alnico.
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