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Tailoring of paramagnetic (structurally ordered) nanometric grains separated by ferromagnetic
(structurally disordered) grain boundaries: Isolating grain-boundary magnetic effects
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Partially reordering heavily milled intermetallic alloys results in structurally and chemically ordered nano-
metric grains separated by structurally and chemically disordered grain boundaries. In systems with disorder
induced ferromagnetism this structural microstructure causes a peculiar magnetic microstructure: paramagnetic
grains separated by magnetically ordefégfromagnetit grain boundaries. This unusual structural-magnetic
microstructure allows for the easy separation of the magnetic contribution of the grain boundaries. This
contribution is found to be about 15%, suggesting that the grain boundary is a few atomic layers thick, in
agreement with high-resolution transmission electron microscopy observations.
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The magnetic properties of nanometer size particles are ahicrostructure to obtain ordered graifFaramagneticem-
great current interest. From the technological point of viewbedded in disordered grain boundari¢erromagnetis
high-density recording media,giant magnetoresistanée, Therefore the contribution of the grain boundaries to the
soft magnetic propertiespor large coercivitiebobserved in  magnetic properties can be discerned at room temperature
various nanophase materials are the focus of intense réom magnetization measurements.
search. Moreover, basic phenomena such as quantum tunnel- Two sets of Fe-40Al at. % samples were prepafedat-
ing of magnetizatioh or enhanced magnetic moméhare  omized powders ball milled for 72 h in a planetary mill
also being investigated. under argon using agate vials and zirconia balls @ndulk

Due to their reduced size, nanometric particles have samples homegenenized at 1473 K for 5 h and then com-
considerable percentage of their atoms at the surface or aressed with 50% strain. The samples were characterized by
grain boundaries, with a rearranged atomic configuratiorx-ray diffraction (XRD), differential scanning calorimetry
(e.g., reduced number of neighbors or disordered arrang¢bSC), transmission electron microscopyEM), and vibrat-
mentg. Hence the surface atoms should strongly affect théng sample magnetomet SM). The average microstruc-
overall magnetic properti€s® However, most of the experi- tural parameters were calculated from a full pattern XRD
mentally observed magnetic surface effects at room temperditting proceduré?® The local microstructural parameters of
ture are difficult to separate from the behavior of the grainthe ball milled samples were obtained from selected area
Therefore they are only discernible using very sensitiveelectron diffraction(the diffracting area selected by the se-
probes (e.g., Masbauer spectroscopy or neutron lected area aperture was in the range 0.2 #n%) and elec-
scatterind). In most cases, magnetic surface effects are onlgron nanodiffractio* (the diffracting area was directly de-
appreciable at cryogenic temperatutes. fined by a spot size in the range 10-35 )nrhlysteresis

Ball milling has achieved widespread application in sev-loops, up to 10 kOe, were measured at room temperature.
eral research fields as a tool for producing metastable nand-he temperature dependence of the dc susceptibyity
crystalline structure¥ Particularly, for intermetallic phases, =M/H was determined by warming the sample in vacuum
grain refinement and disordering are typical modificationsat a constant heating rat8=1.3 K/min, up to 750 K. The
which are brought about during milling. room-temperature saturation magnetizatidhs and the

Ordered Fe-Al alloys are known to become paramagneticiniaxial anisotropyK, were estimated from the classical law
at room temperature for Al concentrations above 36%. of approach to saturatiof.

However, when these alloys are deformed or disordered they X-ray results indicate that the as-milled particles are com-
become ferromagnetic. The induction of ferromagnetism haposed of disordere¢mainly antisite defects, i.e., point de-
been associated with dislocation nucleation, which is accomfecty nanometer size grainsl{-13 nm embedded in disor-
panied by the generation of antiphase boundaries over thgered boundariesmainly linear and planar defects, e.g.,
dislocation glide planes and the rearrangement of Fe atomsetworks of dislocations>®as shown schematically in Fig.
from the originalB2 ordered structur& 1(a). The grain sizes obtained in the TEM analysis are con-

In this work, we have studied both ball-milled and bulk sistent with the ones obtained from XRD. Two reordering
compressed Fe-40Al at.% samples. Appropriate thermadtages are observed upon annealing. First reordering of the
treatments in the ball-milled powders allow us to tailor thegrains with minor grain growth takes place (<523 K,
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eey FIG. 2. (a) Transmission electron microscope micrograph of the
vew interface between two FeAl graingote that the two continuous
04 lines are drawn to highlight the disordered interface gréa se-
se e lected area diffraction ring pattern for a sample ball-milled 72 h and
anneald 1 h atT,,,=523 K. The selected diffracted area size is

b)

e

¥ about 2um and the pattern is indexed as an ordeB&dstructure
with a=0.2909 nm, andc) corresponding nanodiffraction spot pat-
tern. The diffracted area is about 35 nm. The pattern is interpreted

FIG. 1. Schematic representation of the evolution of the atomicas an ordered210 zone axis patteriZAP). The superstructure
arrangement at different stagém—(c) of the reordering of ball- spots are indicated by open circles.

milled 72-h FeAl powders.

followed by the reordering of the grain boundaries with thepressed samples only exhibit a unique transition around 400
concomitant important grain growth at high annealingK (Fig. 3, insel, with an exothermic release of about 15 J/g,
temperatures*®[shown schematically in Figs(H) and(c)]. significantly lower than the 50 J/g obtained for the 72 h
Selected area diffraction and nanodiffraction results confirnball-milled powder:® X-ray, electron-diffraction, and DSC

the results obtained by XRD. For example, we observed tha@nalyses indicate that for temperatures above 500 K, point
after annealing aT,,,,=523 K the grains transform from a defects are annealed out, i.e., grains reorder in the case of the
disorderedA2 structure(as milled to an ordered2 struc- Ppowders and the whole sample recovers in the case of the
ture, [see Figs. @) and (c)], with only a small change in bulk compressed samples. This is in agreement with previous
average grain size. It is noteworthy that the selected areAEM observations of forged samples, which do not have
diffraction pattern is a ring patteriFig. 2(b)] due to a ran- €nough density of dislocations to form grain boundaries,
dom orientation of the nanometric grains within theuBt

diffracting area. However, the nanodiffraction pattern is a v » .
spot patterriFig. 2(c)], since the nanometer size of the dif- C
fracted area predominantly containsumiqueor a very re-

duced number of grains. As can be seen in Fig),2after — 0.06

annealing, the selected area diffraction ring structure can be c:i

indexed as an ordereBi2 structurg note that superstructure \E 0.04

peaks such af01), (111), or (012 are clearly discernible g 350
with a = 0.2909 nm. Similarly, the nanodiffraction pattern of 2

the annealed samples exhibit usually both fundamental and 0.02}
superstructure peaK$abeled with open circles in Fig.(@]

and can be interpreted as a zone axis patt&aP) of an 0.00 N X J
ordered aB2 structure, indicating the ordered nature of the 300 400 500 600 700 800
grains. Moreover, the high-resolution TEM images also T&

show that the interface between grains remains disordered g, 3. Temperature dependence of the dc susceptihility at
even after annealing aty,,=523 K [Fig. 2@)]. The DSC  H=0.05 kOe for the ball-milled 72-tsolid line) and the bulk com-
results for the 72 h as-milled powders show two transitionspresseddashed curvesamples. Measurements were carried out at
around 400 and 700 Ksee inset in Fig. 3 which according  g=1.3 K/min in vacuum. Shown in the inset are the DSC scans for
to XRD results correspond to the reordering and the recrysthe ball-milled-72 h(solid line) and bulk compresseashed ling
tallization processes, respectively. However, the bulk comsamples, measured gt=20 K/min heating rate.
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however ball-milled samples contain dislocation networks ' 80 ' '
which act as grain boundarié&!®1t is noteworthy that x-ray

results indicate that the compressed bulk samples are par- 0.06
tially disordered in the as-compressed state. In the case of the
ball-milled powders, for temperatures around 500 K, the
grain size remains small, although the microstrdinsglica-

tive of the existence of dislocationare hight>'®XRD (Ref.

15) and magnetic thermogravimetry Avrant’sanalyses of

the reordering transition indicate that the reordering grows 0.02
independently inside each nanodom&ihus, as observed

in Fig. 2(a) and as shown schematically in Fig(b}, the

ball-milled samples annealed &f,,,=523 K are composed 000 o260 500 600
of ordered grains bounded by disordered grain boundaries. T (K)
Temperatures above 700 K are required to recover the grain .
boun%aries, since significant grain growth and recrystalliza-, F'C: 4. Temperature dependence of the dc susceptiljjyat
tion takes place at that temperattir® [see Fig. 1c)]. Thus . 009 kGe f(()jl’ the bellll-dmllle;j 72'“50“01 l'r}'(e) dand (tjhe ball-
the microstructure of the ball-milled powder can be tailoredrnlllecl 72h and annealed 1-h dlyn=523 K (dotted curve

diff . truct d di th i samples. Measurements were carried outBat1.3 K/min in
to different microstructures depending on the annealing CONacuum. The inset shows the initial magnetization curve for the

ditioﬂs- _— _ v and cheryi.  Pamiled 72-h(solid ing and the ball-milled 72-h and annealed
The original atomized powdertructurally and chemi- 1 a7~ 523 K (dotted curvi samples.

cally ordered are paramagnetic at room temperatt@s
expected from their Fe contehitThe as-milled samples ex- quently, due to the paramagnetic character of the grains, the
hibit a rather large saturation magnetizatiobls=75.4  contribution of the grain boundaries to the overall magneti-
emu/g, consistent with their disordered charattéf.The  zation will be dominating despite their reduced volume. As
temperature dependence of the dc susceptibilify at low can be seen in the temperature dependence of the dc-
fields (H<Hg,y) for the as-milled samples, shown in Fig. 3, susceptibility after annealing at,,,=523 K, given in Fig. 4,
exhibits two steps aroun@=400 and 700 K, respectively. only a single transition is observed at about 700 K, i.e., only
The bulk samples exhibit moderate room-temperature satuhe grain boundaries contribute to the magnetization. It is
ration magnetizationM s=21.1 emu/g. Moreover, the tem- noteworthy that above 500 K the curve for the annealed and
perature dependence of the magnetization at low fields of thas-milled samplegsee Fig. 4 remain virtually identical, in-
bulk compressed samples shows only one step around 400 Kicating that the grain boundaries have hardly changed after
The behavior of the as-milled powders can be understood ithe annealing. From the initial magnetization curve at room
terms of the reordering of the different types of defects, asemperature(see inset in Fig. ¥ after annealing aff
shown in Figs. a)—(c). AroundT=400 K the point defects =523 K, the saturation magnetization of the grain bound-
are annealed out. Thus the grains reof@gys. 1a) and(b)],  aries is found to bé/ g(boundary)=11.7 emu/g. Hence, us-
hence the grains exhibit a ferromagnéstructural-chemical ing Mg from the as-milled grains, the grain boundary contri-
disordej to paramagnetic (structural-chemical ordgr bution to the magnetization is at least 15% of the overall
transition’®> However, the grain boundaries remain disor- magnetization. However, to estimate the grain-boundary
dered, thus a considerable magnetization remains. ABove contribution more accurately, other effects of annealing, such
=700 K, the planar defects are restored, thus there is aas small grain growth, grain-boundary relaxation or lattice
important grain growttti.e., reduction of the volume fraction parameter changes should be taken into acctfitunfor-
of the grain boundarigdFigs. 1b) and(c)]. Consequently, tunately, it is difficult to estimate the exact volume of the
the contribution of the grain boundaries becomes paramaggrain boundaries, because due to the different types of de-
netic. In the case of the bulk compressed samples, the whofects present in the grains and in the grain boundaries, the
sample recovers around 400 K. As a result, the sample benagnetization(per unit volume of the grains could be dif-
comes paramagnetic for temperatures above 400 K. Thugrent from that of the grain boundaries. However, one
x-ray, DSC, and magnetization results confirm that no grairwould expect thati) the grain boundaries to have a higher
boundaries are present in bulk compressed samples. density of defects after milling, hence their magnetization
To obtain the room-temperature contribution of the grainper unit volume could be slightly larger than that of the
boundaries to the overall magnetization, we have, followingdisordered grains andi) the atomic density of the grain
DSC and magnetization results, annealed the as-milled powsoundaries could be smaller than that of the grains. There-
ders atT,,,=523 K for 1 h. This procedure allows us to fore the 15% contribution of the grain boundaries to the
tailor an advantageous structural microstructure where thenagnetization gives us a first approximation of their relative
grains are reordered, however, the grain boundaries continuemlume. Assuming the same magnetization per unit volume
disordered®*® [Figs. 1b) and 2a)] Therefore in Fe-40Al for grains and grain boundaries and spherical grains of about
at. %, due to the disorder induced ferromagnetism, this leads100 nn? volume (XRD-TEM grain size, we can estimate
to an interestingnagneticmicrostructure where the grains that the upper bound of the grain-boundary region is only a
should beparamagneticwhile the grain boundaries should few atomic layers thick. This is in excellent agreement with
remain magnetically ordered, i.eferromagnetic Conse- the high-resolution TEM image shown in Fig(a? which
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indicates an interface thickness of about 1 nm. These resulferromagnetic transition, by annealing at temperatures be-
are also in agreement with theoretical calculatférmsd in-  tween grain reordering and recrystallization of the ball-
direct estimations from Mesbauer measurementé*of in-  milled samples we can obtain a different magnetic micro-
tergranular volume fractions. structure, namely, ordered grai(@aramagnetig surrounded

To confirm these results, we have also studied the coeiy disordered grain boundari¢ferromagnetig. Therefore,

civity. As the magnetically active length scale becomesUsing this special magnetic microstructure, the contribution
smaller than the exchange lengith,= (A/K,)¥?~3 nm[us- of the grain boundaries to the total room-temperature mag-
ing A=10"% J/m andK,=3.11X 10° J/n? (Ref. 19], one netization can be obtained. This contribution is about 15%,

would expect a hardening of the material. This is indeed thd/hich implies a grain-boundary thickness of a few atomic

case for our samples, which exhibit an increase of coercivityayers’ in agreement with high-resolution TEM observations.
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ent annealing conditions. In particular, ordered nanometriernment for its financial support. Partial financial support
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