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Influence of magnetization on the reordering of nanostructured ball-milled
Fe-40 at. % Al powders
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Deformation and nanocrystallization created by ball milling in Fe-40 at. % Al powders give rise to a
progressive structural disorder and a spontaneous magnetization. Annealing tends to restore the structurally
ordered paramagnetic state. The ordering-disordering process brings about a volume change clearly related to
the saturation magnetization. This effect is associated with variation of the density of states at the Fermi level.
The reordering temperature exhibits an anomalous field dependence, which can be explained considering the
combined effect of directional magnetic order and structural of@&$163-18208)51042-9

Ordered Fe-Al alloys with Al content above 33 at. % aretained from the field dependence of the magnetization mea-
paramagnetic, however they evolve toward a ferromagnetisurements. The classical law of approach to saturatibn,
state as structural disorder increases. These Fe rich alloysM(1—a/H—b/H?)+ yH, was used, wher#l is the ap-
have theB2-type ordered structure, where Fe atoms occupylied field, y is the field independent susceptibility, aad
the « sites and Al atoms and the rest of Fe atoms occupyandb are coefficients which depend on the magnetic prop-
randomly theg sites. It has been proposetthat the inter-  erties of the material. The milled powders were annealed for
action between Fe atom pairs locatedagtdistance is anti- 1 h under vacuum, at temperatures 403, 523, 673, or 973 K.
ferromagnetic, whereas it becomes ferromagnetic for a disthe temperatures were selected according to different re-
tance (3/4}%a,. However, the paramagnetic character of thegions obtained from DSC measurements. Table Il illustrates
equiatomic alloy seems to be in contradiction to this hypoththe dependence of the relevant parameters on the annealing
esis. The induction of ferromagnetism by plastic deformatiortemperature. Figure (fh) clearly shows the correlation be-
in bulk Fe-Al alloys has been thoroughly investigated bytween lattice parameter and magnetization during the struc-
Takahashi and co-workefé.It has been shown that the ap- tural reordering.
pearance of spontaneous magnetization is associated with the The DSC result§see Fig. 2 show that the structural re-
rearrangement of the Fe atoms in the vicinity of the an-ordering consists of two processes. They are characterized by
tiphase boundaries at the superlattice dislocations it the peaks around 420 and 680 K, respectively. Kinetics stud-
gliding planes. It is noteworthy that in plastically deformed ies lead to approximate activation energies of 1.7 and 3.5 eV
DO; andB2 Fe-Al compounds there exists a strong uniaxialfor each process. After milling for 72 (disordered stajethe
anisotropy of pair ordering origih* sample is composed of nanosized grains with a high concen-

In order to get deeper insight on the microscopic mechatration of point defects and highly structurally disordered
nism governing the relation between the structural ordergrain boundarie3® At this stage, both, boundaries and
disorder and the corresponding magnetic disorder-order
transformations some experiments have been carried out on
ball milled I_:e-40_at. % Al Powd(_ars \.N'th this comp03|tlon milled for different times. Shown in brackets are the estimated sta-
were ball milled®in a planetary mil(Fritsch Pulverisette)7 tistical errors
at 250 rpm for 0, 0.5, 1.5, 3, 6, 12, 23, and 72 h. 2 gr of '
powder were sealed under argon in agate vidts=(2ml)  iling Time ()  a, (nm) (D) (nm) (&21¢ LRO
together with 3 zirconia ballsid=10 mm) with a ball to

TABLE I. Structural parameters of Fe-40 at. % Al powders ball

powder weight ratio of 4. The powder samples were charac- 0 0.289802)  2079) 0.563)  1.0Q1)
terized by x-ray diffraction, vibrating sample magnetometry 0.5 0.2898%4) 43(3) 1.612) 0.972)
(VSM) and differential scanning calorimet®SC). Table | 15 0.29048) 30(7) 4.31) 0.91(2)
summarizes the dependence of the lattice constantef- 3 0.29091) 25(3) 5.1(1) 0.852)
fective crystallite size(D), microstrains{e?)Y?, and long- 6 0.29142) 24(5) 541  0.792)
range order parameter, LRO on the milling time. Figu{@ 1 12 0.29171) 23(5) 5.32) 0.71(2)
shows a close relation between the lattice parameter and the 23 0.29191) 21(5) 5.32) 0.683)
saturation magnetization at room temperativie,, for dif- 72 0.29171) 13(2) 6.4(1) 0.6605)

ferent milling times. The saturation magnetization was ob
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; A g ture dependence of the dc susceptibility at different applied
s 401 E fields. The derivative of the susceptibilitfFig. 3(b)] exhib-
2‘” A A _0'290«5’ its, for low applied fields, two peaks in agreement with DSC
A A measurementéFig. 2). Thus it seems reasonable to assume
A that the two steps of the decrease of the susceptibility corre-
0 A al 0280 spond to the two processes observed in DSC. However, it is
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200 400 600 800 1000 noteworthy that the second peak of the derivative of the sus
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FIG. 1. Dependence of the room temperature saturation magne-
tization Mg, (full symbolg and the lattice parameter, (empty
symbolg on (a) milling time and(b) posterior annealing tempera-
ture for Fe-40 at. % Al powders.

grains are ferromagneticAccording to Table II, the grain
size does not show any remarkable variationrafth anneal-
ing at 403 K, therefore, the first DSC peak Bt=420 K,
hereafterT, (reordering temperatureshould originate from
annealing out the antisite defects and relaxation processes at
the grain boundarie¥® The lattice parameter decreases 50%
and the saturation magnetization drops 65% with respect to
the total change between the as-milled and the fully ordered
state. Consequently, after annealing at 403 K, the ferromag-
netic order is mainly restricted to the grain boundaries,
which represent an important percentage of the sample vol-
ume. The second calorimetry peak at 680 K corresponds to
the recrystallization of the alloy®

The temperature dependence of the dc total susceptibility,
M/H, for the sample milled for 72 h was measured, under
vacuum or argon atmosphere, for different magnetic fields

TABLE Il. Structural parameters of Fe-40 at. % Al powders ball
milled for 72 h and annealed ffal h at different temperatures.
Shown in brackets are the estimated statistical errors.

Anneal. Temp(K) aq (nm) (D) (nm) (»¥210® LRO
As-milled 0.29171) 13(2) 6.4(1) 0.665)
403 0.29071) 142 541  0.743)
523 0.2907) 18(3) 4.51) 0.972)
673 0.28981) 26(4) 1.12) 0.993)
973 0.28972) 49(3) 0.493) 1.001) at.
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FIG. 3. Temperature dependence @ the dc susceptibility

M/H, and(b) its derivative,d(M/H)/dT, for H=0.05 kOe(solid
line) and H=5 kOe (dashed curvefor the as-milled 72 h Fe-40

% Al powder. Measurements were carried ouBat1.3 K/min

in vacuum. The inset shows an enlargement of the first peak.
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420 100 markable correlation between lattice constant and magneti-
i zation shown in Figs. (B and 1b). Models developed to
explain the induction of ferromagnetism by disordering or-
dered paramagnetic alloys invoke either the concept of dis-
tance dependent exchange interactions or the nearest-
neighbor dependence of the magnetic monieht.
Considering that the exchange dependence of the interatomic
distances is of second order in metallic systéfist seems
A 4 reasonable to invoke a different argument. The results of
Figs. 1a) and Xb) indicate as a reasonable cause of ferro-
400 —h— ] | 0 magnetism the effects of the volume expansion-contraction
0 2 4 6 g8 10 have in the electronic band structure. Theoretical band-
H (kOe) structure calculations have shown that band narrowing and
Fermi-level shifts due to the expansion of the lattice increase
FIG. 4. Dependence of the reordering temperalyresymbols,  the magnetic moment in Fe-50 at. % Al allo\/sAlthough
mealtsu.red at 3 K/min. in argon, and initial magnetization Curvegisorder is also expected to affect the electronic band
(solid ling) of the as-milled 72 h Fe-40 at. % Al powders. structure'® we propose that the lattice expansion induced by
disordering has a sizable contribution on the appearance of

~ 410 -50

M (emu/g)

ceptibility nearly disappears when heating in applied field arromaanetism
larger than the saturation fiefdThe extrapolation to zero Th 9 d ' tis th t d h in Fig. 4
field of the temperature at which derivative of the suscepti- € second aspect Is the apparent paradox shown in Fg.
bility has a peak corresponds with observed in DSC. Thus at the low-field regime. According to this, moderate mag-

we takeT,(H) as the temperature at which the derivative 0fnetic fields ease the reordering transition, which leads to the
the suscerptibility has a peak. elimination of the ferromagnetic order. The following argu-

The reordering temperatufe (H) has been measured for ment exp_lains this apparent. pa.radox.'lt is kpown th_at hgating
different applied fields during the heating process and thén alloy in applied magnetic fields gives rise to directional
results are shown in Fig. 4. For comparison, we have inorder.14 This is the case in Fe-Al alloys, in which pair order-
cluded the room temperature magnetization curve of the addg anisotropy has been widely analyZedhe preferred
milled sample. A striking feature is exhibited by Fig. 4. magnetization direction fluctuates from grain to grain in the
When the field applied during heating is lower than theas-milled sample as indicated by the magnetization curve
room-temperature saturation field, typically of 2.5—-3 kDg, (see Fig. 4 The mismatching of the magnetization direc-
decreases with the applied field. This decrease reaches abdians at adjacent grains leads to a mismatching of the biasing
20 K between 0.05 and 3 kOe. For higher applied fielgs, effect of the magnetization on the reordering. In other words,
slowly increases with the field. The total increase between 3he magnetization induces pair ordering locally, nevertheless
and 10 kOe is 4 K. the fluctuations of the magnetization provoke macroscopical

Since the magnetic field is expected to stabilize the ferrodisorder, thus hindering the full reordering, i.e., increasing
magnetic phase, which is associated with the structural disF,. As the field is increased the magnetization fluctuations
order, an increase of the reordering transition is also exedecrease; consequently overall directionality of the pair or-
pected. This behavior is, indeed, observed in the high-fieldiering increases, hence it becomes easier to reorder the
regime. However, the decreaseTgfwith the applied field at sample from a macroscopic point of view. When a saturating
the low-field regime suggests that other effects should béield is applied the magnetization is uniform through the
taken into account. According to the magnetization curvewhole sample and the biasing effect of the magnetization on
shown in Fig. 4 the range of magnetic fields for whith  the reordering process is also uniform everywhere thus pro-
decreases with increasing field corresponds to the range fenoting order. However, high fields tend to stabilize the mag-
which magnetization processes take place. The sign of theetization, which is linked with disorder. Therefore, at high
field dependence of, is reversed once the applied field fields the field hinders again the reordering, hefgein-
becomes larger than the saturation field. Therefore, the reereases again.
sults in Fig. 4 indicate that the applied field influences the In conclusion, we have studied the disorderibgll mill-
reordering temperature in two ways: ing) and posterior orderingannealing in Fe-40 at. % Al

(i) due to the magnetic free enerdyy, should increase by powders. We have found that an important contribution to
an amount proportional tagH/kg where g is the Bohr  the magnetization of these materials comes from changes in
magneton andkg the Boltzmann constant. Fdi =10 kOe the lattice parameter induced in the order-disorder transi-
this increase should be about 1 K, in qualitative agreemertions. This contribution is linked to the modifications in the
with the experimental results at high fields; electronic band structure induced by volume changes. The

(i) due to some effect associated with the magnetizatiomeordering temperature obtained from the derivative of the dc
process. The large decrease of the temperature, 20 K, canrmisceptibility has been found to depend strongly on the ap-
be quantitatively explained by strictly magnetic contributionsplied field. Due to directional ordering, the fluctuation of the
of the applied field to the free energy. local magnetization orientation causes the delay of the reor-

From the experimental results reported here two impordering transition. As this fluctuation decreases for intermedi-
tant aspects should be discussed. First, we analyze the rate applied fields, the reordering takes place easier as the
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field increases. Finally the effect disappears when the tech#ding the Fe-Al powder samples and for their help in the
nical saturation is reached and for further increasing field the-ray-diffraction analysis, and J.S. Momn for making avail-
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