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We study the magnetic properties of nanocrystalline Fe80Cu20 �at. %� and Fe92Al2Si6 �wt %� alloy powders
prepared by mechanical alloying. Although these powders have crystallite sizes of approximately 10 nm, their
coercivity is rather high, 20–30 Oe. We demonstrate that the main contribution to the coercivity in mechani-
cally alloyed powders arises from the long-range fluctuations in the residual stress, which couples to total
anisotropy factor via the magnetostriction of the alloy. The residual stress can be partially reduced by annealing
within a narrow temperature range. We have modified the “random anisotropy model” to take into account the
residual stress in the mechanically alloyed nanocrystalline powders.
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I. INTRODUCTION

It has been long known that large-grained polycrystalline
ferromagnetic materials �grain sizes D typically ranging from
�10 �m to 1 mm� can be magnetically soft, with coercivity
below approximately 1 Oe. For large grains the magnetic
structure is multidomain and friction to domain motion arises
from inclusions and residual stresses rather than from grain
boundaries. As the grain size decreases, the main contribu-
tion to the coercivity arises from grain boundaries. Thus,
fine-grained materials are usually magnetically harder than
coarse-grained materials of the same composition, purity,
and internal stress.

In 1988, Yoshizawa et al. showed1 that nanocrystalline
Fe-Cu-Nb-Si-B alloys �D�10 nm� are magnetically soft.
This behavior does not follow the above-mentioned domain
pinning model. Since then, numerous studies have been per-
formed to investigate the soft magnetic properties of nano-
structured materials.2,3 Herzer,4 following an earlier “random
anisotropy model” set forth to explain soft ferromagnetism in
amorphous alloys,5 suggested that soft ferromagnetism
should also be found in crystalline alloys whenever the grain
size is smaller than the magnetic exchange length Lex. In this
case, fluctuations in magnetic anisotropy on the length scale
of the grain size are irrelevant to domain wall pinning. Ac-
cording to this model, HC follows a D6-power law, a rela-
tionship which has been verified by Herzer2 for several Fe-
based nanocrystalline alloys prepared by annealing their
amorphous precursors.

Two methods have been used to prepare nanocrystalline
materials: �1� crystallization of rapidly quenched amorphous
ribbons2,3,6 and �2� mechanical alloying �MA�.7 Although the
nanocrystalline materials prepared by the first method have
soft magnetic properties, this method has various shortcom-
ings: �a� due to the high cooling rates required to quench the
melt into a glass, the amorphous precursors can usually be
prepared only as thin ribbons ��50 �m�; �b� the alloy com-
positions of these ribbons are usually limited to those of deep
eutectics; �c� the nanocrystalline materials prepared by crys-
tallizing amorphous precursors are usually brittle. The sec-
ond method does not have some of these limitations. The
main advantage of the MA method is that one is not limited

to the compositions of deep eutectics. In principle, the nano-
crystalline powders prepared by MA may be consolidated to
any desired shape and dimension. However, all attempts to
prepare a magnetically soft alloy using this method have
failed.8–32 Indeed, the coercivity HC reported in these studies
was on the order of 101–102 Oe, thus several orders of mag-
nitude higher than those found in nanocrystalline alloys pre-
pared by crystallizing their amorphous precursors.2,3

There is no satisfactory explanation for the high coerciv-
ity of mechanically alloyed ferromagnetic powders. The
present paper studies the various contributions to the coer-
civity in two mechanically alloyed powders: Fe80Cu20 �at. %�
and Fe92Al2Si6 �wt %�. For this, we measure the dislocation
density and crystallite size as a function of isochronal an-
nealing treatments at increasing temperatures. These two fac-
tors are deduced from x-ray diffraction, using the method of
Ungar and co-workers,33–35 which incorporates dislocation
contrast factors. We find that the coercivity depends on both
crystallite size �as described by the random anisotropy
model� and the dislocation density �which controls the re-
sidual strains in the alloy�. This analysis enables us to
modify the random anisotropy model to take into account the
effect of residual stress.

II. EXPERIMENT

The alloys were synthesized from elemental Fe �−10
�m,99.9+ % �, Cu �−10 �m,99.9% �, Al �44–149�m,
99.97% �, and Si �chips, 99.9999%�. Eight-gram mixtures
were mechanically alloyed for 30 h using a SPEX 8000 mill
�Edison, NJ� and a hardened-steel vial and balls. Seven ml of
hexane was added to the vial to prevent the agglomeration of
the powder on the milling media. After evaporating the hex-
ane in a partial vacuum, the powders were transferred to an
argon-filled glove box �oxygen content less than 1 ppm�.
Powder aliquots were annealed for 1 h at various tempera-
tures. The powder was then analyzed by x-ray diffraction
�XRD� using Cu K� radiation. NIST silicon standards were
used as a reference material which enabled us to accurately
determine the position of Bragg reflection peaks and the
width of these peaks. The powders were also characterized
by scanning electron microscopy �SEM�. Small powder
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samples were hand pressed in aluminum foil capsules, which
were used to measure magnetization-field loops using a su-
perconducting quantum interference device �SQUID� at ap-
plied fields between −50 and 50 kOe. The magnetic field
trapped by the superconducting magnet of the SQUID mag-
netometer was measured on a platinum standard, and this
field was then subtracted from the measurements on our Fe-
based powders.

III. RESULTS

Figure 1 is an SEM image of as-mechanically alloyed
Fe92Al2Si6 powder. The particles have quite irregular mor-
phology. The particle size ranges from a few �m to tens of
�m. Each particle is an aggregate of smaller micron-size
particles. These aggregates are typical of mechanically al-
loyed powders and result from the repeated cold welding and
fracture of powder during ball milling.

Figure 2 shows x-ray diffraction patterns of the Fe80Cu20
powders after different thermal treatments. For annealing
temperatures below 350 °C, the powder structure is a meta-
stable bcc solid solution, in agreement with a previous
study.36 When annealed at temperatures above 350 °C, fcc
Cu precipitates from the bcc solid solutions. Figure 3 shows
the diffraction patterns for the Fe92Al2Si6 powders. The bcc
structure of the as-mechanically alloyed Fe�Al, Si� powder is
stable even when annealing at a temperature of 650 °C.

The Bragg diffraction peaks in Figs. 2 and 3 are relatively
broad, reflecting a small crystallite size and the presence of
residual strain. The two contributions to the broadening are
usually analyzed in terms of the Williamson-Hall method,37

where the width at half maximum �in radian units� of the
Bragg peaks, �K, is plotted as a function of K=2 sin � /�.
Here � and � are the Bragg angle and the wavelength of the
x rays, respectively. If the two contributions to the peak pro-
files are assumed represented by either Cauchy or Gaussian
curves, then �K is expected to follow the relationships38

�K =
0.9

D
+ 2eK �Cauchy-Cauchy� , �1�

��K�2 = �0.9

D
�2

+ 4e2K2 �Gaussian-Gaussian� , �2�

where e is lattice strain and D is crystallite size. Figures 4�a�
and 4�b� show an analysis of the Fe92Al2Si6 diffraction data
according to Eqs. �1� and �2�, respectively. Clearly, the data
are not on a straight line, making it difficult to determine the
grain size and the residual strain.

Data for nanocrystalline materials often fail to obey the
Williamson-Hall plot. The deviations are larger when the
material being studied is elastically anisotropic because then
the residual strains affect some Bragg reflections more than
others. Ungar and co-workers suggested33–35 methods to take
this into consideration through the introduction of a disloca-
tion contrast factor Chkl. Equations �1� and �2� then take the
form

�K =
0.9

D
+ 2eK C1/2, �3�

��K�2 = �0.9

D
�2

+ 4e2K2C . �4�

The contrast factor for Bragg reflection �hkl�, Chkl, can be
calculated from the contrast factor for Bragg reflection �h00�,
Ch00, according to35

FIG. 1. Scanning electron microscopy image of as-mechanically
alloyed Fe92Al2Si6 �wt %� powder.

FIG. 2. X-ray diffraction patterns for mechanically alloyed
nanocrystalline Fe80Cu20 �at. %� powder as a function of annealing
temperature �annealing time of 1 h�.

FIG. 3. X-ray diffraction patterns for mechanically alloyed
nanocrystalline Fe92Al2Si6 �wt %� powder as a function of anneal-
ing temperature �annealing time of 1 h�. All the Bragg peaks are
from bcc Fe�Al, Si� solid solutions.
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Chkl = Ch00�1 − qH2� , �5�

where H2= �h2k2+h2l2+k2l2� / �h2+k2+ l2� for a cubic crystal
system and q is a constant that is deduced from a fit to the
data, as explained below.

For cubic materials, the contrast factor Ch00 depends on
the Burgers and line vectors characterizing the dislocations,
the elastic anisotropy S �S=2C44/ �C11−C12��, and the ratio
C12/C44 where C11, C12, and C44 are the elastic constants.35

The elastic constants of the present Fe�Cu� and Fe�Al, Si�
solid solutions can be approximated by those of pure iron.39

We used a computer program developed by Borbely et al.40

to calculate the values of Ch00 for the four different disloca-
tions expected in these alloys: two edge dislocations of �111	

110� and �111	 
211� type and two screw dislocations of
�110	 and �111	 type. We then assumed that the four different
dislocation types were present in equal proportion and we
thus derived a unique value of Ch00 by numerically averaging
the Ch00 values calculated for the four dislocation orienta-
tions. The averaged value is Ch00=0.252, which we assumed
to represent the Ch00 value for both Fe-based alloys studied
here.

If dislocations are the main contributors to the residual
strain, then Eq. �4� can be expressed as33

��K�2 = �0.9

D
�2

+ ��b2	

2B
�K2C , �6�

where b is modulus of the Burgers vector of dislocations, 	 is
the average dislocation density, and B is a constant that can

be taken as 10 for a wide range of dislocation distribution.33

Equations �5� and �6� lead to

��K�2 − �0.9/D�2

K2 = ��b2	

2A
�Ch00�1 − q H2� . �7�

Equation �7� is now fitted to the data to deduce the optimal
values of D, 	, and q. To solve this nonlinear fit problem, we
followed the suggestion of Ungar et al.34,35 to do a series of
linear fits of Eq. �7� using a discrete range of �0.9/D�2 val-
ues, letting 	 and q vary, and to choose the �0.9/D�2 value
that gave the largest correlation coefficient to the fit.

Figure 5 shows the data for the as-mechanically alloyed
Fe�Al, Si�, plotted according to Eq. �6�. In this modified plot,
all the Bragg reflections fall on a straight line. The average
dislocation density 	 is determined from the slope of the
fitted straight line according to Eq. �6� whereas the constant
q can be determined from the plot according to Eq. �7�. For
all the alloys investigated here, q ranged from 1.8 to 3.0.

Figure 6 shows the magnetization-field �M-H� loop for
Fe�Al, Si� in the as-mechanically alloyed state. The satura-
tion magnetization MS measured at an applied field of
50 kOe is 186.5 emu/g, corresponding to approximately

FIG. 4. Williamson-Hall plot for as-mechanically alloyed nano-
crystalline Fe92Al2Si6 �wt %� powder. �a� �K-K plot, �b� �K2-K2

plot.

FIG. 5. Modified Williamson-Hall plot ��K2 versus K2C� for
as-mechanically alloyed nanocrystalline Fe92Al2Si6 �wt %� alloy. C
is the average of the dislocation contrast factor, Chkl, for orientation
�h ,k , l�.

FIG. 6. Magnetization-field, M-H, loops for as mechanically
alloyed nanocrystalline Fe92Al2Si6 �wt %� powder. The coercivity is
not apparent at the present 60 kOe abscissa scale.

SOFT MAGNETISM IN MECHANICALLY ALLOYED… PHYSICAL REVIEW B 72, 014431 �2005�

014431-3



1.8 T. This MS value, when normalized to the content of
iron, is 203 emu/gFe. This value is approximately 9% lower
than the saturation magnetization of pure iron. This decrease
in magnetization per Fe atom has been attributed41 to charge
transferred from the alloying elements Al and Si to Fe, which
partially fills the d band of iron and lowers its moment. In
our nanocrystalline powders, a large fraction of Fe atoms are
located at grain boundaries and thus have larger interatomic
distances to their Fe neighbors. This could also contribute to
the lowering of the magnetic moment per atom. The suscep-
tibility M /H is small �less than 5�. This is because the mea-
surements are done on loose powder consisting of quasi-
spherical particles having demagnetizing factor of
approximately 4� /3.

Figure 7 shows a magnified view of the M-H loops �each
measured for a maximum H of 50 kOe� for Fe�Al, Si� in the
as-mechanically alloyed condition �solid symbols� and after
annealing for 1 h at the stated temperatures �open symbols�.
To obtain these curves, we first deduce the apparent coerciv-
ity of the powders. The true coercivity shown in Fig. 7 was
then obtained after subtracting the trapped field measured
with a platinum standard.

Figure 8 summarizes the data for the mechanically al-
loyed Fe80Cu20 �at. %�, showing the coercivity HC, crystallite
size D, and square root of dislocation density, 	1/2, as a func-
tion of the annealing temperature Ta. Upon increasing Ta in
the range 20–250 °C, D increases slightly whereas both HC
and 	1/2 decrease. Because for nanocrystalline alloys an in-
crease in D causes a fast increase in HC, the observed de-
crease in HC suggests that in this annealing range the de-
crease in HC is dominated by the removal of residual stress,
which is usually proportional to 	1/2. HC reaches a minimum
value for Ta=250 °C. Upon increasing the annealing tem-
perature in the range 250–450 °C, D increases and 	1/2 de-
creases at ever faster rates. However, HC increases abruptly.
This fast increase can be attributed to two factors: �1� the
increase of D and �2� the precipitation of fcc Cu from the bcc
Fe�Cu� solid solution �Fig. 2�. The first factor is explained by
the random anisotropy model,4 which predicts that HC�D6.
The second factor is explained qualitatively by the inclusion

theory42 which predicts that HC is proportional to N2/3 where
N is the number of nonmagnetic inclusions per unit volume.

Figure 9 shows HC, D, and 	1/2 as a function of Ta for our
Fe92Al2Si6 �wt %� alloys. The dependence of these param-
eters on Ta is similar to that seen in Fig. 8, with the exception
that the minimum in HC occurs at 450 °C. Notice also that
for temperatures above the minimum, the rate of increase in
HC is larger for Fe80Cu20 than for Fe92Al2Si6. This compari-
son suggests that the fast increase in HC for Fe80Cu20 for
Ta
250 °C is mainly due to the precipitation of Cu.

Figure 10 shows HC as a function of 	1/2 for the Fe80Cu20
and Fe92Al2Si6 alloys. The figures only include data for al-
loys annealed at temperatures below 250 and 450 °C, re-
spectively, which are the temperatures that give the mini-
mum HC values. The linear dependence between HC and 	1/2

can be understood if one considers that within these tempera-
ture ranges, D for both alloys remains approximately con-
stant, ranging from �9 to 13 nm, and thus the value of HC is
dominated by the dislocation density 	. Notice that an ex-
trapolation of the data to zero dislocation density gives HC
�0.

FIG. 7. M-H curves, extracted from Fig. 6, for nanocrystalline
Fe92Al2Si6 �wt %� alloys: ��� as mechanically alloyed, ��� after
annealed at 250 °C for 1 h, and ��� after annealed at 450 °C for
1 h. The field has been corrected to take into account the field
trapped in the SQUID.

FIG. 8. Coercivity HC, crystallite size D, and square root of
dislocation density, 	1/2, as a function of annealing temperature Ta

for mechanically alloyed nanocrystalline Fe80Cu20 �at. %� powder.

FIG. 9. Coercivity HC, crystallite size D, and square root of
dislocation density, 	1/2, as a function of annealing temperature Ta

for mechanically alloyed nanocrystalline Fe92Al2Si6 �wt %� powder.
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IV. DISCUSSION

A. Random anisotropy model in the absence of residual stress

Alben et al.5 proposed a random anisotropy model to de-
scribe the ferromagnetism in metallic glasses. Herzer4 modi-
fied this model to explain the soft magnetic properties of
nanocrystalline alloys. Herzer’s model explains adequately
the magnetic properties of ferromagnetic ribbons prepared by
first rapid quenching melt into thin amorphous ribbons,
which are then annealed to develop a nanocrystalline struc-
ture. Because of the way they are produced, these nanocrys-
tals have low dislocation density and thus low residual stress.
In this section we discuss the basic idea of Herzer’s model.

When grain size D is smaller than the exchange length
Lex, the effective anisotropy �K	 of the nanocrystalline mate-
rial is smaller than the crystalline anisotropy constant K1.
The effective anisotropy is an average of K1 over the N
grains within the volume V=Lex

3 —i.e.,

�K	 =
K1

N
, �8�

where

N =
Lex

3

D3 . �9�

The exchange length Lex can then be expressed as

Lex = A

�K	
, �10�

where A is the exchange stiffness constant. From Eqs. �8�,
�9�, and �10� one obtains4

�K	 =
K1

4

A3 D6. �11�

A is related to the spin-wave stiffness constant D0 by43,44

A =
D0MS

2g�B
, �12�

where MS is saturation magnetization, g is a g factor, and �B
is Bohr magneton. The MS for the Fe92Al2Si6 alloys is
186±3 emu/g�1.4�106 A/m. Using the D0 value mea-
sured for crystalline Fe93.5Si6.5 �wt %�,45 D0
=230 �meV Å2�=3.68�10−40 J m2, and the g=2.09 value
for crystalline Fe,46 Eq. �12� gives A=1.3�10−11 J /m. For
crystalline Fe93.5Si6.5 �wt %� with K1=2.2�104 J /m347 and
D=10 nm, Eq. �11� gives �K	=1.1�102 J /m2, approxi-
mately two orders of magnitude smaller than K1. Because
HC� �K	,4 the decrease in the anisotropy from K1 to �K	
explains why stress-free nanocrystalline alloys are magneti-
cally soft. The random anisotropy model, as discussed above,
does not include the effect of residual stresses. In the follow-
ing sections we modify this model to include the effect of
residual stresses, which are prevalent in our mechanically
alloyed powders.

B. Random anisotropy model in the presence of residual stress

Our mechanically alloyed powders have high dislocation
densities, on the order of 1015–1017 m−2, as shown in Figs. 8
and 9. The effect of the residual stress on the total magnetic
anisotropy cannot be neglected.

Figure 11 gives a schematic description on the residual
stress in a mechanically alloyed particle as a function of
distance x inside the particle. This description is consistent
with the morphology of the present powders �Fig. 1� and our
current understanding of the mechanical alloying process.
The fluctuating internal stress has a macroscopic-range com-
ponent ma and a microscopic-range component mi. The
wavelength of the macrostress, Lma, is on the order of 1 �m,
which is approximately the size of aggregates forming each
particle in Fig. 1. The wavelength of microstress, Lmi, is
approximately equal to crystallite size D, which is assumed

FIG. 10. Coercivity HC as a function of square root of disloca-
tion density, 	1/2, for mechanically alloyed nanocrystalline Fe80Cu20

�at. %� and Fe92Al2Si6 �wt %� powder, both of similar grain size
D�10 nm.

FIG. 11. Schematic representation of the residual stress along an
arbitrary direction within a mechanically alloyed powder particle.
The length scale of the microstress is Lmi�D�10 nm. The length
scale of the macrostress is Lma�aggregate thickness�1 �m. Soft
ferromagnetism requires the size D to be smaller than the exchange
length Lex, as shown in the figure.
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here to be smaller than the exchange length Lex. In nanocrys-
talline alloys prepared by mechanical alloying, the grain
boundaries are relatively diffuse and contain a high density
of tangled dislocations, leading to high-frequency fluctua-
tions in the microscopic stress.

The stresses ma and mi produce magnetoelastic aniso-
tropy K,ma and K,mi according to48

K,ma =
3

2
�Sma, �13�

K,mi =
3

2
�Smi, �14�

where �S is saturation magnetostriction. Both K,ma and K,mi
contribute to the total effective anisotropy.

The total �effective� anisotropy Kef f of a nanocrystalline
alloy with a residual stress such as that shown schematically
in Fig. 11 has three contributions: the long-range magneto-
elastic anisotropy K,ma, the averaged short-range magneto-
elastic anisotropy �K,mi	, and the averaged short-range mag-
netocrystalline anisotropy �K1	:

Kef f = K,ma
2 + �K,mi	2 + �K1	2. �15�

Using Eq. �14� and in analogy to Eq. �8�,

�K,mi	 =

3

2
�Smi

N
. �16�

Then, from Eqs. �8�–�10�, �13�, and �16�, we obtain an im-
plicit relation for Kef f:

Kef f =�3

2
�Sma�2

+ ��3

2
�Smi�2

+ K1
2�D3Kef f

3/2

A3/2 .

�17�

It is interesting to asses the analytical dependence of Kef f for
limiting values of residual stress and magnetostriction.

For 	�0, which means that ma and mi are both negli-
gible, the value of Kef f predicted by Eq. �17� reverts to that
predicted by Herzer’s random anisotropy model, Eq. �11�.
The same Kef f value is predicted for the case that �S=0.

The present study shows that for 	�0 and �S�0, the
value of Kef f is dominated by the first term in the square root
of Eq. �17�. The residual stress in heavily deformed materials
is an appreciable fraction of the flow stress flow, which we
estimated from the microhardness of the alloy, HV. For as-
mechanically alloyed Fe92Al2Si6 we measured HV�8 GPa.
The flow stress is approximately equal to HV/3=2.7 GPa.
The same flow stress follows from the known work-
hardening expression flow=�Gb	, where � is a parameter
in the range 0.2–0.3,49 G=81.6 GPa is the shear modulus,
and b is the length of the Burgers vector. For bcc iron crys-
tals, b=3/2 a=0.248 nm where a is a lattice constant. With
�=0.25 and the 	=3.9�1017 �m−2� value we deduced from
x-ray diffraction measurement �Fig. 9�, we obtain flow
=3.2 GPa which is in good agreement with the value de-
duced from the hardness measurement. In what follows we

assume ma�flow. Then, with �S=2�10−6 �Ref. 50� we
obtain Kef f �

3
2�Sma=9�103 �J m2�. Finally, using the

relation4

HC = pc
Kef f

MS
, �18�

with the parameter pc set to 0.13 to 0.64,4 we obtain HC of
8–41 Oe, which is in reasonable agreement with the mea-
sured value of 33 Oe �Fig. 9�.

In summary, Eq. �17� predicts that the coercivity in nano-
crystalline materials �D�Lex� depends on both dislocation
density and crystallite size. Four limiting cases can be envis-
aged:

case 1: ��S� → 0, 	 → 0, HC � D6,

case 2: ��S� → 0, 	 � 0, HC � D6,

case 3: ��S� � 0, 	 → 0, HC � D6,

case 4: ��S� � 0, 	 � 0, HC � 	 ,

The D6 dependence can only be observed when either �S or 	
or both are nearly zero. For alloys containing a large dislo-
cation density, as obtained after mechanical alloying or
equal-channel angular extrusion, HC is dominated by the
long-range residual stresses generated by dislocations �case
4�. By long-range we mean stress fluctuations over a length
scale that is larger than the crystallite size and also larger
than the exchange length, Lex. The presence of these long-
range stresses destroys all the advantages of having nano-
sized grains, forcing the nanocrystalline material to behave
as a conventional large grain material.

From the present work we conclude that nanocrystalline
powders prepared by mechanical alloying are magnetically
soft only if they are either nonmagnetostrictive ���S�→0� or
dislocation free �	→0�. Zero magnetostriction can be
achieved in some alloy systems �e.g., Fe-Si �Ref. 51��, but at
the expense of limiting the alloy composition. The second
path �	→0� is more difficult to follow because a thermal
anneal aimed at reducing 	 will also tend to cause grain
growth �as revealed in Figs. 8 and 9�. However, this path
could be followed by first preparing amorphous alloys �using
the mechanical alloying technique� and then optimally an-
nealing the amorphous precursors. The high-temperature an-
neal would produce amorphous or nanocrystalline alloys in
which most of the residual stress is annealed out. The main
advantage of using mechanical alloying to prepare the amor-
phous precursor is that the alloy composition is not limited to
that of deep eutectics.

V. CONCLUSIONS

�i� The Williamson-Hall method, frequently used to de-
duce the residual strain and grain size of deformed solids, is
inappropriate for analyzing powders of elastically aniso-
tropic materials. A proper analysis requires the introduction
of dislocation contrast factors that take into account the elas-
tic anisotropy.
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�ii� In nanocrystalline powders prepared by mechanical
alloying, the coercivity is a nonlinear function of the grain
size and the residual stress within the particles. At low an-
nealing temperatures the coercivity decreases because of the
fast removal of long-range residual stress whereas at higher
annealing temperatures the coercivity increases because an-
nealing causes grain growth. For Fe80Cu20 �at. %� and
Fe92Al2Si6 �wt %� studied here, there is an optimum anneal-
ing temperature �250 and 450 °C, respectively� at which the
coercivity is lowest.

�iii� Below the optimum annealing temperature, the coer-
civity is a linear function of the square root of the dislocation
density. The high-density dislocations cannot be completely
removed by annealing while avoiding grain growth.

�iv� The total anisotropy in a nanocrystalline powder pre-
pared by mechanical alloying has three contributions: �1�
long-range magnetoelastic anisotropy, �2� random short-

range magnetoelastic anisotropy, and �3� random short-range
magnetocrystalline anisotropy. The last two contributions are
proportional to the sixth power of the crystallite size and thus
are unimportant in mechanically alloyed powders with crys-
tallite size D�Lex. The main contribution to the coercivity of
nanocrystalline alloys arises from the fluctuating long-range
residual stress which is proportional to the square root of the
dislocation density.
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