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Nd2Fe14B hard magnetic nanoparticles were synthesized by chemical synthesis techniques. Nd-
Fe-B gel was prepared using NdCl3 3 6H2O, FeCl3 3 6H2O, H3BO3, citric acid, and ethylene glycol
(EG) by a Pechini type sol-gel method. This gel was subsequently annealed to produce mixed oxide
powders. Nd2Fe14B nanoparticles were prepared from these oxides by a reduction-diffusion
process. The phase analysis, structure, and magnetic properties were determined by Fourier trans-
form infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR), X-ray diffraction (XRD),
field emission scanning electron microscope (FESEM), transmission electron microscope (TEM),
and vibrating sample magnetometer (VSM) techniques. The mechanism of Nd2Fe14B formation was
investigated by differential scanning calorimetry (DSC), XRD, and thermodynamic free energy
change data. Our experimental and modeling results showed that the reduction-diffusion of the
Nd-Fe-B mixed oxide was a three step process. The reduction of Fe2O3 to Fe and B2O3 to B
occurred at 300 �C. NdH2 and Fe was formed from Nd2O3 and NdFeO3 at 620 �C. The Nd2Fe14B
phase was formed from NdH2, Fe, and B at 692 �C. The coercivity of as-synthesized powder was
6.1 kOe. The Henkel plot showed that this powder was exchange coupled; removal of CaO by
washing led to dipolar interactions and a decrease in coercivity.

1. Introduction

Research in the area of magnetism and magnetic materi-

als is a rich combination of synthesis, characterization,

theoretical concepts, and engineering applications.1 Hard

magnetic materials are used in hard disk drives, motors,

generators, loudspeakers, magnetic sensors, etc. Polymer-
magnetic powder composites are used in several applica-

tions including electromagnetic actuationmicropumps.2

Since the discovery of the excellent magnetic properties of

Nd2Fe14B hard magnetic alloys,3 intense research has been

focused on novel synthesis techniques and optimummicro-

structural development. The most commonly used pro-

cess for producing Nd2Fe14B magnetic alloys are powder

metallurgy methods3 and rapid quenching techniques.4,5

These methods are energy intensive and require high purity

elements as starting materials. To prepare Nd2Fe14B based
bonded magnets, sintered magnets, or magnetic elasto-
mers for engineering applications, magnetic powders are
essential.6,7Typically,magnetic flakes frommelt spinningor
ingots are crushed, ball milled, or subjected to hydrogena-
tion, dispropornation desorption, and recombination trea-
ted (HDDR) to obtain micrometer sized powders.6,7 Mag-
netic nanoparticles are needed in ferrofluids,8 refrigeration
systems,9 and multiterabit information storage devices.10,11

Externalmanipulation of suchmagnetic nanoparticles facil-
itates their use in biomedical applications such as drug
delivery, cancer therapy by hyperthermia, protein purifica-
tion, and medical imaging.11-15 Moreover, magnetic nano-
particles with a desired shape and size distribution are also
of fundamental interest;16 in the nanometer size range,
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magnetic nanoparticles are used to explore anisotropy, ex-

change coupling, and the magnetism of single domain par-

ticles.15 The size and temperature dependence of themagnetic

properties of nanoparticles has stimulated research to over-

come the conventional limits of magnetic data storage.15

Chemical synthesis methods have been widely used to
prepare nanostructured materials.11 In recent years, syn-
thesis of Nd2Fe14B magnets by chemical routes has been
attempted; one such method involves reduction of suitable
salts of iron and neodymium by sodium borohydride.17,18

Another is the polyol reduction method;19 the organome-
tallic complex of iron and neodymium is reduced by a
polyalcohol. However, due to a high negative reduction
potential of the rare earth element (-2.43 eV), it is quite
difficult to coreduce rare earth and transition metals simul-
taneously (-0.057 eV).20,21 Nd2Fe14B alloys are reactive
and oxidation prone, making synthesis of nanoparticles
challenging.21 In chemical methods, nanoparticle size can
be controlled by adjusting reaction parameters such as time,
temperature, and concentration of reagents.11,22,23 Particle
growth can be minimized by controlling the reaction tem-
perature and time.23 Alloying to improve magnetic proper-
ties can also be more readily accomplished by chemical
synthesis techniques. In this work, the sol-gel technique
was used to synthesize a chemically homogeneous oxide;
reduction-diffusion of this oxide producedNd2Fe14Bmag-
netic nanoparticles.
Nd2Fe14B synthesis by reduction-diffusion techniques

and their magnetic properties have been reported.24-29 In
previous work, a combustion method followed by reduc-
tion-diffusion was used to synthesize exchange coupled
Nd2Fe14B-R-Fe nanocomposites in the 5-20 nm size
range.29 However, the mechanism of this process is still
not well understood. Hence, we report the synthesis and
formation mechanism of Nd2Fe14B nanoparticles pro-
duced by sol-gel followed by reduction-diffusion. Such
solution based synthesis combined with high temperature
solid state reduction has been proved to be a successful
method in the synthesis of hard nanocrystalline magnetic
materials.30 Our results show that reduction-diffusion

can be carried out at lower temperatures and times than
those reported earlier.24-27 As a result, fine Nd2Fe14B
nanoparticles of ∼65 nm size were successfully synthe-
sizedby thismethod.This technique canbe readily extended
to the synthesis of exchange-coupled magnetic nanoparti-
cles to obtain high energy product magnets. Magnetic
measurements showed that the coercivity of the as-synthe-
sized powder was 6.1 kOe. Ferromagnetic interparticle
interactions were studied using the Henkel plot; the as-
synthesized powder was exchange coupled, and removal of
CaO by washing resulted in dipolar interactions.

2. Experimental Section

2.1. Characterization Techniques. X-ray diffraction (XRD)

wasmeasured using aBrukerAXSX-ray diffractometer (CuKR
radiation, λ = 0.154 nm). For qualitative phase analysis, the

XRD 2θ scan data were recorded in the range of 20-80�. For
quantitative Rietveld analysis, the XRD data were recorded in

the range of 20-120�with a step size 2θ of 0.01�. Rietveld refine-

ment was carried out using the software program TOPAS 3.

Tetragonal Nd2Fe14B (space group P42/mnm), Nd2Fe14BH4.7

(space group P42/mnm), and R-Fe (space group Im3m) were

taken as the starting model. Refinement was carried out in the

following sequence: background, zero point shift, scale factor,

unit cell constant, and crystal size. The infrred (IR) spectra were

recorded on KBr pellet using a Perkin-Elmer Fourier transform

infrared spectroscopy (FTIR) spectrometer. The 1H NMR

spectra was recorded at room temperature in D2O solvent using

a Bruker nuclear magnetic resonance (NMR) spectrometer at

300MHz. Themicrostructure of the powderswas examined by a

JEOL JSM-6340F field emission scanning electron microscope

(FESEM) and transmission electron microscope (JEOL TEM

2010, 200 kV). Room temperaturemagnetic measurements were

performed at a magnetic field strength up to 1.5 T using a

Lakeshore 7400 vibrating sample magnetometer (VSM).

2.2. Nd-Fe-B Oxide Synthesis by Sol-Gel Process. Neo-

dymium chloride hexahydrate (NdCl3 3 6H2O, 99.9%), iron

chloride hexahydrate (FeCl3 3 6H2O, 97-102%), boric acid (H3-

BO3, 99.8%), citric acid (99.5%), and ethylene glycol (99%)

from Alfa Aesar were used for the synthesis. The synthesis of

Nd-Fe-B oxide powder was carried out by a Pechini type

sol-gel process.31 In a typical experiment, for a nominal com-

position of Nd15Fe77.5B7.5, stoichiometric amounts of neodym-

ium chloride hexahydrate, iron chloride hexahydrate, and boric

acid were dissolved in deionized water. Then, citric acid and

ethylene glycol in a 2:1 molar ratio to metal salts were added to

prepare a thermally stable sol. Finally, the mixed solution was

heated at 90 �C overnight resulting in a viscous gel. This gel was

characterized by FTIR and NMR spectrometry. The gel was

then dried at 200 �C. The dried gel was then heated at 400 �C for

2 h, followed by 800 �C for 2 h to prepare Nd-Fe-B oxide

powder. These powders were analyzed by X-ray diffraction,

FTIR spectrometry, TEM, and VSM. This powder was sub-

jected to the reduction-diffusion process to obtain the desired

Nd2Fe14B phase.

2.3. Nd2Fe14B Synthesis. Nd2Fe14B powder was synthesized

bymixingNd-Fe-B oxides powder with 1.5 wt%ofCaH2 and

annealing at 800 �C for 2 h in vacuum. CaH2 (90-95%, Sigma

Aldrich) was used as the reducing agent instead of calciummetal

due to the ease of mixing. Moreover, pulverization caused by
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hydrogen gas released during heating, resulted in greater surface

area and accelerate reduction. In this process, the major by-

product was calcium oxide with residual calcium metal. To

remove CaO, the reactionmixture was washed with dilute acetic

acid and deionized water. Finally, the powder was washed with

acetone followed by n-hexane and dried by vacuum evapora-

tion. A schematic diagram of the synthesis process is shown in

Figure 1. (Hazard: The CaH2 and Ca can react vigorously with

moisture/water and must be handled in a glovebox with appro-

priate personal protective equipment. The synthesized Nd-
Fe-B nanoparticles were unstable to oxidation and must be

handled in a glovebox.)

2.4. Study of Reaction Mechanism. To determine the mecha-

nism of reduction of the oxide to form the Nd2Fe14B phase,

isochronal differential scanning calorimetry (DSC) measure-

ments were carried out in argon at a heating rate of 20 K min-1

using a Netzch DSC-404. Nd-Fe-B oxides with 1.5 wt % of

CaH2 were heated for 2 h in vacuum at temperatures corre-

sponding to the peak temperature obtained from the isochronal

DSC study. At intermediate temperatures, the products of the

reaction between Nd-Fe-B oxides and CaH2 were unstable in

the air; hence, for X-ray diffraction data collection, the reaction

products were wrapped in parafilm inside a nitrogen glovebox.

3. Results and Discussion

3.1. Nd2Fe14B Phase Formation from Nd-Fe-B

Gel. 3.1.1. Nd-Fe-B Gel Formation. The synthesis of
Nd2Fe14B is a two step process. The first step was the
preparation of Nd-Fe-B-oxide by a modified Pechini
type sol-gel method.31 The second step was the reduc-
tion-diffusion of the oxide by CaH2. The IR spectra and
NMRresults of theNd-Fe-Bgel are shown inFigure2A,B.
The broad absorption spectra at ∼3400 cm-1 was due to
O-H stretching of free hydroxyl group from citric acid

and metal citrate complex and the intermolecular hydro-

gen bonds.32 The absorbance at ∼1731 (γ CdO) and

∼1202 cm-1 (γ C-O) were assigned to the carboxylate

group, arising from the esterification reaction of both free

and complex citric acid and ethylene glycol (EG).32,33 The

presence of metal coordinated citrate complex was consis-

tent with the absorbance at 1622.4 cm-1 (γas COO) and

1393 cm-1 ((γs COO).32,33 The difference (Δγ = γas - γs)
suggested that -COO was coordinated to metal ion as a

monodentate ligand.34 1H NMR of the gel (Figure 2B)

showed two broad peaks at 2.8 and 3.03 ppm from the citric

acid methylene proton after esterification with ethylene

glycol.33 The proton of excess ethylene glycol appeared at

3.5 ppm.32,33 There were five more peaks at 3.7 ppm and

between 4.1 and 4.4 ppm, corresponding to the methylene

proton in position R to the oxygen of ester or ether group

following the esterification and esterification-etherization

reaction.32,33 Thus, the resulting gel was a metal citrate

complex connected by EG via esterification reaction.
3.1.2. Annealing of Nd-Fe-B Gel. The Nd-Fe-B gel

was heated in air to obtain Nd-Fe-B oxide. To study the
phase evolution during annealing of this gel, it was heat
treated for 2 h from200 to 800 �Cat temperature intervals of
100 �C.X-raydiffractionwasperformedafterheat treatment
to identify the phases (Figure 3). The as prepared gel and gel
heatedat 200 �Cwas amorphous.At 300 �C, an intermediate

Figure 1. Flowchart of preparation of Nd2Fe14B magnetic powder by sol-gel followed by reduction-diffusion process.
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Nd2O2CO3 phase was observed. At 400 �C, intermediate
phases Fe3BO5 and NdBO3 were formed; these two phases
were stable up to 700 �C.Annealing at 800 �C resulted in the
formation of Nd2O3, NdFeO3, Fe2O3, and B2O3 phases. At
800 �C, Fe3BO5 reacted with NdBO3 in the presence of
oxygen to form NdFeO3 and B2O3.
The IR spectrum of heat treated gel is shown in Figure 4.

The intensities of broad absorption spectra at ∼3400 cm-1,
the absorbance at 1622, 1731, 1393, and 1202 cm-1, corre-
sponding to the citrate complex, decreased with increasing
temperature. For annealing temperatures of 500 �C, these
peaks were not observed, indicating that annealing at 500 �C
was sufficient to remove volatile organic materials. At tem-
peratures between 600 and 800 �C, absorption bands at 760.2
cm-1 (B-O-B bending, boron oxygen network) and 730.6
cm-1 (B-O-Bbending,bridgebetweenBO3andBO4

-) were

observed, corresponding to the characteristic absorption of
B2O3.

35,36 These results suggested that Fe3BO5 and NdBO3

reacted at 600 �C to form NdFeO3 and B2O3 phases. XRD
observations showed B2O3 phase formation only at 800 �C,

Figure 2. (A) IR spectra ofNd-Fe-Bgel. The absorption at 1622.4 cm-1

(γas COO) and 1202 cm-1 (γs COO) are from metal coordinated citric
acid and ethylene glycol ester. (B) 1H NMR of Nd-Fe-B gel. The
highest intensity peak at δ= 4.7 is from DOH and is due to the proton
exchange between solvent D2O and citric acid.

Figure 4. IR spectra of (a) Nd-Fe-B gel; (b-h) gel annealed in the
temperature rangeof 200-800 �C for 2 h.Annealing at 500 �Cremoves all
organic volatile materials.

Figure 3. (A, B) (a) XRD patterns of NdFeB gel; (b-h) NdFeB gel
annealed for 2 h, (b) 200 �C, (c) 300 �C, (d) 400 �C, (e) 500 �C, (f ) 600 �C,
(g) 700 �C, and (h) 800 �C. There are some unidentified peaks for gel
annealed at 300 �C; ξ, Nd2O2CO3; φ, FeO; ω, Fe3BO5; δ, NdBO3;
ε, Fe2O3; β, Nd2O3; R, B2O3; γ, NdFeO3.
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(36) Kamitsos, E. I.; Karakassides, M. A.; Chryssikos, G. D. J. Phys.
Chem. 1987, 91, 1073–1079.



Article Chem. Mater., Vol. 22, No. 24, 2010 6513

perhaps because the mass fraction of B2O3 phase formed at

600 and 700 �Cwas below theXRDdetection limit. In sum-

mary, annealing of Nd-Fe-B gel at 800 �C resulted in the

formation of Fe2O3, NdFeO3, Nd2O3, and B2O3 phases.

The Nd-Fe-B oxide was further characterized by TEM

and VSM. The synthesized Nd-Fe-B oxide was found to

be 100 nm sized randomly distributed Fe2O3, NdFeO3,

Nd2O3, and B2O3 phases (Figure 5A). The room tempera-

ture VSM result showed that the Nd-Fe-B oxide had a

coercivity of 2.8 kOe and a saturation magnetization of

0.4 emu/g (Figure 5B). This oxide mixture was used in the

reduction-diffusionprocess, as describedbelow to form the

desired Nd2Fe14B phase.
3.1.3. Nd2Fe14B Phase Formation by Reduction-Diffu-

sion.For the reduction-diffusionprocess, the oxidepowder
was mixed with CaH2 in a nitrogen glovebox and com-

pressed to form a green compact. The compact pellet was

then annealed at 800 �C for 2 h in vacuum. Reduction-
diffusion of Nd-Fe-B gel annealed at temperatures below

Figure 5. (A) Bright field TEM michrograph of Nd-Fe-B oxide prepared by the sol-gel method. The SADP patterns are indexed to (a) Nd2O3 and
(b) Fe2O3 phases. (B) Room temperature VSM of Nd-Fe-B oxide.

Figure 6. XRDpattern ofNd2Fe14Bpreparedby sol-gel followedby the
reduction diffusion process (a) before CaO removal and (b) after CaO
removal; 1, R-Fe; 0, Nd2Fe14B; /, CaO.
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800 �C did not result in good magnetic properties due to
preferential R-Fe phase formation. The resulting reaction
productwas amixture of the desiredNd2Fe14Bphase,R-Fe,
and byproduct CaO (Figure 6). To remove CaO, the
powder was washed with dilute acetic acid and deionized
water. CaO was leached out as Ca(OH)2 as a reaction
product of H2O and CaO (eq 1).29

CaOþH2O f CaðOHÞ2 ð1Þ

The resultant product, determined by Rietveld refine-
ment, was amixture of three magnetic phases: 67.45 wt%
ofNd2Fe14B (c=1.2195 nm, a=0.8797 nm), 27.68wt%
of Nd2Fe14BH4.7 (c= 1.2323 nm, a = 0.89125 nm), and
∼2.43% R-Fe (a=0.2865 nm) and∼2 wt% of Ca(OH)2
(Figure 7). For Nd2Fe14BH4.7 all characteristic peaks
were found to be shifted to a lower 2θ values due to unit
cell volume expansion of Nd2Fe14B phase (Figure 7,
inset). The crystal size estimated by Rietveld analysis
was around 65 nm.
3.2. Nd2Fe14B Formation Mechanism. 3.2.1. Differ-

ential Scanning Calorimetry and X-ray Diffraction Anal-
ysis.The isochronal DSCmeasurements of the mixture of
Nd-Fe-B oxide and CaH2 powder (Figure 8A) showed
that the reduction-diffusion process occurred in three
steps: at temperatures of 300, 620, and 692 �C. At these
three peak temperatures, the reaction mixture was heated
for 2 h in vacuum and analyzed by XRD (Figure 8B,C).
The XRD analysis showed that reduction of Fe2O3 took
place at 300 �C, resulting in the formation of the R-Fe
phase. At 620 �C, Nd2O3 and NdFeO3 were reduced to
form the NdH2 and R-Fe phases. At 692 �C, the desired
Nd2Fe14B phase was formed.

3.2.2. Thermodynamic Calculations and Reaction Mecha-
nism. To estimate the free energy changes involved, thermo-
dynamic data for the oxideswere obtained fromBarin.37 The
free energy of formation of NdFeO3 was calculated from

Figure 7. Rietveld analysis of Nd2Fe14B prepared by sol-gel followed by reduction diffusion. Inset figure shows that peaks corresponding to
Nd2Fe14BH4.7 phase are shifted to a lower 2θ of ∼0.48, corresponding to 2θ position of Nd2Fe14B phase.

Figure 8. (A) Isochronal DSC ofNd-Fe-B oxideþCaH2; (B, C) XRD
pattern of Nd-Fe-B oxide þ CaH2 heated at temperatures (a) 300 �C,
(b) 620 �C, (c) 692 �C, (d) 750 �C, and (e) 800 �Cfor 2 h in vacuum;/, CaO;
φ, Fe; ε, Fe2O3; δ, Nd2Fe14B; γ, NdFeO3; β, CaH2; R, NdH2..

(37) Barin, I. Thermodynamical data of pure substances; VCH Publica-
tions: New York, 1989.
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ΔH� and ΔS� of formation values;38 ΔH� and ΔS� were as-
sumed to be constant with temperature. For free energy
change of reduction (ΔG) calculations, a mechanism similar
to that suggested by Meerson et al.39 was considered. The
reduction of theNd-Fe-Boxides (MnOm,M=Nd, Fe, B)
by CaH2 involved the following reactions (eqs 2-5):

CaH2 TCaþ 2H ð2Þ

MnOm þmCaT nMþmCaO ð3Þ

Mþ xHTMHx ð4Þ

2HTH2v ð5Þ
For theabovereactions, thermodynamic (ΔG) calculations

for the reduction of these oxides were calculated (Table 1).
The free energy change of reduction of Nd2O3 at 600 K
(∼300 �C) is positive (þ210 kJmol-1 andþ1.7 kJ mol-1),
suggesting that the reduction ofNd2O3was thermodynam-
ically not feasible at this temperature. For Fe2O3 and
B2O3, the free energy change at 600K (∼300 �C) is negative
(-762.97 kJmol-1,-311.676 kJmol-1), implying that the
reduction can take place at 300 �C. This was substantiated
by the XRD results which showed R-Fe formation. The
XRD analysis also showed that the reaction product of
Nd-Fe-B oxide and CaH2 mixture heated at 300 �C still
had some unreduced Fe2O3 (Figure 8B), perhaps due to
kinetic reasons. The free energy of formation of boron and
boron hydride showed that the formation of elemental
boron, rather than boron hydride as a reduction product is
thermodynamically more favorable. This confirmed the
minimal loss of boron as volatile boron hydride. Boron
crystallizes above 1800 �C,40 since the synthesis temperature
was much lower than this crystallization temperature, the
boronwas amorphous and not detected byXRD.Although
the free energy change values suggest that NdFeO3 reduc-
tionwas thermodynamically feasible at 300 �C,NdorNdH2

werenotdetectedbyXRDfor this heat treatment condition.
NdFeO3 was reduced at 620 �C to NdH2 and R-Fe; this is
a thermodynamically more favorable reaction (Table 1).
From both XRD observations (Figure 8B) and the calcu-
lated free energy change of reaction for Nd2O3 reduction
(Table 1), it was concluded that reduction ofNd2O3 to form
NdH2 took place at 620 �C. The desired Nd2Fe14B phase

was formed at 692 �C. With increasing temperature and

time, the mass fraction of the Nd2Fe14B phase increased at

the expense ofNdH2 andR-Fe phases. On the basis of these

observations, the following reaction mechanisms are pro-

posed (eqs 6-10):

Step1at300�C : Fe2O3 þ 3CaH2

f 2Feþ 3CaOþ 3H2v ð6Þ

B2O3 þ 3CaH2 f 2Bþ 3CaOþ 3H2v ð7Þ

Step2at620�C : Nd2O3 þ 3CaH2

f 2NdH2 þ 3CaOþH2v ð8Þ

NdFeO3 þ 3CaH2 f NdH2 þFeþ 3CaOþ 2H2v ð9Þ

Step3at692�C : 2NdH2 þ 14FeþB
f Nd2Fe14Bþ 2H2v ð10Þ

Temperatures of 800 �Cwere needed for the completion

of the reduction-diffusion process in a short period of

time. The unoxidized Ca metal reacted with H2O during

washing. This led to the liberation of hydrogen (eq 11).

The liberated hydrogen was adsorbed into Nd2Fe14B,

resulting in some hydride formation (eq 12):41

Caþ 2H2O f CaðOHÞ2 þH2v ð11Þ

Nd2Fe14Bþ xH2 f Nd2Fe14BH2x ð12Þ

3.3. Microstructure and Magnetic Properties. The room
temperature VSM results showed that the as-synthesized
powder had a coercivity of 6.1 kOe and a satura-
tion magnetization of 20.7 emu/g, resulting in a (BH)max

of 0.4 MGOe (Figure 9A). The saturation magnetization
was low due the to the presence of nonmagnetic CaO.
After removal of CaO by washing, the saturation magne-
tization increased to 102.3 emu/g but the coercivity
decreased to 3.9 kOe, resulting in a BHmax of 2.5 MGOe.
A magnetic dead layer or chemical inhomogeneity can
cause reduction of coercivity.42,43 However, such phases
were not detected by XRD analysis. The coercivity

Table 1. Free Energy Changes ΔG for the Reduction Reactions

reaction no. reaction ΔG (kJ mol-1) at 600 K (∼300 �C) ΔG (kJ mol-1) at 900 K (∼620 �C)

1 Nd2O3 þ 3CaH2 T 2Nd þ 3CaO þ 3H2 210.6 94.5
2 Nd2O3 þ 3CaH2 T 2NdH2 þ 3CaO þ 2H2 1.2 -21.9
3 NdFeO3 þ 3CaH2 T Nd þ Fe þ 3CaO þ 3H2 -231.1 -349.3
4 NdFeO3 þ 3CaH2 T NdH2 þ Fe þ 3CaO þ 2H2 -335.9 -407.5
5 Fe2O3 þ 3CaH2 T 2Fe þ 3CaO þ 3H2 -762.9 -872.485
6 B2O3 þ 3CaH2 T 2B þ 3CaO þ 3H2 -311.7 -417.2
7 B2O3 þ 3CaH2 T B2H6 þ 3CaO -167.8 -210.8
8 B2O3 þ 3CaH2 T 2BH þ 3CaOþ 2H2 466.8 302.1

(38) Parida, S. C.; Dash, S.; Singh, Z.; Prasad, R.; Jacob, K. T.;
Venugopal, V. J. Solid. State. Chem 2002, 164, 34–41.

(39) Meerson, G. A.; Kolchin, O. P. At. Energ. 1957, 2, 305–312.
(40) Boulanger, J. L.; Autissier, D. J. Phys. 1993, 3, 1305.

(41) Ram, S.; Joubert, J. C. Appl. Phys. Lett. 1992, 61, 613–615.
(42) Brunsman, E. M.; Scott, J. H.; Majetich, S. A.; McHenry, M. E.;

Huang, M. Q. J. Appl. Phys. 1996, 79, 5293–5295.
(43) Kirkpatrick, E. M.; Majetich, S. A.; McHenry, M. E. IEEE Trans.

Magn. 1996, 32, 4502–4504.
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decrease may be due to the formation of low coercivity
Nd2Fe14BH4.7 phase during washing.44 Interparticle in-
teractions can also affect the coercive field and the rever-
sal mechanism.45 The interactions between the magnetic

grains can be quantitatively analyzed by the Henkel
plot.46-48 DC demagnetization Md(H) and isothermal
remanent magnetization Mr(H) were measured and δM

Figure 10. Back scattered electronmicrograph of as-synthesized powder.
The white patches are the CaO phase.

Figure 9. (A) Room temperature VSM of Nd2Fe14B synthesized by
sol-gel followed by the reduction-diffusion method. (B) Henkel plots
of Nd2Fe14B synthesized by sol-gel followed by the reduction-diffusion
method.

Figure 11. (A) Brightfield TEMmicrograph ofNd2Fe14B synthesized by
sol-gel followed by the reduction-diffusion method. The SADP is
indexed to the Nd2Fe14B phase. (B) HRTEM image of nanocrystalline
Nd2Fe14B.The interplanar spacing ismeasured tobe4.5 Å and is closed to
the interplanar distance of 4.4 Å between the (200) plane of tetragonal
Nd2Fe14B.

(44) Ram, S.; Claude, E.; Joubert, J. C. IEEE Trans. Magn. 1995, 31,
2200–2208.

(45) Schrefl, T.; Schmidts, H. F.; Fidler, J.; Kronmuller, H. J. Magn.
Magn. Mater. 1993, 124, 251–261.

(46) Kelly, P. E.; O’Grady, K.; Mayo, P. I.; Chantrell, R. W. IEEE
Trans. Magn. 1989, 25, 3881–3883.

(47) Bissell, P. R.; Chantrell, R. W.; Lutke-Stetzkamp, H. J.; Methfes-
sel, S.; Spratt, G.W. D.;Wohlfarth, E. P. J. Phys. Colloq. 1988, 12,
C8-1925–C8-1926.

(48) Gao, R.; Chen, W.; Zhang, J.; Fong, W.; Li, W.; Li, X. J. Mater.
Sci. Technol. 2001, 17, 93–96.
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was calculated using the following relationship (eq 13).

δM ¼ ½MdðHÞ=M rð¥Þ�- ½1- 2
� fM rðHÞ=M rð¥Þg� ð13Þ

Here, Mr(¥) is the remanence after saturation magne-
tization. The δM plot is called the Henkel plot; for non-
interacting single domain particles, δM is zero.48 If δm is
positive, the intergrain interaction is exchange coupling;
negative δM suggests that magnetostatic interaction is
dominant.48-52

Interestingly, the as-synthesized powder showed a po-
sitive δM (Figure 9B); i.e., the magnetic phases were
exchanged coupled, implying that the magnetic phases
were either not completely separated or separation was
less than the exchange length (Lex).

50 The back scattered
electron micrograph (Figure 10) showed that the non-
magnetic CaO phase was in isolated patches. The mag-
netic Nd2Fe14B grains were in close contact and were,
therefore, exchange coupled. On the other hand, the
δM of the washed powder was negative, suggesting that
dipole-dipole interaction was dominant. The bright field
TEM micrograph of washed powder (Figure 11A)
showed that the particles were agglomerated and ∼50 nm
in size; the selected area diffraction pattern (SADP) was
indexed to the Nd2Fe14B phase. Figure 11B showed the
HRTEM image of Nd2Fe14B magnets with an interfringe
spacing of ∼4.5 Å. This spacing is closed to interplanar
distance of (200) planes in tetragonal Nd2Fe14B. The
presence of both dipolar and exchange interactions in
the washed samples indicated the presence of grain
boundary anisotropy.53 The anisotropy developed due to
the hydrogenation induced amorphization at Nd2Fe14B

grain boundaries during washing can lead to dipolar
interactions.54 Increasing dipolar interactions decreases
coercivity and remanence.55,56 Hence, the washed pow-
der, in which dipolar interactions are predominant, ex-
hibited a low remanent magnetization and energy
product (∼2.5 MGOe).

4. Conclusions

Sol-gel followed by reduction diffusion was used to
synthesize Nd2Fe14B magnetic nanoparticles. The mech-
anism of formation of these nanoparticles was studied.
Magnetic properties, phase analysis, and microstructural
investigations were performed by FTIR, NMR, VSM,
XRD, FESEM, and TEM techniques. (1) Nd-Fe-B gel
was prepared from the corresponding salts of Nd, Fe, and
B using citric acid and ethylene glycol as gelating agent.
The FTIR and NMR results showed that the gel was a
Nd-Fe-B citrate complex cross-linked by ethylene gly-
col. (2) Annealing of the gel at 800 �C resulted in the
formation of the Nd2O3, NdFeO3, Fe2O3, and B2O3. (3)
Reduction-diffusion was a three step process: At 300 �C,
Fe2O3 and B2O3 reduced to R-Fe and B. At 620 �C, the
reduction of Nd2O3 and NdFeO3 took place to form
NdH2 and R-Fe. The Nd2Fe14B phase formed from
NdH2, Fe, andB at 692 �C. (4) The as-synthesized powder
was a mixture of the desired Nd2Fe14B phase, R-Fe, and
byproductCaO.After removal ofCaObywashing, the resul-
tant product was a mixture of Nd2Fe14B, Nd2Fe14BH4.7,
and R-Fe phases. (5) The magnetic interactions were
calculated by the Henkel plot; the as-synthesized powder
was exchange coupled whereas the removal of CaO led to
dipolar interactions.
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