JOURNAL OF MATERIALS SCIENCE36 (2001)2291—- 2294

Chemical synthesis and characterization of
amorphous Fe-Ni-B magnetic nanoparticles
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We have synthesized Fe-Ni-B amorphous nanoparticles by chemical reduction of the
transition metal solution. A compositional study shows that the nominal Ni/Fe ratio is
preserved. The new preparation method used yields a much higher boron composition
than the one obtained traditionally by rapid quenching and other chemical synthesis
previously reported. For all compositions, the size of the particles is about 2.1 nm diameter
with a narrow log-normal distribution. © 2001 Kluwer Academic Publishers

1. Introduction persed particles) and strongly interacting regime (i.e.,
Materials composed by ultrafine particles have beerconcentrated powder) which is partly our interestin the
studied extensively in the last years because of theistudy of these materials [18, 19].
novel properties and technological applications in Within this context we report the preparation, their
catalysis, material processing and in optical, mag+morphological and compositional characterization of a
netic and electronic fields [1, 2]. Specifically, Fe-M-B (Fei_xNix)100-yBy (0 < x < 1) series of fine particles
(M =transition metal or rare earth) based nanopartiy a chemical reduction route.
cles give materials with a wide variety of magnetic be-
havior: hard magnetic materials (e.g., Nd-Fe-B use®. Experimental procedure
as permanent magnets [3]) as well as soft magnetidmorphous powders of Fe-Ni-B alloys were obtained
materials (e.g. FINEMET alloy [4]). Essential to the by reduction of aqueous solutions of metallic salts of
study of ultrafine particles is the production of sam-FeSQ and NiCh with a NaBH, solution. The pH of
ples with a narrow and reproducible size distribution.the precursor solutions was accurately controlled. The
Fe-M-B amorphous alloys are usually synthesized byeduction was carried out in an inert atmosphere (in or-
rapid quenching from the melt producing thin ribbonsder to prevent oxidation) by adding drop-by-drop 25 ml
[5-7]. In Fe-B amorphous compounds case, the boroof the transition metal ion solution (pH®6) to a one
composition range is between 10 at.% to 30 at.% outeontaining 25 ml of NaBll (pH = 13). In order to ob-
side which various crystalline forms of Fe and Fe-Btain the total reduction of the transition metal ions, an
compounds may precipitate. On the other hand, thexcess of NaBklwith respect to the stochiometric re-
chemical route gives the possibility to obtain the al-duction quantities was placed. The reaction temperature
loys in the form of fine particles, more versatile for the (273 K) and the dropping velocity were accurately con-
technological applications and generally presents thérolled, fully performing the reaction in 30 min. During
advantage of leading to fine morphology, homogeneityreaction the solution was vigorously stirred. A black
reproducibility in a wide range of compositions, and ispowder was collected in a filter and washed with dis-
a competitive process for potential applications. In pardilled water to remove residual ions, then it was rinsed
ticular, for preparing ternary transition-metal - boron with acetone to remove water and finally dried in vac-
amorphous alloys, the chemical reduction of aqueousium. Because the particles are strongly pyrophoric a
solutions of metal salts by NaBHhas proved to be a passivation with air was performed leaving the pow-
successful method [8-16]. der overnight under vacuum-@00 mTorr) followed
Particularly, Fe-Ni-B based amorphous alloys syn-by controlled introduction of air.
thesized by rapid solidification exhibit soft ferromag- The relative Fe/Ni composition was determined by
netic properties [6, 17]. The amorphous nanoparticlegnergy disperse spectroscopy microanalysis (EDS) and
obtained by the chemical method will exhibit different the boron concentration, by atomic absorption anal-
morphology (i.e., size and shape) depending onits conmysis. The morphologic characteristics of the powder
position and synthesis conditions. Ideally, fine particlesspecimens were examined by transmission electron
made by the chemical route can allow the study of itsmicroscopy (TEM), X-ray diffraction (Cu & radi-
magnetic properties in a non-interacting range (i.e., disation) measurements and light scattering correlation.
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The TEM instrument was a Philips CM200 UT oper-
ated at 200 kV and the light scattering instrument is
a commercial ZetaSizer 1000 working at 90 deg fixed
angle.

3. Results and discussion

The X-ray powder diffraction patterns were obtained,
for all samples, at room temperature. Only some broad
peaks are observed showing a similar pattern for al
the samples (Fig. 1). The positions and widths of thosg
peaks suggest the presence of nickel-boron, iron an¢"
nickel borates and nickel oxide (which can be expecte
in the particle surface due to the passivation process
all of which show a short crystalline ordBr< 3 nm. In

Fig. 1 we present, as example, the diffraction patterns
for x =0.75,x = 0.5 andx = 0.25 compositions which
exhibit essentially the same pattern. We conclude tha
no long-range crystalline order is observed, as expecte:
for amorphous compounds.

In order to clarify the morphology of the Fe-Ni- (a)
B powders, TEM observations were carried out on
the samples with different iron-nickel composition.
Powder electron diffraction presents a broad and dif-

fuse pattern confirming the amorphous nature of th
nanoparticles. Bright-field micrograph shows, for all
compositions, nearly spherical shape nanoparticle ~
Their mean diameter was in the range of 1.2-1.7 nm

In Fig. 2 we show the TEM results for=0.75 and 'y

x=0.5. The TEM observations give us a picture of
the size and shape of the nanoparticles. Because of th
small size of nanoparticles and their amorphous natur
the resolution of the size distribution is very poor to de-
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Figure 2 Bright-field micrograph showing nearly spherical particles
of (Fe—xNix)100-yBy samples with mean diameter of 1.5 nm for

(a) x=0.75 and (b)x = 0.5 samples. The black segment represents a
length of 10 nm.

~ 100
-
§ 50 termine a histogram of size population. For this reason
we also performed light scattering measurements in an
200 | ' I aqueous suspension of particles, which yield the size
distribution of our samples. In Fig. 3 the results obtained
(Fe, Ni ) on an agueous suspension of theo(ﬁello:m)lo.o_y'By '
150 [ sNas)oBs sample. This method yields a narrow size distribution
100 centered at 2.5 nm and comprised within the 2—4.5 nm
T range. One of the most common distribution used to
50 describe the size distribution of fine-particle systems is
| the log-normal distribution:
0
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Figure 1 X-ray powder diffraction pattern (Cu k- radiation) of the
(Fe1—xNix)100-yBy samples fox = 0.75,x = 0.625 andx = 0.5.
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35 TABLE | Mixing composition of transition metal ions in aqueous
r solution and the analyzed composition of the chemically synthesized
30F X powders
3 (Fey 5Nl 7)5Bs
25 L TMions mixing TMresulting  Boron Alloy
. . composition composition ~ composition  composition
2 20F
& L FegNiy FegNiy 46 at.% Ni4Bas
8 5L Fep.2sNio.75 Fen2eNio74 50 at.% (Fe26Nio.74)s0Bs0
2 Fep.375Nio.625 FepssNioes 48 at.% (Fe:3sNio.65)52Bas
§: 10k FepsNios FepagNios1 36 at.% (Fe.49Nio51)64B36
[ Fen625Nio 375 FepeaNios7 60 at.% Fe.63Nio.37)a0Bso
5f Fep.75Nio.25 Fep7sNig2s 51 at.% (Fe.75Nio.25)49Bs1
[ FerNig FerNig 54 at.% FesBs4
o —=
0 2 4 6 8 10 12 14
b (o)

_ I _ _ solutions. In these cases, the boron composition goes
Figure 3 Size distribution of the (RgsNio.75)100-yBy nanoparticles from 18 at.% to 32 at.% depending on the preparation

measured by light scattering method (open circles). The solid lines corre- o, . .
spond to the least-square fitting of the data with alog-normal distributioncondltlons' Instead, SampIeS Synthe3|zed by addmg the

(Equation 1). iron salt solution to the borohydride solution yields a
boron content of about 34-38 at.% (references [16] and
[8] respectively). Particularly, Wellst al. [16] discuss
where ¢ is the most probable diameter of the parti- the fact that when an iron salt solution is added to the
borohydride solution the boron concentration results

cles ando is the logarithmic standard deviation. We .
perform a least-square fit of these data with this distri—greater than the inverse case and the resultant compo-

) . . X 1.\ sition is irrespective of the borohydride concentration.
bution function with good agreement (Fig. 3, solid line) o | hesized d . h li
obtaining values oo = 2.7 nm ando = 0.31 ur samples were synthesized dropping the metallic

: T alt solution in the NaBld but our results show that

of the synthesis CONSIStS In nanopartlcles_of apPrOXIy hat is cited in literature, we have used an excess of
mately 2-3 nm. With all techniques we obtain the sameg . . : .

, . : .1he reducting media when the reaction takes effect in
nanoparticle size magnitude but, due to the characteris- d hatth les d id Thi
tics of each method, we obtain different sizes for eacty ertosecure thatthe samples do notoxidates. This ex-
one. In the TEM m,easurements the contrast is ro-CeSS of NaBlj, combined with the preparation methad,

) - . b -may cause the large boron concentration detected in our
duced by the variation of the densities, as the parti-
samples.
cles are amorphous. Also the samples are placed ona
C-coated FormVar foil which contribute to the amor-
phous background. Then, considering the low resolu- Conclusi
tion to observe the surface layer of the particles, the siz8- ¢onclusion

measurement may result lower than the real value. Th&/¢ have synthesized (E&Nix)ioo-yBy (0=x<1)

X-ray powder diffraction technique sees the more Crys_amorphous_ nanoparticles by che_mical reduction me_th-
d. The size of the particles is, for all composi-

talline part of the sample corresponding to the oxided . .
and borates at the surface of the particles or, probabl}'pnsf N.Z'l nm diameter with a narrow Iog—normal
also to fully oxidized particles. In this case, this methodd'sl[”bmIon 0= 0'39' The chemical reduction route.
is more sensitive to the larger particles and therefore thghows thatthe transition met‘?"s are homogeneogsly dis-
measurement tends to raise the calculated particle siz !buted and their proportionis pr_eserved._Notorloust,
An average of the two more relevant experiments (TEM N boron_ composition observed is much h_|gherthan _the
and light scattering) gives an average particle size offne obtg_lned by other c_omparable Che”?'ca' reduction
2.1 nm, which we assume as the mean nanopatrticle siz fltransmon—metal salts in aqueous solution of borohy-
We emphasize that this result agrees with independerftide Synthesis reports.
magnetic granulometry measurements [18, 19].

The transition-metal compositional analysis was per-
form by energy dispersion spectroscopy (EDS) resultAcknowledgments _
ing an iron-nickel composition close to the nominal oneWe specially thank to the INVAP S.E. Chemical Lab-
(Table 1). The analyzed compositions of the transitionoratory at the Centro Athico Bariloche for he boron
metal elements agree with the mixed composition indi-cOmMposition determination. This work has been accom-
cating that it is relatively easy to control the iron/nickel Plished with partial support by CONICET-CONICIT
ratio. The atomic absorption analysis reveals that théArgentina-Venezuela) cooperation project.
boron concentrations are as high as 36 at.% to 60 at.%
(Table 1). The boron composition in our samples is
notoriously higher than the values found in literatureReferences
produced by reduction of transition metal salts in aque- ; " E'A\C/JI':SANP%L;ZS' \jv (ﬁﬁfl"g ';2;’3%2 (1987) R15.
ous solution using KBilor NaBH, [8, 14-17]. Inref- \dem. J. Mag’n. Myagn' Matea57/158(i996) 11
erences [14-17] the samples were prepared adding @, v. yosHizAWA, S. OGUMA andK. YAMAUCH! J. Appl.
KBH,4 (or NaBH,) aqueous solution to the metallic salt ~ Phys 64(1988) 6044.

2293



10.
11.
12.
13.

14.

22

.H. ONODERA andH. YAMAMOTO, J. Phys. Soc. Jab0
(1981) 3575.

.W. DUDEK, J.
J. OLENIACZ and W.
(1990) 213.

. P. VAVASSORI,F. RONCONIlandE. PUPPIN,J. Appl. Phys
82(1997) 6177.

. S. LINDEROTH etal, J. Magn. Magn. Mater81 (1989) 138.

. J. RIVAS etal, ibid. 122(1993) 1.

A. CARRIAS et al, Chem. Mater2 (1990) 363.

L. YIPING etal,J. Magn. Magn. Mater79(1989) 321.

D. FIORANI, H. ROMERO, L. SUBER,A. M. TESTA,

J. L. DORMANN,J. MAKNANI andN. SPARVIER], ibid.

140-144(1995) 411.

H. ROMERO, R. ZYSLER, C. RAMOS, L.

D. FIORANI, Adv. Mat. Sci. & Tech2 (1999) 1.

A. INOHUE,J. SAIDA andT. MASUMOTO, Metall. Trans.

A 19A (1988) 2315.

GWIAZDA, E. MARIANSKA,
ZYCH, J. Magn. Magn. Mater 86

SUBER and

94

15.

16.

17.

18.

19.

J. SAIDA,A. INOHUE andT. MASUMOTO, ibid. 22A(1991)
2125.

S. WELLS etal, J. Phys.: Condens. Mattdr(1989) 8199.

S. LINDEROTH, S. M@RUP andS. A. SETHI, in “Science
and Tech. of Nanostr. Magn. Mat.,” edited by G. C. Hadjipanayis
and G. Prinz (Plenum Press, New York, 1991) p. 563.

H. ROMERO, A. ORTEGA, R. D. ZYSLER, C. A.
RAMOS,E. DE BIASIandD. FIORANI, Physica Status Solidi
(b) 220(2000) 401.

R. D. ZYSLER, C. A. RAMOS, E. DE BIASI,
H. ROMERO,A. ORTEGAandD. FIORANI,J. Magn. Magn.
Mater. 221(2000) 37.

Received 11 February
and accepted 19 October 2000



