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The effect of heat treatment on the magnetic proper-
ties of electroless Ni-B films (0.5-5 wt pct B) was ex-
amined with reference to electrodeposited Ni film. The
coercivity, saturation magnetic flux density and re-

sidual magnetic flux density of the Ni-B films were

measured using a vibrating sample magnetometer.
Changes in magnetic properties of the films with bo-
ron content and heat treatment temperature are dis-

cussed on the basis of the crystallite size of ferromag
netic fcc Ni and the amount of precipitated paramag-

netic Ni,B. It is concluded that precise control of bo-

ron content and heating temperature is essential in
producing an improved soft magnetic thin film.

Electroless plating is the well-known wet process for p
ducing a thin magnetic film on both conducting and nc
conducting substrates. Hard magnetic Co-P films h
been prepared by electroless plating, using hypophosg
as a reducing agent and widely employed as magn
recording medid* On the other hand, soft magnetic elec-
troless Co-B films are also deposited by using dimethylan
borane and they are potential candidates for magnetic
applications:® Nickel-based films are beneficial from th
economical point of view, however, in fabricating non-m
netic or soft magnetic materials because of the reasor
price of nickel compared to cobalt. For example, electro
Ni-P films with 10 wt pct P or above have been used
non-magnetic undercoat in producing hard diskdéensive
research related to soft magnetic Ni-Fe-P films has been
formed to get high-saturation magnetization and low c
civity.®1° Such magnetic properties are in demand for fa
cating a magnetic head with this type of thin fifrfRegret-
tably, there have been few studies of the magnetic prope
of electroless Ni-B films.

In this study, electroless Ni-B films containing 0.5-5
pct B were prepared by using dimethylamine borane
reducing agent. Their magnetic properties were examineg
develop a reasonable process for producing soft mag
films. Because the magnetic properties were very seng
to the crystal state of the deposits and the magnetic mo
of the constituent materials, the effects of the precipita
of Ni,B and the apparent crystallite size of fcc Ni on
magnetic properties were systematically investigated
function of the boron content of the films and heating t¢
perature.

Experimental Procedure

Tablel
BathComposition&OperatingConditions
For Eledroess NHB  Plaiing
Chemicals Concentration (mol/dnf)
Ni-0.5B Ni-3B Ni-5B
NiSO,BH,0 0.10 0.10 0.10
Na,C.H,0,2H,0 — — 0.10
Na,C,H,O,H,0 — — 0.10
C,H,O, 0.05 0.20 —
CH.O, 0.20 — —
CH,NH,COOH 0.20 — —
(CH,),NHBH, 0.05 0.05 0.05
pH 6.5 6.0 6.0
Temperature 60C 60°C 60°C

himentional Watts nickel bath. As-purchased special grade
hehdmicals and distilled water were used in making up the
eplating solutions. Copper wire with a purity of 99.99 percent
1d0.5 mnmp x 100 mm) was used as a substrate for depositing
adblend Ni-B films.
essThe composition of the films was analyzed by atomic ab-
hsa@ption spectrometer after dissolving them in 1 mol/dm
nitric acid solution. The thickness of the films was calcu-
pated from the weight gain from plating and also measured,
persing an X-ray fluorescence thickness meter. The crystal
batructure of the films was analyzed using an X-ray
diffractometer. An apparent crystallite size of the films was
réakculated from Scherrer’s equatitn:

wt D = 0.9\/pB1/2tosH Q)

s a

pditbere is the wave length of CuKradiation,31/2 is the
hégdf-width of the diffraction line an@lis the diffraction angle.
itiveMagnetic properties were measured using a vibrating
TeEaThple magnetometer equipped with a compensation circuit
liagainst geomagnetism. Heat treatment of the films was car-
heed out at different temperatures in vacuum(E&) for
asree hr, after raising the temperature at a rate oPR7i&in

216 a given value.

Results&Discussion
Crystal Structure of As-deposited & Heat-treated Ni-B Films

Bath composition and operating conditions for electrol
Ni-B plating are shown in Table 1. Three kinds of elec

esgpical X-ray diffraction patterns of electrodeposited Ni and
relectroless Ni-B films with O.5 wt pct B, 3 wt pct B and 5 wt

less nickel plating baths were employed in preparing Nit0p6t B are shown in Fig. 1. In the case of electrodeposited Ni,
wt pct B, Ni-3 wt pct B and Ni-5 wt pct B films. For com-three diffraction peaks corresponded to Ni(111), Ni(200) and
parison, pure Ni film was also electroplated from the cohi(220) planes. For the electroless Ni-0.5 wt pct B film, the
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Fig. 1—X-ray diffraction patterns of Ni and Ni-B films before heafig. 2—X-ray diffraction patterns of electroless Ni alloy films after heat
treatment. treatment.
Ni(220) peak disappeared and only broadened Ni(111)| atréased with increasing boron content, but the lattice con-

Ni(200) peaks were detected. In addition, both diffractigtiant of heat-treated films increased with increasing tempera-
peaks shifted to a higher degree, indicating that the fcg tiNie.
lattice would be constricted by the codeposition of boron.
Further increase in boron content of Ni-B films gave ris¢ dMagneticPropertiesofNi-BFImMs
a single broader peak nedr245 and the diffraction angle¢ The effect of heat treatment on the magnetic properties of
shifted (increased). The broadening of the peaks is maielgctrodeposited Ni and electroless Ni-B films was exam-
attributable both to microstresses and microcrystalline sirirred by measuring saturation magnetic flux density, (8-
ture or amorphous structure of Ni-B films being supersatsidual magnetic flux density (Band coercivity (H. In the
rated with respect to boron. Because a sharp line betygeeliminary experiment, the dependence of magnetic prop-
these structures could not be drawn in this study, apparerites on film thickness was determined. Saturation magnetic
crystallite size was calculated from Scherrer’s equation) tilsix density and residual magnetic flux density increased with
ing the half-width of the diffraction peak appearing wheiacreasing thickness up tquen and became almost constant
20 was about 45 with further increase in thickness. The coercivity of the films
Typical X-ray diffraction patterns of heat-treated electralecreased remarkably in the region from 0.3 tquinQthen
less Ni-B films are shown in Fig. 2. Diffraction peaks of [Nincreased slightly with increasing thickness up o2 but
and NiB are clearly recognized from the heat-treatment la¢came almost constant with further increase in thickness.
temperatures above 300. The measured diffraction peaksn the ensuing experiment, therefore, magnetic properties
are in good agreement with data reported for orthorhomlicependent of thickness were determined for the three kinds
Ni,B with lattice parameters a, 4.392; b, 5.223; and c, 6/6abNi-B films as a function of temperature.
A.B3 The intensity of diffraction peaks ascribed to fcc Ni
creased with increasing boron content of the films; the | CoercMty ~ of NHB fims
peaks disappeared at 5 wt pct B. Because the 5 wt pct bdtaercivities of Ni and Ni-B films with a thickness of 243
content in Ni-B corresponded to 22.2 at pct, 11.2 at pct &lie shown in Fig. 3 as a function of temperature. The coer-
should remain even after J& formation. The existing 11.2 civity of Ni and Ni-B films decreased with increasing tem-
at pct Ni seems therefore to be dispersed in the predomjnzenature up to 300C. The sharpness of diffraction peaks
Ni,B matrix (88.8 at pct). The formation of Bi was de-| corresponding to Ni(111) and Ni(200) planes was increased
tected at 500, 400 and 300 for Ni-0.5 wt pct B films, Ni-| by the heat treatment, as described in the previous section.
3 wt pct B films and Ni-5 wt pct B films, respectivelye(, | Changes in coercivity, therefore, are reasonably explained
the temperature of boride formation decreased with increlag-the relaxation of internal stress of the films. Heat treat-
ing boron content of the films). The same tendency was reent at temperatures higher than 3G0caused remarkable
ported in the system of Ni-P alloyiss(, the higher the phos- increases in coercivity, depending on boron content of the
phorus content, the lower the temperature gPNorma- | films. The maximum value of Fhppeared at lower tempera-
tion.14 ture with increasing boron content. For example, the coer-
Apparent crystallite size obtained from Scherrer’s equeivity of Ni-5 wt pct B film heat-treated at 50C was five
tion and lattice constant of the Ni and Ni-B films are suntimes larger than that of an as-deposited film. The increase
marized in Table 2 as a function of heating temperature. UndeH, seems to be induced by the restricted motion of the
the as-deposited condition, the crystallite size of Ni-B filmsagnetic domain walls, because both the precipitation of
decreased from 80 to 10 A with increasing boron conteit,B and the strain incidental to it increase the heterogene-
and was substantially smaller than that of Ni (400 A). Thiy of the films. After the precipitation of B, relaxation of
crystallite size of Ni-B films increased up to 300 A, howthe strain occurs effectively at higher temperature, leading
ever, with increasing heat treatment temperature. On the ptieesiecreases in the value of Flhe dependence of the maxi-
hand, the lattice constant of as-deposited Ni-B films |[deum H, value on boron content is somewhat complex, be-
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Table2
Latice  Constant & Crystalite
Heat-TreatedatDifferent Temperatures

Sze of Ni &NB Hms

the B value of the Ni-5 wt pct B films became negli-
gibly small by heat treatment at temperatures higher
than 300°C because a small amount of nickel was dis-
persed in the NB matrix. Consequently, the, Balue

Kind of films Heat-treatment Grain size  Lattice is increased by the formation of a fcc Ni phase, but
temperature, °C A constant, A" decreased by the precipitation of,Bli
RT~500 400 3.525 The magnetic properties of heat-treated Ni-B films
Ni 600 400 3.528 prepared from an electroless ethylenediamine bath us-
800 400 3.583 mglsodlum borohydride as a reducing agent were ex-
amined by Gorbunovat al!® They also reported the
RT-300 80 3.524 similar maximum behavior in Hand B values, but
. 400 250 3.525 the effect of boron content on the magnetic properties
Ni-0.58 500 300 3.525 was somewhat different from our results. Bath formu-
600 300 3.528 lation of electroless Ni-B plating is therefore also an-
800 300 3.586 other important factor in determining the magnetic
RT 15 3.520 properties of the films.
300 25 3.520
Ni-3B 400 150 3.525 ResidualmagneticiiuxdensityofNi-Bfilms
600 300 3.528 Residual magnetic flux density jBf the Ni and Ni-
800 300 3.546 B films is shown in Fig. 5 as a function of heat-treat-
Ni-5B RT 10 3515 ment temperature. The Balue of the films decreased

with increasing boron content of the films and the de-
pendency of it on temperature was almost the same as

cause the temperature of Rliformation and relaxation of the value shown in Fig. 4.€., the higher the Bvalue, the
the strain are dependent on the boron content of the filinbigher the B value. Although the Bvalue of the films is

SaturationmagneticiuxdensityofNi-Bfims

influenced by the magnetic moment of the constituent mate-
rial and rigidity against the motion of the magnetic domain

The effect of heat-treatment temperature on the saturateall, the similarity between Band B indicates that the B
magnetic flux density (B of Ni-B films is shown in Fig. 4| value is strongly influenced by the magnetic moment. The

The B values of as-deposited Ni and Ni-0.5 wt pct B fil
were 0.62 T and 0.37 T, respectively. Because the Ni-O0.
pct B film is a solid solution of boron dissolved in fcc N
ferromagnetism is apparent. Further increase in boron
tent of the films as in the case of Ni-3 wt pct B and Ni-5
pct B decreased the Balue less than 0.001 T. As-deposit
NiB films with boron content greater than 3 wt pct are the
fore substantially non-magnetic. Because the Ni-3 wt p
and Ni-5 wt pct B films are very fine polycrystalline sol
solutions, bordering on amorphous or a liquid-like metast
structure, the fcc Ni phase is no longer detectable by X
diffraction. Under these conditions, the ferromagnetic pr
erty disappears, because the 3d orbital vacancy of nick
filled by the electrons released from boron atoms.

The saturation magnetic flux density of the heat-treg
Ni film at temperatures less than 500 was almost con
stant, but it decreased remarkably at temperatures highe
600°C. The same tendency was observed for the Ni-B fi
heat-treated at 60 or above. X-ray analysis indicated t
evidence of non-magnetic CiNi formation under such con
ditions, as a consequence of the thermal diffusion of co
from the substrate, which is partly attributed to an incre
in the lattice constant of the films, as shown in Table 2.
the other hand, the dependence of the value, ohBie on
heat treatment at temperatures less than°@0®&as quite
different as boron content of the films varied. Ther&8lue

of the Ni-0.5 wt pct B film gradually increased with increa

ing temperature, attributed to the crystal growth of fcc

The maximum value of Hor the Ni-0.5 wt pct B film was
considerably smaller than that of electrodeposited Ni as

result of the precipitation of paramagnetic, B> The B,
value of Ni-3 wt pct B film was substantially increased
heat-treatment at a temperature region where a solid

effect of the magnetic domain wall, however, which is sen-
bsittve to crystal structure and strain of the films, also con-
litributes to the value of BAs a result, the rectangularity de-
cfined by B/B_ changes with boron content and heat treat-
vment of the films. The maximum rectangularity of about 0.60
edvas obtained by heating the Ni-3 wt pct B film at 3QCfor
rene hr. The B B, and H values of the film were found to be
Ct@256 T, 0.151 T and 7 kA/m, respectively. Consequently,
idthe precise control of boron content and heating temperature
alideessential in developing the desired magnetic properties of
-ridne Ni-B films.
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' Fig. 3—Effect of heat treatment on coercivity)(bf Ni and Ni-B films.
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Fig. 4—Effect of heat treatment on saturation magnetic flux dengjtyf(E
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Findings
The magnetic properties of electrodeposited Ni and ele
less Ni-B films with boron contents of 0.5, 3 and 5 wt

04
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Fig. 5—Effect of heat treatment on residual magnetic flux densjy{B
Ni and Ni-B films.

5.T. Osaka, T. Homma, K. Saito, A. Takekoshi, Y. Yamazaki
ctro- & T. Namikawa,J. Electrochem. Sqd 39 1311 (1992).
pct6. T. Saito, H. Yamaguchi, E. Sato & S. Yashihahgomen

were measured as a function of heat treatment temperature.Gijutsy 45, 411 (1994).

Magnetic properties of the films were discussed on the f
of changes in boron content and crystal structure. Thé
sults are summarized as follows.
1. Although the Ni-B films with 3 and 5 wt pct B are no
magnetic, Ni-B film with 0.5 wt pct B is ferromagnetic
nature because of the presence of fcc Ni in the as-de
ited condition.
. Ferromagnetic properties are induced by heat treat
of the Ni-B films as the result of phase separation intg

Ni and NiB from the solid solution’s being supersatu-

rated with respect to boron.

. In the case of Ni-5 wt pct B films, ferromagnetic prop
ties are no longer detected, even after heat treatmen
cause a small amount of Ni is dispersed into a paran
netic NiB matrix.

. Improved magnetic properties are obtained by heat t
ment at temperatures from 27 to 3@ Further increase
in temperature result in deterioration of magnetic proy
ties because of formation of non-magnetic Bli

. Superior soft magnetic properties are obtained for |
wt pct B film by heating at 50€C for one hr.

Editor’s note: Manuscript received, March 1998.
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