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a b s t r a c t 

The effects of Ni addition on the grain size ( D ) and coercivity ( H c ) were investigated for nanocrystalline 

(Fe 1- x Ni x ) 86 B 14 ( x = 0–0.3) alloys prepared by ultra-rapid annealing of melt-spun amorphous precursors. 

Ni addition resulted in a structural change of the nanocrystallites from bcc to fcc and an exceptionally 

small D of 4.2 nm was obtained at x = 0.3. H c was reduced dramatically from 6.8 A/m at x = 0 to as 

small as 2.6 A/m at x = 0.1. This significant improvement of magnetic softness is well understood by the 

effect of Ni on the local magnetocrystalline anisotropy. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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The procedure of quenching and subsequent annealing is a

common approach used in engineering alloys to control the mi-

crostructure [1] . This approach has been very effective in nanocrys-

talline soft magnetic alloys [2 , 3] where fine microstructures with a

grain size of about 10 nm are obtained by crystallization of melt-

spun amorphous precursors. The amorphous precursors in the vast

majority of alloys developed to date [4] contain non-ferromagnetic

additives for accelerating the nucleation frequency and inhibit-

ing the crystal growth process during nano-crystallization [5] .

However, these additives have the unwanted effect of reducing

the saturation magnetic polarization ( J s ) because they are non-

ferromagnetic. Recently, it has been demonstrated [6] that a soft

magnetic nanostructure can be prepared even in a simple Fe –B bi-

nary system where J s as high as 1.9 T is realized with a low coer-

civity ( H c ) less than 8 A/m (0.1 Oe). This J s value is comparable to

that of Si steels and the coercivity corresponds to 1/4 of that of Si

steels [7] . 

The excellent soft magnetic properties of nanocrystalline al-

loys are brought about by the exchange averaging of the local

magnetocrystalline anisotropy energy ( K 1 ). This averaging effect

has been modelled successfully by Herzer [8 , 9] and his random

anisotropy model predicts that H c is proportional to the 6 th power

of ( D / L 0 ) where D is the grain size and L 0 is the natural exchange

length. The small grain size in the Fe-B based nanocrystalline soft
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agnetic alloys are obtained by annealing the amorphous precur-

ors ultra-rapidly. However, the mean grain size of these ultra-

apidly annealed (URA) alloys is around 15–20 nm [6] , slightly

arger than that (10 nm) of the well-established alloys such as

e 74.5 Si 13.5 B 9 Nb 3 Cu 1 [2] . Hence, there is a room for improvement

f the magnetic softness in the URA alloys by either refining the

icrostructure or enhancing L 0 . Since L 0 is inversely proportional

o the square root of K 1 [9] , lowering K 1 is an effective approach

or improving the soft magnetic properties, in addition to reduc-

ng the grain size. In this study we have investigated the effect of

i addition because Ni is known to suppress K 1 in bcc-Fe [10] . Our

im is to clarify the effect of Ni on the grain size and the coercivity

or nanocrystalline Fe 86 B 14 . 

Fe-Ni-B ingots were prepared by melting mixtures of Fe

99.98%), Ni (99.9%) and B (99.9%) pieces in an Ar arc furnace. Al-

oy ribbons with a thickness of 15–20 μm and a width of 1 mm

ere prepared by a single roller melt spinner. The as-spun ribbons

ere cut into strips and then wrapped by a 0.02 mm thick copper

oil. The packed samples were annealed in between a pair of cop-

er blocks which were pre-heated and maintained at the anneal-

ng temperature ( T a ) and pressed by a 60 N force for 0.5 s. Samples

ere characterized by X-ray diffraction (XRD) using a BRUKER D8

DVANCE diffractometer with Cu K α radiation and a FEI TECNAI

20 transmission electron microscope (TEM) operated at 200 kV.

he coercivity and saturation magnetic polarization were measured

y a DC B–H tracer and a vibrating-sample magnetometer, respec-

ively. The error of the coercivity was established by measuring 6

o 9 samples. 
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Fig. 1. Change in the coercivity as a function of annealing temperature for 

(Fe 1- x Ni x ) 86 B 14 ( x = 0, 0.1, 0.2 and 0.3) alloys. 
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Fig. 2. X-ray diffraction patterns for nanocrystalline (Fe 1- x Ni x ) 86 B 14 ( x = 0, 0.1, 0.2 

and 0.3) alloys ultra-rapidly annealed at the optimum temperature for the lowest 

coercivity. 
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To clarify the formation range of an amorphous phase in melt-

pun (Fe 1- x Ni x ) 86 B 14 ( x = 0 to 0.5) alloys, the structure of the rib-

ons in an as-quenched state was investigated by XRD. As a re-

ult, a broad reflection characteristic of amorphous alloys was con-

rmed for x up to 0.3 whereas the (111) reflection from fcc-Fe(Ni)

as evident for samples with x > 0.3, suggesting that the glass

ormability of Fe 86 B 14 is affected by Ni addition. This is natural be-

ause the minimum amount of B required for full amorphization

y melt-spinning in the Ni –B binary system was reported to be

round 18 at% [11] , considerably higher than that (13 at%) for the

e –B binary system [6] . Since poorly quenched amorphous precur-

ors with quenched-in crystallites often lead to deterioration of the

agnetic softness in the resultant nanocrystalline state, we focus

n the (Fe 1- x Ni x ) 86 B 14 alloys with x up to 0.3. 

In Fig. 1 we show the change in the coercivity as a function

f annealing temperature for (Fe 1- x Ni x ) 86 B 14 ( x = 0, 0.1, 0.2 and

.3) alloys. The ribbon samples were annealed between 673 K and

23 K with three heating rates between 10 K/s and 10 4 K/s. The

nset of primary crystallization determined by differential ther-

al analysis with a heating rate of 0.67 K/s (results not shown)

as found to be 665 ± 5 K for amorphous (Fe 1- x Ni x ) 86 B 14 ( x = 0,

.1, 0.2 and 0.3) alloys. The annealing temperatures applied here

ere above this onset temperature. A similar experiment has al-

eady been carried out for Fe 87 B 13 , and the coercivity after primary

rystallization showed a dramatic decrease with increasing heating

ate [6] . The results in Fig. 1 trace the same trend and the lowest

oercivity for Fe B (6.8 A/m) is obtained by ultra-rapid anneal-
86 14 
ng. A marked increase in H c seen at the highest end of annealing

emperature is due to the secondary crystallization reaction where

 magnetically hard tetragonal-Fe 3 B forms [6] . A similar trend is

lso seen for all the (Fe 1- x Ni x ) 86 B 14 alloys with x = 0.1, 0.2 and 0.3

nd the lowest coercivity is obtained consistently when the high-

st heating rate is applied. The minimum H c value obtained after

nnealing for each alloy is marked by an arrow in the figure. The

arked H c values of the Ni containing alloys are all lower than that

f the base Fe 86 B 14 alloy, indicating that the magnetic softness of

ltra-rapidly annealed Fe –B alloys is improved by Ni addition. As

 result, an exceptionally low coercivity of 2.6 A/m is obtained for

Fe 0.9 Ni 0.1 ) 86 B 14 with a saturation polarization of 1.70 T. This H c 

alue is one of the lowest reported to date for Cu-free nanocrys-

alline alloys [4] . 

The structure of the (Fe 1- x Ni x ) 86 B 14 alloys annealed ultra-

apidly with a heating rate of 10 4 K/s at the temperature where

he minimum H c value was obtained, the optimum annealing

emperature hereafter, were investigated by XRD. The results are

hown in Fig. 2 where the XRD patterns for x = 0.15 and 0.25 are

lso included. Reflections from bcc-Fe(Ni) are confirmed on the

atterns of (Fe 1- x Ni x ) 86 B 14 with x up to 0.2 whereas the bcc peaks

re absent from the patterns of x = 0.25 and 0.3 alloys. Instead,

eflections from fcc-Fe(Ni) are evident in these two patterns. The

RD patterns of the x = 0.15 and 0.2 alloys contain reflections

rom both bcc- and fcc-Fe(Ni), indicating that the primary crystal-

ization product becomes two phases. A similar effect of Ni on the

tructure of Fe-based nanocrystalline alloys has been reported for

ther alloy systems [12 –14] . Since Ni is a well-known austenite

tabilizer, the observed change in the crystal structure of the

rimary Fe precipitates is understood readily by the dissolution

f Ni in Fe. Judging by the equilibrium phase diagram of Fe –Ni

inary alloys [15] , the α- and γ -Fe phases coexist in a wide

ompositional range between 5 and 28 at% Ni at the vicinity of

he annealing temperatures used in the present study. This range

s considerably wider than that observed for the (Fe 1- x Ni x ) 86 B 14 

lloys after primary crystallization. However, the composition

ange of the α/ γ two-phase region in the Fe-Ni binary system is

nown to depend greatly on heating and cooling conditions [16] ,

resumably because the full equilibrium state is hardly attained

n practical processing conditions. Thus, the narrower composi-

ion range for the α/ γ two-phase region in the (Fe x Ni x ) B 
1- 86 14 
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Fig. 3. Changes in the mean grain size ( D ), coercivity ( H c ) and saturation magnetic 

polarization ( J s ) for nanocrystalline (Fe 1- x Ni x ) 86 B 14 alloys as a function of Ni content 

( x ). 
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alloys is attributable to the high heating rate employed for

annealing. 

In Fig. 3 we show the changes in the mean grain size ( D ), the

coercivity ( H c ) and the saturation magnetic polarization ( J s ) as a

function of Ni content for the (Fe 1- x Ni x ) 86 B 14 alloys after optimum

annealing. The grain size was estimated from the peak broaden-

ing effect on the XRD reflections. The grain size remains between

15 and 17 nm for x up to 0.1 where the nanocrystallites are bcc-

Fe. However, a dramatic decrease in D to 4.2 nm is seen above

x = 0.2 where the nanocrystallites become predominantly fcc-Fe.

This extremely fine microstructure was also confirmed by direct

microstructural observations. Fig. 4 shows the bright- and dark-

field TEM images along with the selected area diffraction (SAD)

patterns for nanocrystalline (Fe 1- x Ni x ) 86 B 14 ( x = 0 and 0.3) alloys

after optimum annealing. The SAD patterns confirm that the crys-

tallites in the x = 0 and 0.3 alloys are bcc-Fe and fcc-Fe, respec-

tively. The dark-field images were constructed by placing the ob-

jective aperture on the {110} bcc ring of the x = 0 alloy and the

{111} fcc ring of the x = 0.3 alloy. For the Ni-free Fe 86 B 14 alloy, bcc-

Fe grains with sizes of 10 to 20 nm are seen while the grain size

of fcc-Fe in the (Fe 0.7 Ni 0.3 ) 86 B 14 alloy is well below 10 nm. The

volume-weighted average of the grain size estimated from the TEM

images of (Fe 0.7 Ni 0.3 ) 86 B 14 by the autocorrelation function [17] is

4 ± 1 nm, fully consistent with the result (4.2 nm) estimated

from the XRD pattern. Given the fact that the mean grain size of

the well-known nanocrystalline Fe –Si –B 

–Nb –Cu alloys is typically

around 10 nm, the grain size of nanocrystalline (Fe 0.7 Ni 0.3 ) 86 B 14 

appears to be exceptionally small. This is striking because the pre-

cursor amorphous ribbon contains none of the commonly used ad-

ditives such as Nb and Cu for grain refinement. The grain refine-

ment effect induced by Nb in nanocrystalline Fe 73.5 Si 13.5 B 9 Nb 3 Cu 1 

is believed to be due to the large partitioning behaviour of Nb be-

tween the primary crystalline and the residual amorphous phases.

However, this mechanism is irrelevant to the refinement induced
y Ni simply because Ni is soluble in the primary crystalline phase

nd Nb-type partitioning behaviour is unlikely. Hence, the ex-

eptionally fine microstructure of nanocrystalline (Fe 0.7 Ni 0.3 ) 86 B 14 

hould be attributed to accelerated nucleation kinetics of the fcc-

e(Ni) phase. A crude but possible argument for explaining the

igh nucleation rate of fcc-Fe(Ni) is the interfacial energy between

he nuclei and the amorphous matrix. It is well known that the

oordination number of Fe atoms in Fe-based amorphous alloys

s around 12 [18] . Thus, the interfacial misfit is expected to be

maller for nuclei with closed-packed structures. This may explain

he difference in the grain size between the bcc-Fe(Ni) and fcc-

e(Ni) nanocrystallites formed on primary crystallization of amor-

hous (Fe 1- x Ni x ) 86 B 14 alloys. 

The coercivity of the nanocrystalline (Fe 1- x Ni x ) 86 B 14 alloys in

ig. 3 shows a clear decrease from 6.8 A/m at x = 0 to 2.6 A/m

t x = 0.1. This can be explained by the dissolution of Ni in bcc-

e. We have confirmed that the coercivity of our ultra-rapidly an-

ealed nanocrystalline alloys (HiB-Nanoperm) can be described by

he random anisotropy model [8 , 9] . It was found that the well-

nown D 

6 dependence was seen for H c > 20 A/m while the de-

endence becomes D 

3 below this coercivity [19] . The later D 

3 de-

endence has been seen for samples with a strong influence of

nduced anisotropies ( K u ) [20] where the exchange-averaged mag-

etic anisotropy ( < K > ) is given by [9] 

 ≈ K u + 

1 

2 

v cr 

√ 

βK 1 K u 

(
D 

L 0 

)3 

(1)

Here, v cr is the volume fraction of the crystalline phase, the pa-

ameter β is about 0.4 for bcc-Fe and the natural exchange length

 L 0 ) is determined by 

 0 = ϕ 

√ 

A 

K 1 

, (2)

here A is the exchange stiffness constant and ϕ is a dimen-

ionless parameter around unity. When K u is coherent, the ran-

om magnetocrystalline anisotropy ( < K 1 > ) relevant to the coer-

ivity is determined by the 2nd term in Eq. (1) which is pro-

ortional to K 1 
2 . Judging by the compositional dependence of

he intrinsic magnetocrystalline anisotropy in Fe –Ni binary alloys

10] , K 1 is reduced from 52 kJ/m 

3 to 31 kJ/m 

3 by an addition of

0 at% Ni to pure Fe. Adopting this extent of K 1 reduction, 〈 K 1 〉
n (Fe 0.9 Ni 0.1 ) 86 B 14 is expected to be about a third of that in the

i-free alloy, accounting for the observed difference in H c between

he two alloys well. 

The H c in Fig. 3 shows an increase from 2.6 A/m to 5.0 A/m

etween x = 0 and 0.15. This composition range corresponds to

he phase boundary where the fcc-Fe(Ni) starts to form after nano-

rystallization. Fe-rich Fe –Ni alloys have attracted much attention

wing to the Inver behaviour [21 , 22] where an anomaly of the

urie point ( T C ) is seen. The Curie point of fcc-Fe –Ni alloys is re-

uced dramatically by increasing Fe content, and it approaches

oom temperature at the most Fe-rich phase boundary [16 , 21] .

ence, the fcc-Fe(Ni) nanocrystallites formed at the most Fe-rich

oundary ( x = 0.15) are expected to have a low T C possibly be-

ow room temperature. Since T C is a reflection of the exchange in-

egral, the fcc-Fe(Ni) nanocrystallites in (Fe 0.85 Ni 0.15 ) 86 B 14 are ex-

ected to become the weakest link in the exchange coupled spin

hain, which limits the exchange length and thus, the averaging ef-

ect [23] . This explains the minimum H c value at x = 0.1. However,

his weak coupling effect should be suppressed in alloys richer in

i because T C in fcc-Fe(Ni) is known to increase with increasing Ni

ontent. Hence, the coercivity of the nanocrystalline (Fe 1- x Ni x ) 86 B 14 

lloys shows a gradual decrease between x = 0.15 and 0.3. 

The saturation polarization ( J s ) of nanocrystalline

Fe 1- x Ni x ) 86 B 14 shows a monotonous decrease from 1.89 T at

 = 0 to 1.37 T at x = 0.3 with an average gradient of – 1.84 T/ x .
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Fig. 4. Bright- and dark-field transmission electron micrographs and selected area electron diffraction patterns for (a) Fe 86 B 14 annealed at 763 K for 0.5 s and (b) 

(Fe 0.7 Ni 0.3 ) 86 B 14 annealed at 783 K for 0.5 s. The heating rate for annealing was 10 4 K/s. 
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his rate of decrease in J s is slightly steeper than that (–1.55 T/ x )

or the simple weighted average of the J s values for pure Fe

nd Ni, presumably because of the Inver effect. Still, a high J s of

.7 T and a small H c of 2.6 A/m are obtained for nanocrystalline

Fe 0.9 Ni 0.1 ) 86 B 14 . 

The structural and magnetic properties of amorphous

Fe 1- x Ni x ) 86 B 14 ( x = 0 to 0.3) after ultra-rapid annealing were

nvestigated in order to clarify the effect of Ni on the soft mag-

etic properties of the resultant nanocrystalline alloys. The three

oteworthy outcomes from this report are as follows: 

(1) The coercivity of nanocrystalline Fe 86 B 14 is reduced dramat-

ically from 6.8 A/m to 2.6 A/m by replacing 10 % of Fe with

Ni, indicating that Ni is very effective in improving the soft

magnetic properties of the Fe –B based alloys. 

(2) The structure of nanocrystallites after primary crystallization

is found to change from bcc to fcc at x between 0.1 and 0.25,

showing that the fcc structure is stabilized by the dissolu-

tion of Ni in Fe. 

(3) An exceptionally small grain size of 4.2 nm is obtained for

nanocrystalline (Fe 0.7 Ni 0.3 ) 86 B 14 where the nanocrystallites

are fcc-Fe(Ni). 
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