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Abstract: The thermal stability of milling FessZri1- « Nb:Bs(x= 5.5, 6) melt-spun strip powders and the influence
of high-pressure sintering conditions on phase component and grain size of bulk alloys were investigated by X-ray dif-
fractometry( XRD), differential scanning calorimetry( DSC) and scanning electron microscopy( SEM). The results
show that milling melt-spun powder remains in the amorphous state, and the crystallization temperature of which is
480 =530 C, the apparent activation energy E, of crystallization process is 294. 1 ~219. 5k]J/ mol. The increasing Nb
content can increase crystallization temperature and decrease E,. Under the sintering conditions of 5.5 GPa/3 min,
when P, is 1 150 W, single phase & Fe nanocrystalline (20. 6 =26. 7 nm) bulk alloy with relative density higher than
99. 0% can be obtained. Under the sintering conditions of 5.5 GPa/ 1 150 W/ 3 min, the magnetic properties of these
nanocrystalline bulk alloys are FessZrs.sNbs sBs alloy, B.= 1.15T, H.= 5.08kA * m~ s FessZrs NbsBs alloy, B.=

1.26T. He=4.2TkA * m™".
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1 INTRODUCTION

Fe-based nanocrystalline soft magnetic alloys
become the focus in the world because of their ex-
cellent soft magnetic properties and high saturation
induction. In engineering applications, soft mag-
netic alloys are usually used in bulk form with
complex shape. However, nanocrystalline soft
magnetic alloys in engineering applications are pre-
pared through the crystallization of amorphous al-
loy which is controlled by melt spinning, accord-
ingly the shape and size of the alloys are restricted
in a high degree. In order to enlarge the application
range of this kind nanocrystalline alloy, it is neces-
sary to prepare amorphous or nanocrystalline bulk
alloys from these amorphous powder or thin rib-
bons. It was reported that amorphous or nanocrys-
talline soft magnetic bulk alloys were prepared by

high-pressure solidification method "™,

thermal
explosion molding meth-
method

In these powder metallurgy methods,

extrusion method”",

od®? and
(SPS)T

high sintering pressure can promote nucleation rate

spark plasma sintering

of crystallization and restrain grain growth signifi-
cantly, so as to obtain nanocrystalline alloys'",
therefore high-pressure solidification method be-
comes a suitable method to prepare nanocrystalline
bulk alloys. However special high-pressure equip-
ment and bulk shape size become the constrained
factors of development of this technique and its ap-
plications. At present, hexahedral crown fluid
high-pressure equipment provides a technical basis
for studying and preparing large size nanocrystal-
line soft magnetic bulk alloys because quite great
progresses have been acquired at high pressure of
synthesis cavity and large size.

In this paper, under the research basis of ther-
mal stability of FessZrii- «Nb:Bs(x= 5.5, 6) amor
phous alloys, the influence of high-pressure sinte-
ring conditions on phase component and grain size
and magnetic properties were analyzed, which provid-

ed a theoretical basis for its engineering applications.
2 EXPERIMENTAL

Vacuum induction furnace was used to melt
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ingots of alloys with nominal composition Fess-
Zrii-:Nb.Bs(x= 5.5, 6), and amorphous ribbons
were prepared by single roller melt spinning in ar-
gon atmosphere. Amorphous ribbons were pulver-
ized into 50 7 150 Hm powder by QM ~ 1SP high en-
ergy milling machine. Graphite heating die (d20
mm X 10 mm) filled with 10 g powder assembled in
phrophyllite cubic bulk composed the high pressure
cavity, the sketch of which is shown in Fig. 1.
High pressure sintering experiment was performed
on HTDS 7 032A hexahedral crown fluid pressure
machine, and the sintering pressure (p) was 5.5
GPa, heating power P, was 530~ 1150 W, heating
time was 3 min, holding time was 3 min. Phase
component was analyzed by Dmax-rA X-ray dif-
fractometer, and Scherrer equation (D= 0. 91¥
(Bcosf)) was used to evaluate average grain size
value D of bulk alloys. Morphology of powder was
observed by JSM ~ 5600LV scanning electron mi
croscope (SEM). The thermal stability analysis of
samples was performed on STA449C differential
scanning calorimeter ( DSC), and the heating-up
rate was 5 = 20 C/min. The microstructure of
samples was analyzed by H =800 transmission elec
tron microscope (TEM). Archimedes method was
used to measure the density of samples. Measure
of magnetic properties was performed on LDJ9600
vibrating sample magnetometer (VSM) with maxi-
mum magnetizing field H wa= 1.0x 103 kA * m™ ",
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Fig.1 Sketch of structure of high pressure cavity

3 RESULTS AND ANALYSIS

3.1 Milling melt-spun powder

SEM observation shows that after milling
Fess~ Zrii- :Nb.Bs (x = 5.5, 6) melt-spun amor-
phous ribbons the morphology of powder is near
lamella, and XRD analysis shows that these mill-
ing powders still remain in the amorphous state

(see Fig.2(a)).
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Fig.2 XRD patterns of melting-spun powder
and sintering samples under different P,
(p=5.5GPa, t= 3 min)

Fig. 3 shows the DSC curves of FessZrii- .-
Nb:Bs(x= 5.5, 6) amorphous powder. It can be
seen that two exothermal peaks appear in every
DSC curve, in which, the first peak temperature
value of FessZrs sNbs sBs alloy is 480 = 510 C, the
other peak temperature value is 760 =~ 793 C; the
first peak temperature value of FessZrsNbsBs alloy
is 500~ 530 C, the other is 770~ 800 C. In
addition, two peak temperature values of two
alloys increase with the increasing heating-up rate,
however, the first peak temperature value of
FessZrs.sNbs sBs alloy is lower than that of
FessZrsNbsBs alloy, the second peak temperature
value of two alloys is the same. It is known that
the first exothermal peak is induced by the precipt
tation of aFe phase from amorphous matrix, the
second one is due to the decomposition of residual
amorphous phase at high temperature'®. Accord-
ing to the relationship between heating-up rate and

[14]

peak temperature' "', apparent reaction activation

energy of amorphous crystallization is evaluated as

follows:
dln(d/sz)__En (1)
d(1/T,) = R

where ¢is heating-up rate (K/min), T, is peak

temperature (K), E, is reaction activation energy
(J/mol), R is mole gas constant (8. 314 J/ mol *
K). Relationship between In(# T}) and (1/T,) of
two alloys is shown in Fig. 4. It can be seen that In
(¥ T3) and (1/T,) have good linear relationship,
the apparent reaction activation energy of alloys
calculated by slope rate are: for FessZrs.s NbssBs
alloy E,= 294.1kJ/ mol, for FessZrsNbsBs alloy E,
= 219.5 kJ/ mol.

From the analyses mentioned above, for
FessZrii-.=Nb:Bs (x = 5.5, 6) amorphous alloys,

with the increasing x(Nb) content, the crystalliza-
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Fig.3 DSC curves of amorphous powders under

different heating-up rates
(a), (b), (¢), (d) —Sample FessZrs.sNbs sBs;
(e), (f), (g), (h) —Sample FessZrs NbsBs
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Fig. 4 Relationship between In( % T;) and
(1/T,) of amorphous pow der

tion temperature of alloys increase and the crystal-
lization reaction activation energy decrease signifi-
cantly, however it doesn t affect the phase decom-
position of residual amorphous phase at high tem-
perature. Thermal stability analysis shows that in
order to obtain @ Fe phase nanocrystalline alloy, it
is feasible that high-pressure sintering temperature

is selected at 500~ 770 C.

3.2 Preparation of bulk alloys
During high-pressure sintering process, con-
sidering the relationship between heating tempera-

ture and heating power P, the range of P, was
530~ 1 150 W. Under the sintering conditions of
5.5 GPa/3 min, the influence of P, on relative
density of FessZrii-« Nb:Bs(x= 5.5, 6) sintering
samples is shown in Fig. 5, from which it can be
seen that with increasing P., when P, <820 W,
the relative density of samples increases signifi-
cantly and then increases slowly; when P,= 1150
W, the relative density of samples reaches 99% .
Compared with that, the relative density of Fess-
ZrsNbsBs alloy increases quickly. All the samples
have high densification, which is related to the de-
creasing viscosity and increasing plasticity hap-

pened during amorphous crystallization'® .
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Fig. 5 Influence of P, on relative density
of sintering samples
(p=5.5GPa, t= 3 min)
Figs.2(b) ~(f) show the XRD patterns of

FessZrs sNbs sBs sintering samples under different
P., the regularity of XRD
FessZrsNbsBs sintering samples is similar to that of

From XRD

patterns it can be seen that, these samples are

patterns  of
FessZrs.sNbs sBs sintering samples.

composed of single aFe phase, every diffraction
peak shows the broadening characteristic. A ccord-
ing to Scherrer equation, average grain size D val-
ues of ¢Fe phase in FessZrii-«Nb.Bs(x= 5.5, 6)
alloys are evaluated, and the results are given in
Fig. 6. With the increasing P., D values of all
samples have the similar increasing tendency,
while D values of Fess ZrsNbsBs sintering samples
are larger than those of FessZrs s Nbs s Bs sintered
samples. All the D values are 10.27 15.4 nm.

Fig. 7 shows the typical TEM images and SAD
patterns of FessZrii- «Nb.Bs(x= 5.5. 6) sintering
samples under the sintering conditions of 5.5 GPa/
1150 W/3 min. From Figs. 7(a) and (b) it can be
known that in Fess Zrs.s Nbs s Bs bulk alloy nano-
crystalline grains with homogeneous size precipi-
tate in matrix, D value of which is 20. 6 nm. Diffu-
sing diffraction ring appearing in the SAD patterns
of this alloy shows that the matrix still remains in
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Fig. 6 Effect of P, on grain size of
aFe phase of FessZrii- . Nb.Bs(x= 5.5, 6) alloys

the amorphous state. The analysis shows that the
diffraction rings from inner to exterior correspond
to {110}, {200} and {211} plane diffraction of ¢t Fe
solid solution phase precipitated from matrix.
From Figs.7(¢) and (d), it can be seen that micro-

structure of FessZrsNbeBs alloy is similar to that of
FessZrs.sNbs sBs alloy, the difference is that D val-
ue 26. 7 nm of the former alloy is larger than that
of the latter. It is observed that @¢Fe nanocrystal
line grains precipitating from amorphous matrix
appear as elliptic morphology, which would affect
the coercive force of bulk alloys. Comparing the
results of Scherrer equation calculating with TEM
images, it can be seen that calculation results of
grains size are larger than that of quantified metal-
lographic measured results of TEM images, the er
ror range is 33 7 34%. From the description men-
tioned above it can be seen that, high sintering
pressure can evidently promote the nucleation rate
of amorphous crystallization process as well as re-
strain the growth of grains and is facilitated to ob-
tain densified nanocrystalline bulk alloy, so hexa-
hedral crown high-pressure technique is a simple
method with high efficiency and low cost to pre
pare nanocrystalline bulk alloy.

3.3 Magnetic property of bulk alloys
Fig. 8 shows the hysteresis loops of FessZrii- .-
Nb.Bs(x= 5.5, 6)

sintering samples under the

Fig.7 TEM images and SAD patterns of sintering samples
(a), (b) —Bright field image and dark field image of FessZrs s Nbs sBs;
(¢), (d) —Bright field image and dark field image of FessZrs NbsB;
(p=5.5GPa, Pv=1150W, ¢= 3 min)
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Fig. 8 Hysteresis loop of sintering samples
(p=5.5GPa, P,=1150W, ¢= 3 min)

sintering conditions of 5. 5 GPa/1 150 W/3 min.
From the curves saturation induction B. and coer-
cive force H . were calculated as follows, FessZrs. s-
NbssBs alloy: Bi= 1.15T, H.= 5.08kA * m™';
FessZrsNbsBs alloy: B.=1.26 T, H.=4.27kA °
m~'. After Nb content was increased from 5. 5%
to 6. 0%, the magnetic properties of sintering bulk
alloys were improved evidently. Compared with
the results reported by Kawamura et al'? and Koji-
ma et al'”, the H . of as-received bulk alloys in this
paper is several orders of magnitude higher. The
microstructure of bulk alloys is composed of single
phase @ Fe nanocrystalline. According to the theo-
retical analysis of nanocrystalline soft magnetic

materials proposed by Herzer'"

[15]

, these samples
have low H.. Herzer' ™ considered that, in an ex-
changed relating characteristic length L& large a-
mount of nanocrystalline soft magnetic grains
should exist, and the magnetocrystalline anisotro-
py K of these grains can be averaged into a low
value by enough exchange couple between these
grains, so H . of materials is decreased and good
soft magnetic properties can be obtained. Simple

statistic calculation shows that the average value of

K is K ):

6 4 4 6
K>~ K| #] = =5 (2)
ex A
where D is grain size; exchange related length

L is determined by exchange stiffness A of nano-
crystalline phases and anisotropy content K, L=
(A/K)"*. Eqn. (2) shows that, when D< L, the
average value of anisotropy content is proportional
to hexagonal equation of grain size D. If spinning
rotary model is valid, H . can be described as fol-
lows:

P KD, | KieD®
H. = 7. Pu ]s'A3 (3)
where P.and Purare proportional constant, and J.

is saturation magnetization.

Evidently, the decrease of grain size to a cer-
tain degree leads to small average or effective ani-
sotropy of materials, so, H. of materials is de-
creased. Microstructure sensitive property H. is
not only related to grain size, but also related to
morphology of grains, crystal defect, and second
phases. High H . results in large moving resistance
of magnetic domain wall. The existence of holes
and reverse domain boundaries caused by incom-
plete densification of samples during sintering
process induces hindrance of magnetic domain
wall, therefore coercive force increases, and inter-
nal microstrain is introduced during high-pressure
sintering process and oxidation of powders also af
fect H . of sintering bulk alloy. In addition, aFe
phase nanocrystalline grains with evident directivi-
ty and elliptic shape are disadvantage to decrease
H .. So, several reasons lead to the increase of H ..

4 CONCLUSIONS

1) After milling powders are pulverized, Fess
Zrii- :Nb.Bs(x= 5.5, 6) melt-spun powders still
remain in the amorphous state, their crystallization
temperature and apparent activation energy are 480
=530 C and 294. 1 ~ 219. 4 kJ/ mol, respectively.
The increasing Nb content improves the crystalli-
zation and decreases the crystallization apparent ac
tivation energy.

2) Under the conditions of 5. 5 GPa/3 min,
when P,= 1150W, single phase aFe nanocrystal-
line (20. 6 = 26. 7 nm) bulk alloys with relative
density higher than 99.0% can be obtained.

3) Under the conditions of 5.5 GPa/ 1 150 W/ 3
min, the magnetic properties of as-received single
phase @ Fe nanocrystalline bulk alloys are as fol-
lows: FessZrs.s Nbs.sBs alloy, B.= 1.15T, H.=
5.08 kA * m '; FessZrsNbsB: alloy, B.= 1.26T,
H.=4.27kA *m .
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