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Hot-press sintering of MA Fe based nanocrystalline/ amorphous
soft magnetic powder®
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Abstract: Microstructures and magnetic properties of FegaNb7Bg, FegoTisBiz and Fe3sNizs( Nb/ V) 7SigBi7 powders and
their bulk alloys prepared by mechanical alloying( MA) method and hot-press sintering were studied. The results show
that: 1) After MA for 20 h, nanocrystalline bee single phase supersaturated solid solution forms in Fegs Nb7Bg and Feg
TigBi, alloys, amorphous structure forms in Fe3;NizgNb7SigBy7 alloy, duplex microstructure composed of nanocrystalline
¥-(FeNi) supersaturated solid solution and trace content of Fe;B phase forms in FeszNize V7SigB7 alloy. 2) The decom-
position process of supersaturated solid solution phases in FegsNb;Bg and FegoT igB;, alloys happens at 710 =780 C, crys
tallization reaction in Fe3»sNizNb7SigBi7 alloy happens at 530 ‘C(the temperature of peak value) and residual amorphous
crystallized further happens at 760 C (the temperature of peak value) , phase decomposition process of supersaturated sok
id solution at 780 C (the temperature of peak value) and crystallization reaction at 431 C (the temperature of peak val
ue) happens in Fe;;NizgV;SigB7 alloy. 3) under 900 ‘C, 30 MPa, 0.5 h hot-press sintering conditions, bulk alloys with
high relative density(94.7% ~95.8%) can be obtained. Except that the grain size of FegaNb;Bg bulk alloy is large, su-
perfine grains ( grain size 50 =200 nm) are obtained in other alloys. Except that single phase microstructure is obtained in
FegoTigB1, bulk alloy, multr phase microstructures are obtained in other alloys. 4) The magnetic properties of FegoT igB1,
bulk alloy( B;= 1.74 T, H .= 4.35 kA/m) are significantly superior to those of other bulk alloys, which is related to the
different phases of nanocrystalline or amorphous powder formed during hot-press sintering process and grain size.
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1 INTRODUCTION

Compared with Febased amorphous alloys the
nanocrystalline alloys of FeSrB-Nb-Cu and Fe
(Zr,Hf, Nd)-B systems' "™ have better soft magnetic
properties and higher saturation induction density.
Therefore, since the Fess sSijz sBoNbsCu; nanocrys-
talline was found by Yoshizawa et al''! in 1988, many
countries attached great importance to the researching
of these nanocrystalline alloys. However, soft mag-
netic alloys were mostly used in bulks ( complex
shape) in engineering applications. At present, the
shape and size of soft magnetic nanocrystalline alloys
obtained generally by melt-spinning technique are
limited, only ribbon and powder can be available. So,
how to obtain nanocrystalline/ amorphous bulk alloys
from these amorphous soft magnetic pow der or ribbon
became the attention focus of researchers!> !

M echanical alloying (MA) known as an efficient
method of preparing metastable material were atten

tioned generally by researchers. Compared with melt-
spinning, M A owns the advantages of simple process,
high yield and easy production in large scale, and
pow ders obtained by MA have better flowing property
and compressibility. By this means nanocrystalline
soft magnetic bulk alloys by hot-press sintering of M A
nanocrystalline/ amorphous soft magnetic powders can
be prepared. It is reported in some references! ' 'l
that Fe-based amorphous/ nanocrystalline soft mag-
netic powder can be prepared by the method of MA,
but the reports of getting nanocrystalline soft magnet-
ic bulk alloy by hot-press sintering are few.

With high activation energy the sintering tem-
perature of M A nanocrystalline powder decreases.
During the sintering process, for amorphous and
nanocrystalline supersaturated solid solution, it s hard
to avoid the grain growth coarsening of nanocrys-
talline microstructure, the decomposition of supersat-
urated solid solution and the crystallization of amor-
phous alloys. These transformations in sintering pro-
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cess are harmful to the soft magnetic properties of al-
loy, however, if nanoparticles with high thermal sta-
bility and diffusible distribution precipitate during this
process, with the hindrance of these particles to crys
tal boundary migration, superfine grains can be ob-
tained. Apparently, it is necessary to study these ma
terials if we can get single phase superfine bulk alloys
with high density and good soft magnetic properties
prepared by the hot-press sintering under low temper-
atures.

Microstructure and magnetic properties of Fegs
Nb7Bo, FegoTigBi2 and Fe3nNizs( Nb/ V) 7SigBi7 pow-
ders and their bulk alloys prepared by MA method
and hot-press sintering were studied in this paper.

2 EXPERIMENTAL

FesaNbsBo, FegoTisBiz and FesNizg ( Nb/
V) 4SigBi7 prepared by Ni, Nb, Ti, V, Si and B
powders with a high purity of 99. 5% and size of 75
Pm. FriTSCH Pulverisette-5 planetary ball milling
machine was used in this experiment. Stainless steel
balls and stainless steel tank were prepared for ball
milling, and protecting argon was taken to prevent
the oxidation of samples. The ratio of griding media
to material is 157 1, rotational speed is 300 r/ min, A
FVPHP-R-10 multifunction high temperature furnace
was used in hot-press sintering experiment, with ar
gon protection, pressure p= 30 MPa, sintering tem-
perature = 900 C, holding time= 0.5 h. Dmax-rA
X-ray diffraction system, Cu target and K ¢ spectrum
was used in the X-ray diffraction experiment. The
average grain size is given by the Scherrer equation d
= 0.91 N¥(Bcos0), in which d is the average grain
size, Aindicates the wavelength of entrance ray (0.
154 05 nm), B indicates the width of half-height
diffraction peak, 0 is Bragg angle, the instrumental
error and K¢ must be deducted as the calculation is
being carried on. Thermal stability measurement of
powders was performed on the STA449C differential
scanning calorimetry measurement ( DSC) made by
Crop NETZSCH at a heating rate of 5~ 20 C/ min.

The microstructure observation and analysis of
bulk alloys were performed for the bulk alloy on Hr
tach H-800 TEM with an accelerating voltage of 160
kV. TEM samples were prepared by the method of
electrolysis twinrjet and ionization-thinning. The
density of bulk alloys after hot-press sintering was
measured by Achimedes law. The measurement of
hysterisis loop was performed on the LDJ9600 vibrat-
ing sample magnetometer field H = 955 kA/ m.

3 RESULTS AND DISCUSSION

3.1 Preparation of MA powders
Fig. 1 shows the XRD patterns of FegsNb7Bo,
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Fig. 1 X-ray diffraction patterns of Fe-based

powders after MA for 20 h
(a) —FegaNbsBo; (b) —FegoTigBio;
(C) _Fe32Ni36Nb7SigB17; (d) _Fe32Ni36V7SigBl7

FegoT igB12 and FesxNizs( Nb/ V) 7SisBi7 powders after
20 h ball milling. XRD analysis shows that the
diffraction peaks of those MA powders in the figure
deliver a trendency of peak broadening apparently,
and the peak of Fe3sNizgNbsSigBi7 owns a characteris-
tic of “steamed bread like”. From the analysis of
XRD o Fe supersaturated solid solution forms in Fegs
Nb;By and Fegy TigBiy alloys; amorphous structure
¥-( FeNi) super

saturated solid solution and trace content of Fe,B

forms in Fes; Nisg Nb;SigBy7 alloy;

phase forms in Fe3sNizgV7SigBy7 alloy. During MA
process, a circulatory process of deformation-welded
togetherbreak took place in pure elementary pow-
ders, which led to serious distortion of lattice, grain
refining and a significant increase of the grain
boundary s volume fraction. These changes provided
driving force and channel for quick-diffusion of solute
atoms and made the alloying process perform at atom-
ic level, so solid solution was obtained at last. During
the process of solid amorphous transition, thermal
chemical diffusibility was always restrained, alltropic
phase reaction condition could be obtained, and the
melting behavior of solid solution can be considered as
a presumptive term of metastable field >, Formation
of solid amorphous phases was analyzed by thermody-
namics, and analysis shows that during MA process,
the driving force of solid amorphous formation in-
creases with the increase of supersaturated concentra-
tion of solute atoms in a solid solution. When the
component of solute atoms approaches the critical val-
ue, supersaturation ratio approaches the maximum,
and the nucleation of amorphous phase forms. Large

concentration fluctuation is prerequisite of amorphous
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phase formation. Refined grains and high microarea
lattice distortion provide the formation kinetic condi-
tion of amorphous phase. Internal stress and grain
growth increasing induced by plastic deformation con-
tribute to the broadening of diffraction peaks. The average
grain size of samples can be estimated by Scherrer s equa
tion, and the results show that the average grain size of

samples is in the range of 8.0~ 15. 0 nm.

3.2 Thermal stability of MA powders

In order to reveal the thermal stability of MA
pow der( nanocrystalline or amorphous) and select the
suitable hot-press temperature, the DSC analysis is
performed on these powder samples at a heating rate
of 10 C/min. From Fig. 2 it can be seen that, two
exothermal peaks appear significantly in the curves of
FesaNb7Bg and FegoTigBi2 alloys, one is the low and
flat exothermal peak with wide temperature range
(peak value is 374 =420 C), the other is apparent
high temperature exothermal peak ( peak value is 774
=710 C). The emergence of the first broadening low
and flat peak is a common feature of MA powder,
which relates to the large distribution range of grain
size. The structural relaxation of lattice distorts aFe
nanocrystalline supersaturated solid solution and the
process of nanocrystalline growth!'™. The second
exothermal peak is induced by the transformation of
aFe supersaturated solid solution to aFe solid solu-
tion intermetallics ( Fe3sB  and FezB)[S’ Bl From
Fig.2 it can be known that the thermal stability of
nanocrystalline microstructure of FegoT igB12 is higher
than that of FegsNb7Bo, but the decomposition tem-
perature of & Fe supersaturated solid solution in Fegg
TigBi2 nanocrystalline microstructure is lower than
that in FegaNb7Bo. Three exothermic peaks appear in
the DSC curve of Fe3nNizsNb7SigBi7 amorphous pow-
der. The emergence of first low and flat peak is relat-
ed to the structural relaxation; the second exothermal
peak ( peak value is 530 C) is related to the crystal-
lization of amorphous during the heating up process,
in which probably eutectic crystallization reaction
takes place, but the manner of crystallization needs to
be confirmed. The third exothermic peak ( peak value
is 760 C) may be related to the crystalline transfor
mation of amorphous in remained amorphous with
high thermal stability. As Fe3NizV7SisBi7 amor-
phous powder is concerned, except two exothermic
peaks appear as FegaNb7Bo and FegoT igBi2, between
which a weak exothermic peak ( peak value is 431 C)
appears, and the emergence of this peak is also related
to the crystallization transformation of amorphous,
which reveals that except & Fe phase and Fe;B, there
are amorphous phases in Fe3sNizgs V7SigBi7 powder.
And the situations of flat exothermic peak and high
exothermic peak have a tendency of moving far away.

Because of the trace content, the amorphous phase
can not be observed by XRD. The thermal stability of
these powders depends on the phase component of

MA powder.
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Fig.2 DSC curves of Fe-based pow ders

after MA for 20 h
(a) _Feg4Nb7B9; (b) _Feg()T igBlz;
(C) _Fe32Ni36Nb7SigB17; (d) _Fe32Ni36V7SigB17

3.3 Preparation of bulk alloys

In order to obtain the bulk alloys with high relative
density, with the consideration of DSC analysis finally
hot-press temperature is selected as 900 C.

M easurement of density shows that, the relative
density of FegsNb7Bg, FegoTigBi, and FesnN i36'( Nb/
V) 7SigBi7 bulk alloys are 96. 7% , 95. 5%, 96.8%
and 97. 4%, respectively.

The XRD patterns of the FegsNbsBg and
FegoTigBi2 and Fes Nizg ( Nb/ V) 7SigBi7 bulk alloys
are shown in Fig. 3. Analysis shows that except in
FegoTigB12 alloys single phase & Fe forms; in the oth-
er alloys multiphase microstructure forms; FegaNb7Bog
alloy is composed of single phase aFe and trace con-
tent of FexB phase and Fe3B phase; main nanocrys-
talline ¥-( FeNi) supersaturated solid solution phase
and trace content of Fe;B phase form in
FessNizs( Nb/ V) ;SigBy7 alloy. TEM images of Fegs
Nb7Bo, FegoTigBi2 and Fe3sNizsNb7SigBi7 bulk alloys

are shown in Fig. 4. From the TEM  images
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Fig. 3 XRD patterns of hot-press sintering samples
(a) _F634Nb7B9; (b) _Feg()T i7B12;
(C) _Fe32Ni36Nb7SigB17; (d) _Fe32Ni36V7SigBl7
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it can be seen that, the difference in grain size of
these bulk alloys is significant. FegsNb7Bg gets a rela
tively large grain size of 0. 3 = 0. 8 Hm; superfine
grains ( grain size 50 = 200 nm) are obtained in
FegoT igB]g alloy;
(grain size 20 ~ 80 nm) are obtained in Fes, Nizs
Nb;SigBi7 alloy.

According to the quantitative relationship be-
tween heating rate and the maximum peak tempera

nanocrystalline microstructure

ture of DSC curve proposed by Kissinger et al'*’!, the
apparent activation energy E, of decomposition of o
Fe phase supersaturated solid solution in FegsNb7Bg
and FegoTigBi2 MA powders are estimated, and the
results show that, the apparent activation energy E,

Fig.4 TEM images of hot-press

sintering samples

(a) —Fey Nb: Bs s (b)—Bright lield image of Fey TizBis s

(c)—Dark field image of (b);
(d)—Bright field image of Fe,; Niy; Nb; Siz By 3
(e)—Dark field image of (d)

Of Feg4Nb7B9 18 320 7 kJ/ mol, Ep Of FegoTigBu is
447. 6 kJ/ mol. It can be concluded that: the thermal
stability of aFe phase supersaturate solid solution in
FegoTisBis alloy is higher than that in FegaNb7Bg al-
loy. During the process of hot-press sintering, all the
as'prepared powders remain nanocrystalline single
phase microstructure, however, for the thermal sta-
bility of aFe phase supersaturated solid solution in
FegoTisBis alloy is higher than that in FegaNb7Bg al-
loy, and multrphase microstructure with large grain
size forms in FegaNb7Bg bulk alloy, while single phase
superfine microstructure formed in FegoTigBi» bulk
alloy. By means of TEM observation, it is identified
that no second nanophase exists in FegsNb7Bg bulk al-
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loy. For Fe;sNizg NbsSigBi7 amorphous powder, be
cause of the formation of large quantity of dispersed
second phase particles during the process of crystal-
lization transformation of amorphous, multiphase
nanocrystalline microstructure forms. Because he
multiple phase transformation ( eutectoid-crystalliza-
tion reaction) took place during the process of sinter-
ing, these precipitated phases and co-diffussion effect
of other atoms restrained the grain boundary growth
of ¥(FeNi) phase, so the nanocrystalline grains
formed. By means of decreasing the temperature of
hot-press sintering and the effect of second phase dis-
persed nanoparticles formed in the process of crystal-
lization transformation of amorphous, the nanocrys-
talline bulk alloys could be obtained by nanocrystalline
or amorphous pow ders.

3.4 Magneic properties of bulk alloys

Hysterisis loop of Fegs Nb7Bg, Fego TigBi2 and
FeNizs( Nb/ V) 7SigBi7 bulk alloys are shown in Fig.
5. Fig. 6 shows the magnetic properties of bulk alloys
calculated from the hysterisis loops. As the figures
show, the specific saturation magnetization of Fegy
TigBiyis Bs= 1. 74 T, the coercive force H .= 4. 35
kA/m; for FegaNb7Bg, Bs= 1. 56 T, the coercive
force H .= 8.37 kA/m; Compared to FessNb7Bg and
FesoTigBi2, Fe3Nize(Nb/ V) 4SigBiz  bulk alloy
owned lower soft magnetic properties, B.= 0.68 ~0.
8 T, H.= 14. 36 ~ 17. 23 kA/m. By XRD and
TEM microstructure investigation, for Fegy TigBi2
bulk alloy, formation of aFe single phase supersatu-
rated solid solution led to the decrease of magnetic
anisotrophy, magnetostriction and the coercive force.
Because of the existence of the second-phase inter-
metallics and large grain size, H . of FegsNb7Bg bulk
alloy increased. The coercive force of Fes
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Fig.5 Hysteresis loops of hot-press
sintering samples
(a) —FegaNb;Bo; (b) —FegoTigByo;
(¢) —Fes,NizgNb;SigBy7; (d) —FesNize V7SigByy
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Fig. 6 Magnetic property of hot-press

sintering samples
(a) _Feg4Nb7B9; (b) _Feg()TigBlz;
(C) _Fe32Ni36Nb7SigB17; (d) _Fe32Ni36V7SigB17

Nizs( Nb/ V) 7SigB17 bulk alloy increased significantly,
which was due to the formation of duplex phase
nanocrystalline microstructure composed of ¥-( FeNi)
phase and the second-phase ( FesB, FeB,
FexBs, NizB). In addition, incomplete densification
after hot-press sintering led to the existence of reverse
domain boundary of raw powders and the hindrance
of magnetic domain wall induced by holes, at the
same time, because of internal microstrain induced in
hot-press sintering process and the oxidation of pow-
ders, coercive force H . of bulk alloys were increased.
It is necessary to study the influence of heat-treat-
ment on magnetic properties.

4 CONCLUSIONS

1) After MA for 20 h, o Fe nanocrystalline sin-
gle phase supersaturated solid solution forms in Fegs
Nb7By and Fego TigBiz alloys; amorphous structure
forms in Fe3nNizgNbsSigBi7 alloy; duplex microstruc
ture which is composed of nanocrystalline ¥-( FeNi)
supersaturated solid solution and trace content of Fe,B
phase forms in Fe3sNizV7SigBi7 alloy.

2) The decomposition process of supersaturated
solid solution phases in FegaNb7Bg and FegoTigBio al-
loys happens at 710 ~ 780 C; crystallization reaction
in Fes; Nize NbsSigBy7 alloy happens at 530 C( the
temperature of peak value) and residual amorphous
crystallized further happens at 760 C( the tempera-
ture of peak value); phase decomposition process of
supersaturated solid solution at 780 C( the tempera-
ture of peak value) and crystallization reaction at 431
‘C(the temperature of peak value) happens in Fes
Niz6V7SigBy7 alloy.

3) Under 900 C, 30 MPa, 0.5 h hot-press sin-
tering conditions, bulk alloys with high relative den-
sity (94.7% ~ 95. 8%) can be obtained. Except that
the grain size of Fess Nb7Bg bulk alloy is large, su-
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perfine grains ( grain size 50 ~ 200 nm) are obtained
in other alloys. Except that single phase microstruc
ture is obtained in FegoTigB12 bulk alloy, multrphase
microstructures are obtained in other alloys.

4) The magnetic properties of FegoTigBisbulk al-
loy (Bs=1.74 T, H .= 4.35 kA/m) are significantly
superior to those of other bulk alloys, FegsNb7Bg
take the second place. Fes3aNizg( Nb/ V) 7SigBi7 bulk
alloy performs a lower soft magnetic properties,
which is related to the different phases of nanocrys-
talline or amorphous powder forming during hot-press
sintering process and grain size.
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