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Bulk amorphous kg sCraMo,GasP12CsBs 5 rods with diameters of 1.5-3 mm were prepared by copper mold casting. Besides casting,
bulk amorphous FgAl» 14Ga 86Ps.4CsB4Siz.6 samples in the shape of discs (diameter of 10 mm and thickness of 3 mm) were prepared from
melt-spun ribbons by high-energy ball milling and subsequent compaction of the resulting powders in the supercooled liquid region. The as-
cast amorphous FeCrMoGaPCB samples exhibit a low coercivity, belowri0*A In the case of the FeAlGaPCBSi alloy, the milling-induced
stress causes significant differences in coercivity between the ribbons and the powders. The relatively low coercivity of abont 5-10 A
characteristic for the melt-spun ribbons increases after 1 hour of ball milling to a value of about -2200 ASubsequent annealing of
the ball-milled powders leads to a decreaseHgfby a factor of 10 to about 220-250A~1. The bulk samples prepared by hot pressing
of the crushed ribbons show a coercivity of about 120-14674. For both alloys, thermal stability measurements show a distinct glass
transition, followed by a supercooled liquid region of 60K fo§£CrsMosGayP12CsBs 5 and of 30K for Fe7Al2 14Gay 86Ps.4CsB4Siz 6.

For the Fgs5CraMosGayP12CsBs 5 alloy, crystallization of the amorphous phase as observeisitu X-ray diffraction measurements in
transmission configuration occurs via the formation of a metastable intermediate phase. The phases observed in the crystalline state obtained
by heating do not correspond to those occurring after slow cooling.
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1. Introduction value of about 1-10 k! characteristic for the alloys with
very good glass-forming ability>*® Thus, in order to pre-
The Fe-based amorphous alloys recently found by Inoysare amorphous samples with good soft magnetic properties
et al.1"> exhibit a large supercooled liquid region between théhe maximum achievable diameter (in the case of copper mold
glass transition temperatufg and the crystallization temper- casting) is limited to a few millimetres.
ature Ty visible upon constant-rate heating to elevated tem- On the other hand, bulk amorphous samples with various
peratures. Because of the lack of crystalline anisotropy, theyzes and shapes can be prepared by mechanical alloying or
have good soft magnetic properties characterized by low cball milling combined with subsequent consolidation of the
ercive force and high permeability?) Nevertheless, residual resulting powders in the viscous state at temperatures in the
anisotropy may be present, such as shape anisotropy or stresgercooled liquid regiot?:?? High-energy ball milling in-
induced anisotropy caused by internal mechanical stress ihdces stresses, which can be successfully reduced by anneal-
duced by the preparation proceduies. rapid quenching, ing the resulting powders at temperatures below the onset of
slow cooling 19 or ball milling.!Y) The high glass-forming crystallization'!:2Y) The enhanced coercivity of annealed ball
ability of this kind of alloys allows the formation of bulk milled powders in comparison with melt-spun ribbons is sup-
glassy sample¥) However, the critical cooling rate of about posed to be mainly caused by presence of nonmagnetic oxide
10?K-s~* required for glass formation of these alloys limitsphases formed during milling on the reactive surface of the
the diameter of the sampléd.The other hindrance that can powder particles? The consolidation process can be com-
influence bulk glass formation is the presence of impuritiegined with annealing in the supercooled liquid region in order
in the melt!* 1% When the conditions for glass formation areto obtain bulk specimens with amorphous structure. This can
met E.g. low impurity contentetc.) such alloys can be di- yield bulk amorphous specimens with larger dimensions than
rectly cast in form of bulk specimens, which could be usethose achievable by slow cooling from the nt&lt.
for magnetic cores. Inoue and co-workétgeported that Both amorphous alloys, EgCrsMosGayP12,CsBss and
for FeAlGaPCBSi alloys ribbons with dimensions of up toFe;7Al 214G 86Ps 4CsB4Siz 6, have soft magnetic properties.
0.015mmx 0.5mm and cylinders up to a diameter of 3 mmThe first one can be produced directly in rod form by copper
can be prepared by melt spinning and copper mold castingiold casting, but the maximum diameter where the alloy is
respectively. In the case of FeCrMoGaPCB alloys, Shen arfidily amorphous is limited to about 3—4 mthThe coerciv-
Schwarz® used the flux-melting technique to remove the oxity is below 10 Am~! and is influenced by crystalline inclu-
ide inclusions from the melt and subsequent water quencsions, and the saturation polarization is around "8 Be-
ing allows to produce rods with 4 mm diameter. The critisides that, the FeAl, 14Gay g6Ps 4CsB4Si ¢ bulk amorphous
cal cooling rate of about £K-s~* is higher compared to the alloys obtained by ball milling of amorphous ribbons and sub-
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sequent consolidation in form of discs with 10 mm diame10-2 Pa. The powder was heated at 0.6% K to the consoli-

ter and different thickness exhibit a coercivity which is onalation temperature, held isothermally at this temperature and
order of magnitude higher compared to the as-spun amarempacted at a pressure of 500 MPa. The sample was held
phous ribbon, but it can be decreased by annealing. Henésgthermally in the press under the applied load for 2 min.
not only the alloy composition but also the processing rout€he compacting temperatures were chosen to be in the tem-
have a strong influence on glass formation as well as on tiperature range of the supercooled liquid region. The oxy-
resulting soft magnetic properties of the material. This alsgen content of the powders after milling was checked by hot
holds for the possibility to produce bulk amorphous Fe-basezktraction using a C436 LECO analyser. Because the pres-
alloys in shapes suitable for magnetic applications. Consence of oxides can have a negative influence in order to pre-
qguently, this work focuses on the crystallization behaviopare bulk amorphous alloys, we also checked the oxygen
the magnetic properties for gCryMo,GayP12CsBs5 and  content of the master alloys and prealloys. This revealed
Fer7Al 5 14Gan 86Ps 4CsB4Sio 6 bulk glass-forming alloys pre- very low values: 50 ppm for RkgsCrsMosGayP12CsBss
pared by slow cooling from the melt or by melt spinning comand Fe;Al;14G& gsPs.4CsB4Sizs, 180 ppm for Fe—P and
bined with crushing of the ribbons by ball milling and subse130 ppm for the other pre-alloys, respectively.

guent consolidation. The amorphous structure of the samples was checked by
X-ray diffraction (XRD) experiments with Co-Kradiation
2. Experimental Procedure (A = 0.17889 nm) using a Phillips PW 3020 diffractome-

ter. Because the diameter of thes&8CrsMo,GayP12CsBs 5

The preparation of the amorphousgb£CrsMo,Ga,P1>- rods was rather small, the samples for XRD measurements
CsBss and Fe;Al;14Gayg6Ps4CsB4Sizg alloys was done were prepared by crushing the rods into small pieces and
in several steps. First, master alloy ingots were obtaindzbnded into amorphous resin in order to have good resolu-
by induction melting using Fe-B, Fe-C, Fe—-Ga, Fe—P préion. The thermal stabilityi.e. the glass transition, the exten-
alloys and pure elements like Mo (99.4% purity), Cr (99.95%ion of the supercooled liquid region and the crystallization,
purity), Fe (99.9% purity), Al (99.95% purity), Si (99.99% was examined by differential scanning calorimetry (DSC),
purity) or crystalline B (99.99% purity). Induction melting of using a Netzsch DSC 404 for g&gCrsMo,GayP;2CsBs 5
Fe with B, Fe with C (99.9% purity) and Fe with Ga (99.7%amorphous ribbons and rods and a Perkin-Elmer DSC 7 for
purity) allowed to produce the respective pre-alloys. By meFe;7Al 214G & g6Ps.4CsB4Si 6 amorphous ribbons and com-
chanical alloying of Fe powder (99.9% purity, less than 1@acted samples. The glass transition temperalyrand
microns particle size) with amorphous red P (99% purity, leshe crystallization temperaturg were measured as the on-
than 100 microns particle size) in SPEX 8000 ball mill usingset temperatures of the glass transition and the crystalliza-
hardened steel balls and vial and a 3:1 ball-to-powder weigtibn events, respectively, during heating with a constant
ratio, consolidation of the resulting powders by cold pressingate of 0.67 Ks™'. The extension of the supercooled lig-
and subsequent induction melting the pre-alloy, was obtainedd region, defined as the difference between the glass
the Fe—P pre-alloy. The handling of the elements, the ballansition temperature and the crystallization temperature,
milling as well as the powder, compaction and the meltingiT, = T, — Ty was also calculated. Additionally, for the
were performed under protective atmosphere (argon, purifg;ssCrsMo,GayP12,CsBs 5 alloy the melting temperaturg,
99.99%)). defined by the liquidus temperatufg,; at the onset of solid-

Amorphous rods (diameter of 1.5, 2, 2.5 and 3 mm, lengtification upon cooling with a constant rate of 0.13& was
of 70mm) and ribbons (width of 10mm and thickness ofmeasured using the Netsch DSC 404.
0.03mm) were prepared from the master alloy with nomi- For Fe-Al,14Ga g6Ps4CsB4Sio6 amorphous alloys, pene-
nal composition FgsCrsMo,Ga,P1,CsBss. The rods were tration measurements in the supercooled liquid region were
obtained by induction melting under argon atmosphere atrried out by parallel plate rheometry in a Perkin-Elmer
a pressure of 80kPa and subsequent injection into a cylifMA7 analyser with quartz penetration probe as parallel
drical copper mold under an applied pressure df03Pa. plates in an argon atmosphere at a heating rate of 0$7K
The amorphous ribbons were prepared by single-roller mehhe applied static force was 2.6 N. The isothermal annealing
spinning on a copper wheel under argon flow at 2¢™ experiments were done in a tin-bath furnace.
tangential velocity of the wheel. Using the same device, The crystallization behavior during heating and subsequent
Fe7Al 214G 86Ps 4CsB4Sip 6 amorphous ribbons of 10 mm cooling from the melt of glassy kgsCrysMo,GayP12CsBs 5
in width and 0.02mm in thickness were prepared using @ds were observed byg-situ X-ray diffraction measurements
wheel speed of 21 raX. Some parts of these ribbons werein transmission configuration, using a high intensity high-
cutinto small pieces, ball-milled and subsequently compacteshergy monochromatic synchrotron beatm= 0.01304 nm)
to discs of 10mm in diameter and 3mm in thickness. That the ESRF Grenoble. The rods were cut into pieces of
milling experiments were done in a Retsch PM 4000 plarit5 mm length and sealed into fused silica tubes under a
etary ball mill under an argon atmosphere using hardenadcuum of 10%Pa. The as-prepared samples were fast
steel balls and vials and the ball-to-powder weight ratio waisduction-heated with a rate of 2-5¢%* up to the melting
15:1. The rotation velocity of the mill was 250 revolutionspoint, overheated and cooled down with 2@#, i.e. a cool-
per minute. The sample handling was performed in a glovag rate not sufficient to retain an amorphous phase, with ac-
box under purified argon atmospherel(ppm Q and HO). quisition of X-ray patterns at each 2 s during the all process.
The consolidation of the resulting powders into bulk sam- The magnetic properties of the samples were also investi-
ples was done in an unaxial hot press under a vacuum gated. The coercive forcél., was measured using a Foerster
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Koerzimat with premagnetizing field pulses of 200@#1, transition temperature, as well as the crystallization tempera-
the saturation polarizationls, was measured by a vibrating ture, increase monotonically with increasing diameter of the
sample magnetometer (VSM) under a maximum DC mageds, and their values are about 30K higher than the data re-
netic field of 15000 Acm~* and the behavior of magnetiza- ported by Shen and Schwarz'® for this type of Fe-based bulk
tion versus applied magnetic field was determined B~&  amorphous alloys obtained by water quenching.

loop tracer which allows a continuous variation of the mag- These differences in thermal stability between the melt-

netic field betweer-200 and 200 Acm™1.
3. Resultsand Discussion

3.1 Bulk amorphous Fegs5CrsMo,GasP12CsBs s rods
and ribbon
3.1.1 Thermal characterization
The thermal stability of amorphous g&gCrsMo,GayP;o-

spun ribbons and the rods of different diameter cannot be at-
tributed simply to a different degree of relaxation obtained
by the different cooling rates realized during melt spinning
and copper mold casting. Rather they point to slightly dif-
ferent actual compositions of the glass obtained by the dif-
ferent synthesis conditions and the decreasing cooling rate of
the melt with increasing diameter of the rods. Such composi-
tional variations may arise if at least the rods with larger di-

CsBss rods prepared by copper mold casting is shown iameter are not fully amorphous but contain some crystalline
Fig. 1. The DSC scans reveal a glass transition starting pitimary precipitates wich may form due to not sufficient cool -
Ty, followed by a distinct supercooled liquid region and crys#ng rate for complete glass formation upon casting.
tallization starting afly (the onset temperatures of glass tran3.1.2  Structural characterization

sition and crystallization are marked by arrows in the figure). The XRD patterns (A = 0.17889nm), taken in the reflec-
The values foffy, Ty andATy = Ty— T, for the different spec- tion configuration for crushed as-cast samples, are presented
imens are summarized in Table 1, together with the meltinign Fig. 2. Generally, the patterns display a broad maximum
temperature3,,, measured as the onset of solidification upomrentered around 26 = 51° which is characteristic for an amor-
cooling. We used these temperatures to calculate the rapbous phase. However, the XRD experiments do not rule out
Ty/ Tm. Its value of about 0.59 is characteristic for alloy systhe possible existence of asmall volume fraction of nanoscale
tems with good glass forming abilit§:?® The glass transi- crystalline precipitates, which may be present in the glassy
tion temperature and the crystallization temperature increasetrix. For example, there are additional diffraction peaks
slowly with increasing rod diameter, whereas the extension @fith weak intensity superimposed on the broad diffraction
the supercooled liquid regianT, = 60+ 1 K remains almost maximum of the amorphous phase for the cast rod with 3mm
constant. For the ribbom Ty = 66 K and the glass transition diameter (curve d in Fig. 2). This points to the formation of
starts at 743 Ki.e. about 10+ 3K earlier in comparison with crystalline precipitates coexisting with the glass, which agrees
the rods (750K for the rod with 1.5 mm diameter or 757 Kwell with the conclusions drawn from the DSC results.

for the rod with 3mm in diameter, respectively). The glass The X-ray diffraction measurements in transmission con-
figuration, using ahigh intensity high-energy monochromatic
synchrotron beam (A = 0.01304 nm) at the ESRF Grenoble

l Ty @ showed clearly the presence of another crystalline phase(s)
g coexisting with the amorphous matrix. Figure 3 presents a
= 2 © comparison of patterns taken in this geometry, for the fully
E amorphous as-cast 1.5mm rod and for the as-cast 3mm rod
o (b) with precipitates. The fully amorphous sample exhibits only
§ 0+ two broad diffraction maxima centered around 31nm~* and
o 53nm~1, respectively. The first pesk centered around of
b 1 a-rod¢ 1.5mm TT @ —1
w b-rodg > mm 9 15nm~" corresponds to the sample holder. In contrast, the
| 24 ¢-rod ¢ 25mm XRD peattern for the 3mm diameter rod (curve b in Fig. 3)
| d-rod¢ 3mm
400 500 600 700 800 900 1000 1100 a-rod¢ 15mm
Temperature, T/K 600+ E:ggi;;nnr:m
Fig. 1 TheDSC curves measured at a heating rate of 0.67 K-s~1 for amor- d- r%dbq) 3mm
phous Fegs 5CrasMo,GayP12CsBs 5 samples with different thickness. = 400 €- ribbon ©
3
Table 1 Thermal stability data for Fegss5CraMosGasP12CsBss glassy ey (d)
alloys with different thickness measured at 0.67 K-s~1 heating rate. g
2 200 ©
Sample Tg/K Te/K AT/K Tm/K To/ Tm = ®)
Ribbon 743 809 66 1256 0.59 @
Rod ¢ 1.5mm 750 811 61 1251 0.59 04 : . , , , ' ,
Rod ¢ 2mm 753 814 61 1248 0.60 20" 30° 40 500 60 70 80 90
Rodg¢25mm 755 815 60 1250 060 Diffraction Angle, 20
Rod ¢ 3mm 757 817 60 1251 0.60 Fig. 2 XRD scansfor bulk amorphous Fegs 5CraMosGasP12CsBs 5 as-cast

rods and ribbon.
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displays additional diffraction peaks at 43.9, 51.6, 53.1, 56.8,
59.5, 61.9 and 68.9nm™1, respectively. This clearly proves
the presence of crystalline inclusions in this specimen. The
peaks with the wave vectors Q of 43.9, 53.1, 61.9 and
68.9 nm~* correspond to the bce phase characteristic for o-Fe.
The other peaks at 51.6, 56.8 and 59.5nm~! are characteris-
tic for a Fe3C-type structure. Scanning electron microscopy
(SEM) images taken from the cross-section of the as-cast
3mm diameter rod (not showed here) reveal adendritic struc-
ture for the crystalline inclusions with a dendrite size of 60—
70um. Most likely, the crystalsform by primary precipitation
upon cooling from the melt.

Figure 4 shows the XRD patterns recorded in transmission
geometry, for the as-cast 3mm rod taken at different tem-
peratures, i.e. for the as-cast material at room temperature,
in the molten state at 1448K and during cooling at 1313K,
where the aloy is still melted but may contain some clus-
ters/inclusions (according to the DSC measurements the melt-
ing temperature is around 1251 K-see Table 1). In the molten
state at 1313 K aswell as at room temperature (Figs. 4(a) and
(©)), there appears the same crystalline Fe;C-type phase be-
sides the amorphous phase. Obvioudly, the casting tempera-
ture plays an important role for obtaining a completely amor-
phous alloy. The alloy must be overheated until all the clus-
ters/inclusions are melted (curve b in Fig. 4). Judging from

200
a-rod¢ 1.5mm
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Fig. 3 Transmission XRD patterns of glassy FegssCraMosGayP12CsBs 5
dloysfor: (a) arod with 1.5 mm diameter and (b) arod with 3mm diame-
ter, respectively.
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Fig. 4 Transmission XRD patterns of glassy Fess5CraMosGasP12CsBs 5
dloys recorded in-situ at different temperatures: (a) at room temperature,
(b) melted at 1448K and (c) melted at 1313K.
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the in-situ XRD measurements, the optimum casting temper-
ature is around 200K above the liquidus temperature, and at
the same time must not be too high in order to retain a proper
cooling rate.

The XRD patterns for the 2.5 mm in diameter sample taken
in-situ during heating with a rate of 5K.s™%, melting above
Tiiq and subsequent cooling with 20K-s™! are presented in
Fig. 5. The successive patterns correspond to different tem-
peratures, starting from the amorphous phase a room tem-
perature, crystallized above Ty, melted, overheated and crys-
tallized after fast cooling. The sample consists of a single
amorphous phase at room temperature (curve a in Fig. 5).
At 1013K (curve b), the sample is completely crystaline.
The peaks correspond to bec a-Fe, fce y-Fe and FesC-type
structure. Above this temperature, the peaks corresponding
to fcc y-Fe (curve c) prevail. Besides, intermetallic com-
pounds of the form (Fe, Cr, Mo, Ga) (P, B, C)100_x may form,
which have not been clearly identified, yet. At 1488K, the
crystalline structure disappears completely and al the clus-
terdinclusions are completely melted (curve d). The curve
ein Fig. 5 corresponds to the crystalline state formed after
cooling. The pattern is similar to that shown in curve ¢, and
corresponds mainly to fcc y -Fe phase, which is probably due
to the retention of the austenitic phase by carbon. The peaks
corresponding to the Q wave vector for the Fe;C-type struc-
ture do not match the relative distribution of the peak inten-
sity. For clarity, in the patterns presented in Fig. 5 only the
peaks corresponding to bee a-Fe and fcc y -Fe are marked.
3.1.3 Magnetic measurements

Table 2 summarizes the values of the coercive force H; and
of the saturation polarization Js for as-cast amorphous rib-

Intensity (a. u.)
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70 80 9

0

0 10 20 30 40 50 60
Wave vector, Q/nm™

Fig. 5 The crystalization of amorphous Fess 5sCraMosGayP12CsBs 5 in-
vestigated by in-situ measurements for a rod with a diameter of 2.5 mm:
(a) at room temperature, (b) at 1013K, (c) at 1273K, (d) overheated to
1488K and (e) crystalline at room temperature after cooling.

Table 2 Magnetic data for Fegs sCraMo4GayP12CsBs 5 glassy aloys with
different thickness.

Sample Coercivity Saturation polarization
He/A-m~1 T

Ribbon 17 0.82

Rod ¢ 1.5mm 5 0.81

Rod ¢ 2mm 3 0.77

Rod ¢ 2.5mm 9 0.78

Rod ¢ 3mm 62 0.78
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Fig. 6 The M—-H loopsfor as-cast amorphous Fegs s CraM04GayP12CsBs 5
samples with different diameters: (a) 1.5mm and (b) 2mm.

bons and rods without crystalline inclusions. The values are
different for samples with different shape or diameter. The
lowest coercivity value of 1.7 A-m~* is found for the ribbon
and the coercivity increase to 9A-m~! for the 2.5mm diam-
eter rod. However, the coercivity does not increase mono-
tonically with increasing diameter of the rods, i.e. does not
depend on the geometry of the sample, but is probably most
sensitive to residual stress induced during the casting and to
crystalline inclusions. For the as-cast rod with 3mm diame-
ter, which is not fully amorphous, the coercivity increases to
62A-m~! and it is expected to depend on the volume fraction
of crystalline inclusions. The values of the saturation polar-
ization are in the range of 0.77-0.82T for the as-cast sam-
ples and were calculated using the estimated density value
of 7057kg-m~3. The values are of the same order as the
reported literature data for this type of amorphous aloys.'®
Figure 6 presents a comparison of the M—H hysteresis loops
for an amorphous rod with 1.5 mm diameter and a ribbon for
an maximum applied field of 100 A-cm™?. The magnetization
at 80 A-cm~* for both sample are near the same val ue around
6200A-cm~1, which correspond to a value of 0.77 T for po-
larization. The main errors that appear during the magnetic
determination are due to the difficulties to estimate precisely
the rather small cross-section of the ribbon.

3.2 Bulk amorphous Fer7Al.14Gag gs5Ps.4CsB4Sio ¢ discs
3.2.1 Millinginduced changesof thermal, structural and
magnetic properties

In order to prepare bulk amorphous samples, in a
first step melt spinning was used to produce amor-
phous Fer; Al 14Gag gsPs.4CsB4Siz 6 ribbons which were then
crushed into small pieces and subsequently ball-milled. The
process of ball milling induces internal mechanical stressin
the material and produces surface roughness. Accordingly,
the thermal, structural and magnetic properties of the result-
ing powder are different from those of the initial melt-spun
ribbon.

Figure 7 comparesthe X-ray diffraction patternsfor therib-
bon and for the 1 h ball-milled powder. In both cases only the
diffuse halo typical for an amorphous phase and no peaks for
crystalline phases are found. Thus, one can suppose that no
massive crystallization occurs during milling.

The width of the temperature region AT during which the
sampleisin the supercooled liquid state isinfluenced by ball-

40° ' 50° ' 66° ' 76° ' 80°
Diffraction Angle, 20

Fig. 7 XRD patterns for Fez7Al14GapgsPs4CsB4Sioe ribbon and
ball-milled powder.

<«— ExoHeat Flow (a. u.)

500 600 700 800
Temperature, T/ K

Fig. 8 DSC curves for Fez7Al214Gao 86Ps.4CsB4Size melt-spun ribbon
(solid line) and ball-milled powder (dotted line) taken at a heating rate
0.67K-s™1. The characteristic temperatures Ty and Ty are also indicated.
The small endothermic reaction at about 630K is attributed to the Curie
temperature Te.

milling. Figure 8 shows DSC curvesrecorded at ahesating rate
0.67K-s1 for F977A|2.14Gao'86P8'4C5B4Si2'6 melt-spun rib-
bon and ball-milled powder. For the ribbon, the supercooled
liquid region spreads over about 40K (Ty ~ 732K, Ty =~
772K), whereas AT, = 35K (Tg ~ 733K, T, ~ 768K)
in the case of the powder. This is due to the increase of the
oxygen content upon ball milling which promotes crystalliza-
tion of the powder.2#2>) The initial ribbon reveals an oxygen
content of 0.04 £+ 0.01 at%, whereas the ball-milled powder
contains about 0.08 £ 0.01 at% of oxygen. Hence, after ball
milling for 1 h the oxygen content doubled.

The limiting values of the ATy temperature region are
important for compaction because of the material soften-
ing which starts at temperatures above Ty. Figure 9 shows
the penetration for Fe;7Al214Gag.86Ps.4CsB4Siz 6 ribbon and
ball-milled powder as a function of temperature recorded in
the Perkin-ElImer TMA7 analyser at a constant heating rate
0.67K-s71. Above glass transition temperature the distinct
contraction of the sample (i.e. penetration of the probe) occurs
due to decrease of the viscosity in this temperature region.
The diminution of the viscosity in the supercooled liquid state
allows to consolidate dense bulk samples because of the easy
deformation and working processesin this region.?%:27)

The ball milling-induced stress causes significant differ-
ences in coercivity (Hc) between the melt-spun ribbon and
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Fig. 9 TMA scan of Fez7Al214Gag.86Ps.4CsB4Sio 6 ribbon (solid line) and
ball-milled powder (dotted line) as the functions of temperature recorded
at aconstant heating rate of 0.67K-s 1.
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Fig. 10 Coerciveforce of Fer7Al214Gag 86Ps.4CsB4Si2 6 ribbon as afunc-
tion of annealing temperature T, for different annealing times (2, 5, 10 and
30min).

the ball-milled powder. After melt-spinning a relatively
low coercivity of 5-10A-m~! is found, which is typical
for as-quenched ribbons.? The coercivity increases strongly
even after short ball milling for 1h to a value of about
2200A-m~. This increase of H values after ball milling
can be attributed to microstructural changes (as a contribu-
tion of surface irregularities etc.) of the amorphous material
induced by the milling process.?Y) Mechanical treatment of
Fe7Al2 14Gag g6Ps.4CsB4Sio 6 amorphous material affects its
soft magnetic properties and causes an increase of coerciv-
ity, similar as it was shown for mechanically aloyed Fe-TM-
based alloys.?® It was found that in the early stage of ball
milling of an amorphous phase, shear bands are formed which
hinder the domain wall motion.?? In the case of low oxygen
content in ball-milled powder, the pinning of domain walls
at oxides as the reason for increased coercivity can be ex-
cluded.?Y A large coercivity relaxation of ball-milled powder
is obtained by annealing at elevated temperatures which will
be discussed in the next section.
3.2.2 Annealing experiments

The coercivity of ribbon and powder can be changed by
annealing at elevated temperatures. Figures 10 and 11 show
the changes of coercivity for the ribbon and the ball-milled
powder obtained by annealing at elevated temperatures (T,)
for four different times (2, 5, 10 and 30 minutes) and 7 dif-
ferent temperatures ranging from 713K up to 773K. Anneal-
ing of the ribbons for 2 min does not significantly change the
H. values for temperatures up to T, = 743 K. 30 minutes of
annealing at 723K increases H; by one order of magnitude:

1971

104
—m—2min
—@—5 min

as-prep
\q\q

—A—10min
—y— 30 min

/

JH

V\v/v

HreI: Ha
-
\\’

0.1 \>-:__-:

T
710 720 730 740 750 760 770 780

Annealing Temperature, T/ K

Fig. 11 Coercive force of Fe;7Al214Ga0.86Ps.4CsB4Sizs powder as a
function of annealing temperature T, for different annealing times (2, 5,
10 and 30 min).

from 5-10A-m™ (= Has_prep) t0 96A-m~1. This indicates
the presence of some crystals in the sample. Annealing at
763K (which is close to Ty) for 30 minutes leads to an in-
crease of H. to 8155A-m~1, which reveals arather advanced
crystallization of the sample. Finally, at this temperature even
ashort annealing for 2 minutes causes a H. increase by about
one order of magnitude from 5to 70A-m~2.

In the case of powder one observes a different behaviour.
Annealing of ball-milled powder for 2 and 5 minutes at rather
low temperatures between 713K and 753 K reduces the coer-
cive force from 22002500 A-m~ (= Has_prep) by afactor of
10. However, the resulting values of about 250 A-m~? are still
one order of magnitude higher than for the melt-spun ribbon
(He = 5-10A-m~1). Annealing for longer time (10, 30 min)
or at higher temperatures (753-773K) causes even higher H
values than for the as-milled powder. This is due to the be-
ginning of crystallization of the initially amorphous powder.
Annealing of the amorphous as-milled powder at the crys-
tallization temperature, Tx ~ 763K, for 30 minutes leads to
almost complete crystallization and H. around 7538 A-m—2.
3.2.3 Compacted samples

Aswas mentioned before, annealing of ball-milled powder
leadsto areduction of H. valueswhich are rather high for the
as-milled powder. Accordingly, one can prepare bulk sam-
ples with good soft magnetic properties, by combination of
pressing and heating (hot pressing). The time and the temper-
ature are most important parameters employed for hot press-
ing. Both should be kept in the region where one can pre-
vent crystallization and prepare bulk samples with amorphous
structure and good soft magnetic properties. The consolida-
tion time is limited by the incubation time for crystallization
and the consolidation temperature (T,) is selected from the
range of the supercooled liquid region. As was mentioned
before, in the case of powder the supercooled liquid region
becomes narrower compared to the ribbon but the stability
against crystallization is still sufficient for successful consol-
idation of amorphous bulk specimens.

Figure 12 displays the coercivity of bulk samplesasafunc-
tion of the compacting temperature Tp. The characteristic
temperatures Ty and Ty of the powder determined at a heat-
ing rate of 0.67K-s* are also indicated. Coercivity values
of 120-140 A-m~* are found in the temperature regime of the
supercooled liquid (see Table 3). The lowest coercivity of
about 100A-m~! is achieved at 718K which is the compact-



that the maximum thickness for glass formation of cylinders
by copper mold casting is about 3mm?6:39) and for the ring
shape bulk amorphous samples. an outer diameter of 10mm,
an inner diameter of 6mm and a thickness of 1 mm.*?

4, Summary

Amorphous multicomponent iron-based alloys with good
soft magnetic properties were obtained in bulk form
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Fig. 12 Coercive force of bulk amorphous Fez7Al2 14Gag 86Ps 4CsB4Siz 6
samples as a function of compacting temperature Tp. Tg and Ty are the
characteristic temperatures determined from the DSC scan recorded for
Fer7Al214Ga 86Ps.4CsB4Si2 6 powder at a heating rate of 0.67 K-s™1.

Table 3 Coercivity of bulk amorphous Fe;7Al214Ga0.86Ps4CsBaSize
samples.

Compaction temperature, Coerciveforce,
To/K Ho/A-m~1
718 106
723 127
728 161
738 127
743 136
748 181
758 156
763 212
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Fig. 13 M-H hysteresisloop of abulk amorphous Fe;7Al 14Gag.g6Ps.4Cs-
B4Siy 6 disc with diameter of 10mm and height of 3mm.

ing temperature lower then Ty (= 738K). For higher temper-
atures than Ty the coercivity of bulk samples increases drasti-
cally. A similar behaviour was reported by Schlorke-de Boer
et al.?? for FeAlsPy; CsB4Gap bulk samples with the lowest
coercivity of about 30 A-m~?. Figure 13 shows the hysteresis
loop recorded for a compacted sample with 10 mm diameter
and aheight of 3mm as atypical exemple. On can observethe
hysteresis|oop typical for porous material, where the mixture
of nonmagnetic and magnetic particlesis present.??

By combination of annealing and consolidation of ball-
milled powder at elevated temperatures is possible to prepare
Fe-based bulk amorphous specimens with different shapes
and higher dimensions in comparison with the samples pre-
pared by copper molt casting. By Inoue et al. was reported

either directly using copper mold casting or by hot
pressing of ball-milled amorphous powder. Because for
Fegs.5CraMo,GayP12CsBs s amorphous alloys the glass tran-
sition temperature Ty exceeds 748K, this ferromagnetic glass
is sufficiently stable for applications that require a continuous
operation at high temperatures. Such aloys can be cast di-
rectly in bulk specimens if some conditions are fulfilled, i.e.
low impurity content and proper casting temperature. The
critical cooling rateislower in comparison with classical FeB
aloys, but higher than for Zr-based or Pd-based alloys.3?
This fact limits the thickness of the sample!® and the max-
imum diameter of the rods obtained by copper mold casting
reached 3mm. The casting temperature plays an important
role in order to obtain the amorphous phase. The presence of
crystaline clusters/inclusions in the melt that can be centres
for heterogeneous crystallization must be avoided. The coer-
civity of the fully amorphous alloy in rod form is lower than
10A-m~1. In the presence of crystalline inclusions, the H
value increases at 62 A-m~* and depend on the volume frac-
tion and dimension of the crystalline inclusions. The exis-
tence of asmall volume fraction of nanoscale crystalline pre-
cipitates is not detectable in XRD experiments in reflection
configuration.

For Fer7Al 14Gag 85Ps.4CsB4Si» ¢ amorphous ribbons, me-
chanical treatment (ball milling) of the amorphous material
influences its soft magnetic properties and causes an increase
of the H; value. The significant increase of coercivity after
ball milling isdueto the stressfield introduced by ball milling
as well as to the increased oxygen content in the powders.
There is a quite large coercivity relaxation of the ball-milled
amorphous powders after annealing at €l evated temperatures.
Because of the elevated oxygen content after milling and the
contribution of surface irregularities to the total coercivity,??
a difference of about one order of magnitude is still present
between the H. values of powder and ribbon. By combi-
nation of annealing and consolidation of ball-milled powder
at temperatures in the supercooled liquid region bulk amor-
phous specimen can be prepared with significantly larger di-
mensions than in the case of the mold-cast samples. The low-
est coercive force obtained for the samples compacted in the
supercooled liquid region isabout 120 A-m~*, which is about
one order of magnitude higher than for the initial melt-spun
amorphous ribbon.
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