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Prepar ation of FegsC0,0GasP12C4B4 Bulk Glassy Alloy with Good Soft
M agnetic Properties by Spark-Plasma Sintering of Glassy Powder

Baolong Shen, Hisamichi Kimura, Akihisa Inoue, Mamoru Omori and Akira Okubo

Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

With the aim of developing a large size bulk glassy Fe-based alloy with good soft magnetic properties by the powder metallurgy technique,
we have applied the spark-plasma sintering technique tggCBeGasP12C4B4 glassy alloy powder with a large supercooled liquid region
of 50K before crystallization. The existence of the supercooled liquid region enabled us to form a large size bulk glassy alloy of 20 mm in
diameter and 5mm in thickness with a high relative density of 99%. The resulting bulk glassy alloy exhibits good soft magnetic properties,
i.e, 1.20 T for saturation magnetization, 14 A/m for coercive force and 6000 for maximum permeability. The good soft magnetic properties for
the multicomponent Fe-based bulk alloy are attributed to the combination of the high relative density and the maintenance of the single glassy
structure. The success of forming the large size bulk glassy alloy with good soft magnetic properties by the powder metallurgy techniques is
promising for future use as practical soft magnetic materials.
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1. Introduction mension. We have succeeded in forming a Fe-Al-Ga—P—
C-B-Si bulk glassy alloy with a size of 18 mm in diameter

Since amorphous alloys in Fe-metalloid system were fourmhd 1 mm in thickness by the powder metallurgy technifue.
to exhibit good soft magnetic properties because of the abore recently, we also tried to form a §€0,0GasP12C4B4
sence of crystal magnetic anisotropy and grain boundariéslk glassy alloy with a large size of 20 mm in diameter and
in 197412 a large number of studies on the developmergven 5mm in thickness by spark-plasma sintering of the Fe-
of soft magnetic amorphous alloys have been carried out fbased glassy alloy powdétbecause this alloy exhibited high
the subsequent ten years. It is well known that Fe—Si—B amiass-forming ability:® However, soft magnetic properties of
Co-Fe-Si-B base amorphous alloys have been used as ptae-resulting sintered bulk alloy are inferior to those of the
tical soft magnetic materials of high saturated magnetizatiolorresponding melt-spun glassy alloy ribbon because of its
type and high-permeability-type, respectivljdowever, the lower relative density resulting from the low applied pressure.
shape and dimension of the soft magnetic alloys have be&herefore, in this study, to get a bulk sample with high rel-
limited to thin sheet with a thickness less than aboun0 ative density, high pressure of 200 MPa were applied during
and fine wire with a diameter less than 158, because of compacting powder by using high strength mold and punches.
the necessity of high cooling rates for formation of an amorFhis paper intends to present the improved results on the syn-
phous phasé? It is strongly expected that the eliminationthesis of the large size F£0,0GasP12C4B4 bulk glassy alloy
of the limitation of the sample shape and dimension causesdth nearly full density and its good soft magnetic properties.
more wide extension of application fields.

Since 1995, various types of Fe-based glassy alloys Experimental Procedure
with high glass-forming ability were found in Fe—(Al, Ga)—
(P,C,B)® Fe—(Nb, Cr, Mo)—(Al, Ga)—(P, C, BY, Fe—Ga—(P, Multi-component FgCo10GasP12C4B4 alloy ingot was
C,B)® Fe—(Nb, Cr, Mo)-Ga—(P, C, )19 Fe—(Zr, Hf, Nb)— prepared by induction melting a mixture of pure Fe, Co and
B,V Fe—(Zr,Nb, Ta)—(Cr, Mo, W)-B? Fe—Co-Ga—(P-C— Ga metals, prealloyed Fe—-C and Fe—P ingots, and pure B
B),'® Fe—(Cr, Mo, Nb)—(B, C}#» Co-Fe-Nb-Td> Fe-Si— crystal in a purified argon atmosphere. Metallic glassy alloy
B-Nb'® and Fe-Ga—(P, C, B, $i) systems. The use of thesepowder was prepared by the high-pressure gas-atomization
new Fe- and Co-based alloy compositions has enabled mthod?® The ingot was remelted under vacuum in a quartz
to produce bulk glassy alloys with diameters up to 2 mntube using an induction-heating coil firstly, injected through a
for Fe—(Al, Ga)—(P, C, B, Si}®) Co—Fe—Nb—T&) and Fe—Co— nozzle with a diameter of 0.8 mm and then atomized by high-
Ga—(P-C-B}? 3mm for Fe-Ga—(P,C,BY and Fe-Ga— pressure argon gas with a dynamic pressure of 9.8 MPa.
(P,C,B,Si}” and 5mm for Fe—(Zr, Nb, Ta)-(Cr, Mo, W)— The glassy alloy powder sieved to below|&8 was used
B.2Y It is characterized that all these Fe-based bulk glass$gr the subsequent sintering experiment. The bulk glassy sam-
alloys exhibit a large supercooled liquid region above 50 Kle in a disc shape of 20 mm in diameter and of 5 mm in thick-
before crystallization. The extension of the supercooled liqiess was produced from the powder by using a spark-plasma
uid region allows us to expect the synthesis of a bulk glassintering equipment. The sintering was performed under an
alloy by the consolidation method in the supercooled liquidpplied pressure of 200 MPa at the glass transition tempera-
with significant viscous flowability?) The establishment of ture (Ty) of 723K for 600s in a WC hard metal mold with
the process for producing a Fe-based bulk glassy alloy is etwo WC hard metal punches. To prevent the reaction be-
pected to cause a much relaxation of sample shape and treen the WC hard metal and powder, the contact of mold and
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punches with powder was avoided by using graphite sheets.
The structure of the powder and sintered disc was examined
by X-ray diffratometry with Cu—l& radiation and optical mi-
croscopy (OM). The specific heat associated with glass tran-
sition, supercooled liquid region and crystallization was mea-
sured at a heating rate of 0.67 K/s with a differential scanning
calorimeter (DSC). The density of the sintered disc was mea-
sured by Archimedian method. Saturation magnetization was
measured by using a vibrating sample magnetometer (VSM)
in a maximum applied field of 800 kA/m at room tempera-
ture. Coercive force was measured with a D.BSH loop
tracer in the maximum applied field of 800 A/m for magnetic
core which was cut from the sintered disc by an electrical dis-
charge machine.

3. Reaults

25t m
——

We have previously reported that the soft magnetic proper-
ties of the FgsCo10GasP12C4B4 sintered compact are much
inferior to those of the cast bulk glassy alloy because of t . . .

Jower relative density of abot 9696 I e previous sy, T 1, Scamingcleon mitogaph o ges stomzadSoGaPCe
the mold and punch made of graphite were used, and hence

the applied pressure was limited to less than 80 MPa. In the
present study, the mold and punch made of WC hard metal
were used to prepare the disc-shaped compact under a mug
higher applied pressure of 200 MPa. Figure 1 shows the sur
face morphology of the gas-atomizedgs5eo,0GasP12C4B4
glassy powder with a size fraction smaller thanus3 No
appreciable contrast revealing the formation of a crystalline
phase is seen on the surface of any particles. Figure 2 show
the outer morphology of the sintered g5€010GasP12C4B4
disc core of 20 mm in outer diameter, 10 mm in inner diameter
and 5mm in thickness. The core was prepared by electrical
discharging from the bulk sample sintered at 723 K which was
the optimum sintering temperature for this glassy aff®{he
optimum sintering temperature agrees with Tgg723 K) of

the present alloy. The sintered sample has smooth surface

and good metallic luster. Figure 3 shows the X-ray diffractiofy’d: 2 _Outer morphology of the EeCoy0GasP12C4B4 magnetic core with
the size of 20 mm in outer diameter, 10 mm in inner diameter and 5mm in

patterns of the sintered f€010GasP12C4B, alloy, together thickness. The core was prepared by electrical discharging from the bulk
with the data of the glassy alloy powder below58 in size. sample sintered by spark-plasma sintering.
The X-ray diffraction pattern of the as-sintered sample con-
sists only of a halo peak, in agreement with the original alloy
powder. It is therefore concluded that the bulk glassy alloy FegsCo,0Ga,P,,CB, Cu Kar
without crystallinity is prepared by plasma sintering at 723 K. P, =200 MPa
We further examined the thermal stability of the sintered bulk T,=723K
alloy. Figure 4 shows the DSC curve of the sintered bulk
sample. The data of the original powder are also shown for
comparison. No appreciable difference in the heat of exother-
mic reaction due to crystallization is seen, though TheTy
and Ty values increased by about 10 K. Besides, the heat of +
relaxation-induced endothermic reaction decreased by about 2 powder
130 J/mol for the sintered bulk sample. Itis thus noted that the g
sintering process at appropriate sintering temperature and ap-—
plied pressure leads to the large size bulk amorphous sample.
The sintered bulk sample exhibited a high relative density = Lo Livovioniny T T T T
of 99% in the maintenance of a glassy single phase, being 20° 30° 40° 50° 60° 70° 80°
much higher than that (96%) of the bulk alloy with the same
composition sintered under 80 MPA.In order to confirm 260
the formation of the nearly fully densified structure wnhoutFig. 3 X-ray diffraction patterns of FeCo1oGasP12CaBa bulk glassy al-

crystalline phase, an optical micrograph (OM) of the bulk oy with a disc shape of 20 mm in diameter and 5 mm in thickness prepared

by spark-plasma sintering. The data of the glassy powder are also shown
for comparison.
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L pared by spark-plasma sintering at 723 K under 200 MPa. The data of the
glassy powder are also shown for comparison.
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meability (umax) Were also measured by using the magnetic
Temperature, T/K core as shown in Fig. 2. Thi; and jumax of the as-sintered
Fig. 4 DSC curve of FgCorGasP12CaBa bulk glassy alloy prepared by sample are 19 A/m and 3800, respectively, being much_pet-
spark-plasma sintering at 723K under 200MPa. The data of the giast§! than those (115A/m and 230) of the same composition
powder are also shown for comparison. sample with lower relative density (96%) reported befdte.
However, its soft magnetic properties are not enough for ap-
plication. It is well known that the soft magnetic properties
of Fe- and Co-based amorphous alloys are significantly en-
hanced by annealing in the temperature range betwigand
Tx. Therefore, the sample was annealed for 3.6 ks at 708 K
which is 25K lower than thély (733 K) of the as-sintered
sample, followed by gradual cooling in a furnace to eliminate
the internal stress induced by sintering. After annealing, the
Isincreased from 1.19 T to 1.20 T and, tHe decreased from
19 A/m to 14 A/m, while theumax increased from 3800 to
6000. It is thus concluded that thegg€0,0GasP1,C4B4 bulk
glassy alloy of 20 mm in diameter and 5 mm in thickness pre-
100 um pared by spark-plasma sintering exhibits good soft magnetic
—— properties. The formation of the bulk glassy alloy with nearly
full density is important for future development as soft mag-
netic bulk materials. This result also implies the importance
of the selection of the glassy type Fe-based alloy with glass
transition leading to the easy consolidation tendency into a
bulk form with nearly full density.
Fe;s5Co10GasP12C4B4 alloy obtained by sintering at 723K is
shown in Fig. 5. Although some stretching traces caused dy Discussion
mechanical polishing are seen, one cannot see distinct pores
as well as the trace of the powder, in addition to the absenceAs described above, thk, Ty and Ty values increased by
of typical crystalline phases. The OM result is consistent witabout 10K for the sintered bulk sample, and the soft mag-
the data of X-ray diffraction, DSC and density. netic properties were improved by appropriate anneal lead-
Figure 6 shows the hysteredisH curve in the as-sintered ing to elimination of internal stress. Here we discuss the
state for the bulk glassy E&Co0GasP1.C4Bs sample pre- reason for these changes. It is well known that the struc-
pared at sintering temperature of 723K, together with theural relaxation occurs when the amorphous phase is heated.
data of the powder for comparison. It is clear that thénoue et al.?® pointed out that the structural relaxation of
FessC010GasP12C4B4 sintered bulk sample exhibits the sat-PdigNizoPoo glassy alloy was inhibited under application of
uration magnetization {) of 1.19 T, which is the same as thathigh pressure. The same result was also obtained as shown

Fig. 5 Optical micrograph of EgCo10GasP12C4B4 bulk glassy alloy pre-
pared by spark-plasma sintering at 723 K under 200 MPa.



1964 B. Shen, H. Kimura, A. Inoue, M. Omori and A. Okubo

in Fig. 4. Although the supercooled liquid region of the powb. Summary
der was the same as that for the consolidated bulk, the heat of
relaxation-induced endothermic reaction decreased from 568We have tried to form a bulk glassy alloy core with full den-
to 437 J/mol under application of high pressure of 200 MPaity and good soft magnetic properties by spark-plasma sinter-
This means that the structural relaxation is also inhibited urg of Fe;sC00GasP12C4B4 glassy alloy powder exhibiting a
der high pressure for Fe-based glassy alloy. It is known th&rge supercooled liquid region before crystallization. The re-
the rearrangement of constituent atoms in supercooled liqusdilts obtained are summarized as follows.
phase is determined by diffusion through free volufiesn- (1) The application of the spark-plasma sintering method
der high pressure, in addition to the decrease in mobility ab Fe;sCo10Ga;P12C4B4 glassy alloy enabled us to form a
atom itself, the diffusion is reduced because of the decreakege scale bulk glassy alloy with a high relative density of
in free volumes. Consequently, the redistribution of atom89% in the case of sintering condition at 723 K under an ap-
from unequilibrium state to equilibrium statiee., structural plied pressure of 200 MPa.
relaxation is inhibited. As a result, the glass transition is sup- (2) The coercive force of the as-sintered bulk glassy alloy
pressed. Thus, thg andTy increased by about 10K as seenis 19 A/m. After annealing to eliminate the internal stress, the
in this study. The real sintering temperature in accordandrilk glassy alloy exhibits good soft magnetic properties,
with the Ty (723 K) of the powder is lower than that (733 K) of saturation magnetization of 1.20 T, coercive force of 14 A/m
the compacted disc. The difference causes the generationamid maximum permeability of 6000.
residual internal stress in the as-sintered sample because thé€3) The good soft magnetic properties are attributed to
sintering temperature is lower than tfig of the compacted the combination of the higher relative density and the unique
disc. That may be the reason why the soft magnetic propeglassy structure which has been characterized by higher pack-
ties can be improved by appropriate annealing. The reasorg density, new local atomic configuration and long-range
for the increase i, under the present high pressure is nohomogeneity with attractive bonding nature.
so clear, but may be also considered to result from the lower (4) The success in forming the large size bulk glassy Fe-
cooling rate because of the large heat capacity of the WC habdsed alloy of 20 mm in diameter and 5 mm in thickness with
metal mold and punchés. good soft magnetic properties indicates the possibility of ex-
The good soft magnetic properties of the large sizéending application fields as soft magnetic materials.
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