Materials Transactions, Vol. 43, No. 8 (2002) pp. 1974 to 1978
Special Issue on Bulk Amorphous, Nano-Crystalline and Nano-Quasicrystalline Alloys IV
(©2002 The Japan Institute of Metals

Thermal Stability and Soft M agnetic Properties of (Fe, Co)<(Nd, Dy)-B
Glassy Alloyswith High Boron Concentrations

Wei Zhand, Yi Long?, Muneyuki Imafukd- * and Akihisa Inoué?

Ynoue Superliquid Glass Project, Exploratory Research for Advanced Technology,

Japan Science and Technology Corporation, Sendai 982-0807, Japan

2School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing, 100083, PR. China
3Ingtitute for Materials Research, Tohoku University, Sendai 980-8577, Japan

Fe-based glassy alloys with high boron concentrations in (Fe, Co)—(Nd, Dy)-B system were found to exhibit a large supercooled liquid
region (ATx) and good soft magnetic properties. Thefng 5sNd3Dyg 5B25 glassy alloy withATy of 56 K exhibits high saturation magne-
tization (Is) of 1.41 T, low coercive forceH.) of 2.6 A/m and large permeability«¢) at 1 kHz of 12000. The RBgCog5Nd3Dyo5B2s glassy
alloy rods were produced in the diameter range up to 0.75 mm by copper mold casting. The substitution of 2 at% elements=TM;TM
Ta, Mo and W) for Fe and Co, remarkably increases Al and Tg/ T, leading to an increase in the glass-formation ability (GFA) for
Fes03C0y.2Nd3Dyo5B25TM2. The ATy and Tg/ T increase from 56 to 87 K and 0.56 to 0.57, respectively, and the glassy alloy rods were
produced in the diameter range up to 1.2 mm. The saturation magnetitatienreases slightly, while the coercive foidg remains almost
unchanged by the addition of 2 at% TM elements.
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1. Introduction Co—Fe—(Zr, Ta, Nb)-B) system by the copper mold casting
method. However, relatively low Fe and Co concentrations
Since the finding of a melt-spun amorphous Fe—P—C alldgad to a low saturation magnetization. We have searched
with ferromagnetism in 196%, Fe- and Co-based magneticfor a new glassy alloy in (Fe, Co)-RE-B (RE rear earth
amorphous alloys have attracted increasing interest. Suddements) system with a B content of 20 at% in which a su-
sequently, (Fe, Co)-P-B and (Fe, Co)-B-Si alloys were r@ercooled liquid region is observed and high saturation mag-
ported to exhibit good soft magnetic properties in 1874, netization and low coercive force are obtaiftéd? The AT,
followed by (Fe, Co)—(Cr, Mo, W)-C), (Fe, Co)—(Zr, Hf>"  andT,/T; for the Fe-based glassy alloys reported up to date
and then (Fe, Co)—(Zr, Hf, Nb)-3Balloys in the early 1980s. are about 45K and 0.55, respectively, and hence an extremely
Among these, the melt-spun (Fe, Co)-B-Si amorphous allojarge GFA cannot be expecté¥2) More recently, we have
have been practically used as soft magnetic materials in eleeported that (Fe, Co)-RE-B glassy alloys with high B con-
tronic transforme?) However, those amorphous alloys didcentrations about 20 at% exhibit a largdy above 55K and
not exhibit high glass-formation ability (GFA) and could begood soft magnetic propertié8. Subsequently, we have ex-
produced only at high cooling rates of overrXJs by melt amined the effect of additional transition metals on the ther-
spinning. As a result, the ribbon sample thickness has beeral stability, glass-formation ability and magnetic proper-
limited to less than about 30m. ties of those glassy alloys. This paper presents the ther-
Glassy alloys with a large supercooled liquid regioi,  mal stability of the supercooled liquid, glass-formation abil-
(= Tx — Ty) defined by the difference between glass tranity and magnetic properties of the ge,CogsNdzDyq sBx
sition temperatureTy) and crystallization temperaturd, (x = 17.5to 35) and Fg 3Cog2Nd3Dyos5B2sTM2 (TM =V,
and/or high reduced glass transition temperafly€T; (T;: Nb, Ta, Cr, Mo and W) glassy alloys. The reasons for the
liquidus temperature) have high resistance against crystallizaigh thermal stability and large glass-formation ability for
tion, leading to high GFA%D In addition, the large de- Fesq3C092NdsDyg5B25TM- glassy alloys are also discussed.
formation and easy working due to its low viscosity and
ideal Newtonian flow have been reported to be obtained id Experimental Procedure
the supercooled liquid region. Recently, it has been re-
ported that ferromagnetic Fe- and Co-based glassy alloys withAlloy ingots of Fe—Co—Nd-Dy—B-TM (TM= V, Nb,
a large supercooled liquid region above 50K as well as B, Cr, Mo and W) were prepared by arc melting from
higher GFA in the Fe—(Al, Ga)—(P, C, B, S#,Fe—(Co, Ni))- 99.9 to 99.99 mass% purity elemental metals and boron
(Zr, Hf, Nb)-B'® and Co-Fe—(Zr, Ta, Nb)-1® systems ex- (99.5mass%) in an argon atmosphere. The ingots were
hibit good soft magnetic properties. The critical thickness afrushed into small pieces, in order to place them into a quartz
these glassy alloys reaches 2 mm for (Al, Ga)—(P, C, B2Si) crucible for melt spinning. Ribbons were produced at a wheel
and Fe—(Co, Ni))—(Zr, Hf, Nb)-B system®,and 1.5mm for speed of 35m/s in an argon atmosphere. Bulk samples with
length of about 50mm and rod form with different diame-

) __ters were produced by injection casting of the molten allo
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Fig. 1 DSC curves of melt-spun e xCogsNd3DypsBx (x = 175 to B content, x (at%)

35 at%) glassy alloys.
Fig. 2 Saturation magnetizatioris], coercive force K¢) and saturated
magnetostriction As) as a function of B content for the melt-spun
into copper molds. The structure of the samples was ex-Fes7-xCosNd3DyosBx (x = 17.5 to 35at%) glassy alloys.

amined by X-ray diffraction (Cu [, transmission electron
microscopy (TEM) and optical microscopy (MO). Thermalof B content for the melt-spun B ,CossNdsDYosBy (X =

stability was exami'ned by diﬁ‘erentia}l scanning calorimetr3i7.5 to 35 at%) glassy alloys. THg and H, values decrease
(DSC) and differential thermal analysis (DTA) under an argonradually from 1.53 to 1.26 T, and 10.4 to 1.24 A/m, respec-

atmosphere at a heating rate of 0.67 K/s, and a cooling r |\§ely, with increasing B content from 17.5 to 35 at%. The

0.033K/s, respectively. The saturation magnetization WaS,| e also decreases gradually fromé2410-5 to 15 7x 10-5

measured at room temperature with a vibrating sample ma\?ﬁth increasing B content from 17.5 to 30 at%. The H

netometer (VSM) under a maximum applied magnetic field Olnd i values are 1.37T 4.27 A/m. and 97x 106 re
. . s . ’ . ’ . ’ -
670kA/m. The coercive force was measured wiB-&i loop spectively, for 25 at%B glassy alloy in the as-quenched state.
tracer. The saturated magnetostriction was measured by a Ger annealing for 600s at 773K thig, He, Je, and the
pacitance method in a maximum applied field of 240 kA/m. permeability gg) at 1kHz are 1.41T. 2 6A/?n E’B ~ 10-5
e - 1 . 1

and 12000, respectively. From the compositional depen-
dence of thermal stability and magnetic properties, it is con-

. . - cluded that the FgCog 5sNd3Dyg 5B25 glassy alloy has a good
: The X-_ray diffraction F’?‘“ems indicated that the melt'Spur(':ombination of higher GFA and better soft magnetic proper-
ribbons in the composition range of 0 to 80at%Co, O t C | b ial h ducti f
10 at%RE and 15 to 40 at%B were composed of an am l_elsk. lonsequgn; Y, su sequerlg trlas_ on the pro (';'Ct'fon Oh a
phous single phase. Figure 1 shows the DSC curves of t 4l glassy rod by copper mold casting were made for the

Coy5Nd3Dyo.5B25 alloy.
Fes7_xC0gsNd3DyosBy (X = 17.5 to 35 at%) amorphous al- o2 .
loys. As marked with the glass transition temperaturg) ( The cast FeC035NdsDyasB2s rods with diameters of 0.5

R i, ) and 0.75 mm were produced. The X-ray diffraction patterns
and crystallization temperaturg&g, it is noticed that the glass : .
. o . of the bulk alloys consist only of broad peak and no diffrac-
transition and supercooled liquid regiod Ty = Tx — Tg)

. . jon peak corresponding to a crystalline phase is observed,
are observed in the B concentration range of 20 to 35 ato}é C o . . .
and the largenT, values of 56 K and 57K are obtained a,[|rfd|cat|ng that a single glassy phase is formed. The hysteresis

B-H loops of the cast glassy k£ 0y 5Nd3Dyq 5B25 rods with

25 and 27.5at%B, respectively. We further measured th
liquidus temperatureT) by DTA. The reduced glass tran- Yiameters of 0.50 and 0.75 mm were measured by VSM. No

o ; : distinct difference in the hysteredssH loops is observed be-
sition temperatureTy/T)) is determined to be 0.56 for the ) .
Fesr_ CopsNckDyosBy (X = 25 to 30at%) glassy alloys. tween the bulk samples and the melt-spun glassy ribbon. The

; L D bulk glassy Fe&CogsNd3DygsB,s alloy also exhibits high
The large AT, and highTg/T; indicate the possibility that saturation magnetizatioly, e.g., 1.33 T for the¢0.5 mm rod

t2h765r;?028?o{:ﬁ) is obtained for the alloys containing 25 toand 1.31T for thep0.75 mm rod, indicating that the glassy

X . L . alloy rods have nearly the same soft magnetic properties as
Figure 2 shows the saturation magnetizatity), (coercive y y g prop

- . those for the melt-spun ribbon.
force (H.), and saturated magnetostriction)(as a function In order to improve further the GFA of the (Fe, Co)—

3. Results
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melt—spun ribbon

I e umiimirosinmisioi

(Nd, Dy)-B glassy alloys with high boron concentrations, we
have investigated the effects of addition of transition met-
als TM (TM = V, Nb, Ta, Cr, Mo and W) on the thermal
stability, glass-formation ability and magnetic properties of - rod ¢7_ 2 mm
the Fg>CogsNd3Dyg sB2s glassy alloy. Figure 3 shows DSC I et ioncsstrsmmeansincsmaniastipsiicn
curves of the glassy kg;Coy2Nd3DygsBosTM; alloys. As
seen in Fig. 3, thd@y remains almost unchanged and the
shifts towards higher temperature by the addition of the TM ) ) ) °
elements, and all the glassy alloys crystallize through a sin- 30 40 50 60 70
gle stage. TheATk exceeds 55K, and the largedfTy is 20

87K for the Fgo3Cog2Nd3DygsBosNby alloy. In addition, ' _

we also measured tif of the FeoaCosoNdaDyosBasTM, 0. P iy SUEEICE POTE0 o 6 288 gﬁgﬁéﬁ?sp?uyﬁsg?;ssgybiibbon
alloys by DTA. Table 1 lists the thermal stab|I|t)T9( T with the same composition are also shown for comparison.

ATy, Ty andTy/ T of the Fgo3Cog2Nd3DygsB2sTM» glassy

alloys. From Table 1, it is seen thatT, increases signif-

icantly from 56 to 87K, and thd, decreases from 1522 for the Feo3C0y2Nd3DyosB2sNb, alloy. Figure 4 shows

to 1494 K with the replacement of 2at% Fe and Co by elthe Is and H; of the melt-spun Fg3C092Nd3Dyo5B25TM:
ements of Nb, Ta, Mo and W, leading to an increase d¥lassy alloys. Thes and Hc of the glassy alloys are in the
Ty/T from 0.56 to 0.57. The largenT, and Ty/T, for ~range from 1.13t0 1.19T and 3.98 to 4.98 A/m, respectively.
the Fgo3C0y2Nd3DygsB25TM, alloys (TM = Nb, W, Mo The H; remains almost unchanged by the addition of the TM
and Ta) indicate that the glass-formation ability of the TM€lements. Thes values are lower than that of the alloy with-
containing alloys is higher than that of the alloy without TM.0ut TM because of the replacement of ferromagnetic elements

The largesiA T, of 87 K and highTy/ T; of 0.57 were obtained by the non-ferromagnetic elements of TM.
A cast Fgp3C0y9,Nd3Dyg5B2sNb, alloy rod with a diam-

Intensity (arbit.units)
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Fig. 7 DSC curves of the cast glassy:¢Coa 2NdsDyo.5B2sNb; rod with rod with a diameter 1.2 mm. The data of the melt-spun glassy ribbon are

adiameter 1.2 mm. The data of the melt-spun glassy ribbon are also shown .
h also shown for comparison.
for comparison.

Temperature, 7/ K

eter of 1.2 mm was also produced. Figure 5 shows the outé‘r Discussion

surface of the cast kg3Cog2NbsDyg5B2sNb, rod. The rod
sample has a smooth surface with good metallic luster a . .
no distinct ruggedness due to the precipitation of a crystalli €, Co)~(Nd, Dy)-B glassy alloys containing high boron

) . 0 )
phase is seen on the outer surface. Figure 6 shows an X_I%@centratmns (20-30at%) seems to have a strong relation

diffraction pattern of the cast alloy rod, together with the rel0 local atomic structure. The essential structure feature of

sult of the melt-spun glassy alloy ribbon. The X-ray diffrac-N€ (Fe, C0)-RE-B glassy alloys with largdl was charac-

tion pattern of the rod sample consists only of a broad pe&ﬁ”zed as_the form.atlon. of the d|stqrted dense random net-
and no distinct difference is seen between the rod and t§"< Of trigonal pnsm-llkgs)local units around boron con-
melt-spun glassy ribbon samples, indicating the formation gected with inserted REF% The significant difference in

a single glassy phase in the cast rod. The further increasedfpmic sizes among the constituents and the strong chemi-

the rod diameter to 2.0 mm causes the precipitation of crygé1| affinities of R_E_B’ RE-Co and RE—I_:e pairs (_:ontrlbute
the strengthening of network of the prism, leading to the

talline phases. It is therefore concluded that the critical rotf

diameter for formation of the glassy phase lies between 1?Q,éjppression of the rearrangement of the constituent elements
and 2.0mm on a long-range scale. Although the prism-like structure was

. Iso identified for the amorphous alloys with lower boron con-
Figure 7 shows the DSC curves of thef-#C0y 2Nd3Dy 5- a . .
B:Nb, alloy rod with a diameter of 1.2 mm. The data of thetents(18 at%: B), no supercooled liquid region was observed
In these alloys. This implies that the network of the prisms

melt-spun glassy ribbon are also shown for comparison. THe o . )
T,, ATy, and heat of crystallizationA(Hy) are 849K, 89K is not strong_enough to maintain during heating. As for_ the
and 5.99 kJ/mol, respectively, for the rod sample and 850 Ig,llo_ys with higher bpron contents(!s 30 e}t%)’ the coordi- :
87 K and 6.14 kJ/mol, respectively, for the ribbon sample. N ation numbers of first nearest ne|ghbor!ng B-(Fe, Co) pairs
appreciable difference ifiy, ATy and AHy is seen between Na-(Fe, co) are much srr;aller than those in the glassy alloys
these samples. This result also indicates that the bulk algg}ma'”'”g 20-30at%B? the trigonal prism-like local struc-

t

The large supercooled liquid region for the Fe-based

has the similar disordered structure as that for the glassy all €1sno Ionggr domman.t. Th|s makes the rearrangements of
fibbon. e prisms during crystallization easy.

The hysteresis B-H loops of the cast glassy 'Ic;hg sgb?::tutlorgzof L'\élg N%’ Ta,l Mo aTId V\.I) for Fe
Fes03C09oNd3DyosB2sNb, rod with a diameter of 1.2mm and Co in the ReC0ysNdsDYosB2s glassy alloy increases

are shown in Fig. 8, where the data of the melt-spun glas%i{gnifican_tly_ATx, however, Iittl_e change_ I Ty is seen for_
ribbon are also shown for comparison. Theof the glassy the substitution qf Crand V (Fig. 3). This result has relation
Fer5C002NCDY05B2sNby rod is 1.15 T which is the same to thPT local atom|g structures of the glassy alloys. The local
as that of the ribbon sample, and no distinct difference in tHOMIC structuresin the 7 M10B2o glassy alloys (TMZE,_%
hysteresisB-H loops is seen between the cast rod and t r, Nb, Hf gnd W) with dlﬁerenceATx were studied: .
melt-spun glassy ribbon. It is reasonable to conclude that t Qe essential features of _the gtomlc structures_resemble n
cast bulk glassy sample also has nearly the same soft magese glassy alloys, but differ in the local atomic structure

netic properties as those of the melt-spun ribbon on the ba ichis a d|storteq s_hape of the trigonal prism-like. In the
of the similarity in theB-H loops measured by VSM. glassy alloys containing TM elements larger than Fe atoms,
the prisms show distorted shapes due to a size difference be-
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tween TM and Fe. A linear relation between the size differ- (2) The Fg2CogsNdsDyosB2s glassy alloy annealed at
ence andA Ty, suggests that the difference aff, is closely 773K for 600s exhibits good soft magnetic properties of
related with the difficulty of rearrangements of the prisms durl.41 T for saturation magnetizatidg, 2.6 A/m for coercive
ing crystallizatior?”-28) Similarly, the substitution of larger force Hc, and 12000 for permeabilitye at 1 kHz.
atomic size TM & Nb, Ta, Mo and W) for Fe and Cointhe (3) The substitution of 2at% elements TM- (Nb, Ta,
Fes,C0y5Nd3Dyo 5B2s glassy alloy, the difference in atomic Mo and W) for Fe and Co in the E£095Nd3DyosB2s
sizes between the constituents and the strong chemical affiilassy alloy significantly increasdg and decreases liquidus
ties of TM—B, TM—Co and TM—Fe pairs contribute to thetemperatureT;, leading to the increases inTy and Tg/ T
strengthening of network of the prism, leads to suppressidfPm 56 to 87 K and from 0.56 to 0.57, respectively, for the
of the rearrangements of the constituent elements on a lorfgfs03C0 2Nd3DYosB25TM; glassy alloys.
range scale in the present Fe-based glassy afo§80Onthe  (4) By the substitution of 2 at% elements TM (TMCr,
other hand, the\ T, changes little with the substitution of Cr V, Nb, Ta, Mo and W) for Fe and Co, tHgdecreases slightly
or V element because the atomic sizes of Cr and V are clog8d Hc remains almost unchanged. Theand Hc of the
to those of Fe and Co. glassy Fgn3Coy2Nd3DyosBasTM; alloys are in the range
The |arge GFA of the present Fe-based (Fe, Co)_(Nd, Dyjr.om 1.13t01.19T and 3.98 to 4.98 A/m, respectively.

B—TM (TM = Nb, Mo, Ta, W) alloy with high boron con-  (5) The bulk glassy alloy rods were produced in the di-
centrations is concluded to originate from the high therma@meter range up to 1.2mm by copper mold casting of the
stability of the supercooled liquid against crystallization. Th&€03C002Nd3Dyo5B2sNb; alloy. The bulk glassy rods also
reason for the largea Ty and highTy/T; for the (Fe, Co)— exhibit high I of 1.15T. The magnetic properties are nearly
(Nd, Dy)-B-TM glassy alloy is discussed in the framework othe same as those for the melt-spun glassy ribbon.
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