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High Coercivity Zr and Co Substituted (Nd—Pr)—-Fe—-B
Nanophase Hard Magnetic Alloys

J. |. Betancourt R. and H. A. Davies

Abstract—The effects of Zr and Co substitutions for Fe on impediment is the narrow process window and the tendency to
the magnetic properties of nanocrystalline near-stoichiometric produce a range of ribbon thicknesses in a batch and thus with
(Ndo.75Pro.25)12(F€;1 —«COe)s2—22r:Be_(x = 0, 0.1, 0.2 and y5raple microstructure and properties [2].

z = 0-4) alloy ribbons are reported. The nanoscale structures A bvi thod of . this limitati .
were derived by devitrification annealing of amorphous as-cast n obvious method oF overcoming IS fimitation 1S

ribbon. Very good combinations of energy product, (BH... ©VvE€rquenching”to the fully amorphous state followed by a de-
(~160 kJ/m?) and intrinsic coercivities, ;H. (within the range vitrification anneal (overquenched and anneal, OA alloys). This
?0%?]1480 ka/m ”f0f Va|;i|$us ﬁfthcogcerggé}tt_ions) W'li‘tfed achieved has been shown to give broadly comparable microstructures and
rgrduc?ionoinre;”c.a I%lrS:Illoy(;u?n Wheich,r glsc;,lolré) rgzlé gOO/T c?fortﬂee enhanced remanenck’ .for StOIChlomemC REFe 4B alloys
Fe was substituted by Co, excellent remanence enhancement,tO those Obtamed_ by direct qugnchlng (3], [4]. H_Owever, f9r
J, (to >1 T) were achieved with 1 at% Zr addition. Combined OA REFeB materials, the combination of magnetic properties
with excellent squareness of the J-H second quadrant, this gave are usually inferior compared with those obtained by a direct
(BH)max Up to 175 kJ/n?®, together with Curie temperatures, T.  quench from the melt, because of the rather inhomogeneous
of >375°C and >460°C for 10 and 20% Co, respectively, and g Fe B grain size, including big and small grains, which
with only minor reductions in ;He. The role of Zr in promoting deteriorates the magnetic properties of the alloy ribbons [5]
uniform and refined grain structures and enhancing the magnetic > g ~h
properties will be discussed. [6]. Zr additions have been reported as useful in enhancing
the nucleation frequency and/or controlling crystal growth
in REFeB alloys [6] as well as its enhancing effect on the
anisotropy field [7]. This paper reports a systematic study of
the effect of Zr dopant addition on the magnetic properties
. INTRODUCTION of a near-stoichiometric single phase OA nanocrystalline
IXED rare earth Nd-Pr—Fe—-B based magnets afdd/Pr)-Fe-B alloy and, additionally, the influence of Co
of interest, both from the viewpoint of the |argersubstitution for Fe in compensating for the slight reduction in
anisotropy constant K for the Ffe4B phase than for its Curie temperature induced by the Zr.
Nd counterpart and from the potential economic benefit of
employing Didymium having Nd: Pr ratios that correspond to
those that occur naturally in rare earth ores (typically 3-4: 1). II. EXPERIMENTAL
The increase in K is especially useful for nanocrystalline,
enhanced remanence alloy ribbons in which the coerciiity ~ Ingots of the alloys were prepared using commercial
is normally reduced by the effects of exchange coupling [1]. grade materials by arc-melting the constituents in a high
To achieve a sufficiently fine grained nanostructure, which Rurity Ar atmosphere. The compositions of the alloys
necessary for exchange-enhanced magnetic properties, doesvese (Na.75Pro.25)12Fese .Zr.B¢ (= 0, 1, 2, 3, 4) and
represent a major problem, in principle, for samples procesd®#lo.75Pfo.25)12(F& —»C0.)s1ZrBg (z = 0 0.1, 0.2). The
by direct quenching from the melt, for which the high coolingngots were fragmented and melt spun in an Ar atmosphere
rate facilitates very large undercoolings and very high nuclgt 0.5 Atm pressure using a roll speed of 45 m/s, in order
ation frequencies for REFe 4B crystallites. The main practical to provide fully amorphous ribbons, which was verified by
x-ray diffraction (XRD). The alloy samples were devitrified
by heat treating at 700C for 10 min in sealed silica tubes
previously evacuated and backfilled with Ar. The mean grain
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Fig. 1. Mean grain sizel, as function of the Zr content, for the
stoichiometric (Nd.75Pry 25 )12 Fes2 . Zr,Bg alloy series.
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The mean grain sizé, as function of the Zr content, for
the stoichiometric (Ngl75Pro.25.)12Fes2_,Zr,Be alloy series, is
shown in Fig. 1. Initially,d, increases at Z& 1%, in accord 400
with previous reports for OA PrFeZrB ribbons [4], but further
increases in Zr concentration lead to a decreasg imown to
30 nm at Zr 4%. 0 . : :

J., He and (BH),.x as functions of the Zr con-
tent, for the OA ribbons of alloys in the stoichiometric
(Ndo.75Pro.25)12F6&s2,Zr,Bs (» = 0-4) series, are plotted
in Fig. 2. Interestingly, in spite of the increasédg to values 180
>40 nm for Zr up toB at%,J.. is significantly increased over
this range of Zr, with a maximum value of 1.07 T at 1%Zr.
Although a clear reduction i, occurs for the 4% at Zr ribbon,
to below the value for 0% ZrJ, decreases to 0.83 T, which
represents only a very modest level of enhancement above tt
Stoner-Wohlfarth value ofD0.8 T. (BH)..x follows a very
similar trend to.J,, with a plateau of values-160 kJ/n¥ and
an excellent maximum value of 174 k¥rat Zr = 1%. ;H.,
on the other hand, exhibits a steady increase as the Zr conte
rises up to 3% at whictH.. is 1502 kA/m. These enhancgd. 60 : : :
values are ascribed to higheryHipon Zr addition [7]. Thus, 0 1 2 3 4
these Zr-doped mixed RE OA alloy ribbons manifest excellent
combinations of (BH),., and;H.. Similar magnetic properties
for Zr-containing PrFeB OA ribbons were reported by Harlan _ 2. Magnetic properties of the stoichiometric
and Davies [4]. The sharp decrease;lii. beyond 3 at%Zr, (Nd, .Pr, »5)is(Fer .Co.)ss_ . 2r.Bs alloy series for: (i = 0, z = 04
which parallels the decreases i and (BH),.x, reflects a (s); (i) « = 0.1,z = 1 @); (iii) = 0.2,z = 1 (A).
marked change in the phase constitution, with a reduction in
volume fraction of the 2/14/1 phase and the formation of 4., very good (BH),.. were achieved for the alloy ribbons,
second phase, possibly of the 2/17 type. This effect is beingth values in both cases being in excess of 150 RJ/fihe
studied further. exceptional (BH),., of 1180 kJ/n¥ for the z = 0.2 alloy,

The magnetic properties for the OA ribbons in the stoichion particular, is associated with an excellent squareness of
metric (Nd,_«Pr.)12(Fe; Coy)s1Zr1Bg (x = 0.1 and 0.2) the J-H second quadrant. Moreover, good valuesHpf of
alloy series, are also shown in Fig. 2. The mean 2/14/1 graibout 800 kA/m are retained in both cases, again reflecting the
sizes are 41 and 42 nm, for the 10% and 20% Co-substituteeheficial effect of the Zr addition on the anisotropy constant
alloy ribbons, respectively. Both alloy samples show gopd K.
enhancement, with values of. over 1 T:1.03 and 1.08 T The Curie temperatures of the 2/14/1 phase for stoichiometric
for 10% Co and 20% Co alloys, respectively. Due to the higkr-containing (N@.75Pry 25)12F6s2 . Zr,Bg (z = 0-4), and the
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500 : : : IV. CONCLUSIONS

A The intrinsic coercivity for the OA nanocrystalline

] RE;sFes2Bg alloy based on the commercially interesting
Nd: Pr ratio of 3: 1 was considerably improved by substitution
o 400 [ O 1 of up to 3at% Zr for Fe. The best combination of magnetic
< properties corresponded to 1%Zr addition. However, significant
reduction in7, was also observed. This could be compensated
for by substitution of Co for Fe and the best overall combi-
300 ] nation of magnetic properties/,( = 1.08 T,;H. 796 kA/m,
(BH);max = 179 kJ/n?, T, = 460 °C) corresponded to the
250 ; { ; ! (Ndo.75P10.25)12(Fey.8C0g 2)s1 211 Bg alloy.
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