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RECENT PROGRESS IN THE DEVELOPMENT
OF NANOPHASE RARE EARTH MAGNETS

ABSTRACT

Nanocrystalline melt-spun rare earth ~ iron — boron alloys based on Pr and on Nd-Pr mixtures have been studied. Their
magnetic properties are compared with those of corresponding alloy ribbons based on Nd. The Pr containing alloys have
gencrally higher coercivity than their Nd counterparts because of the higher anisotropy constant of the PryFe 4B phase.
Co substitution for Fe increases the Curie temperature for both the Pr and Nd-Pr nanophase alloys. excellent magnetic
property combinations were achieved for single phase Pria(Feip«Co)wBe (x = 0 - 20) alloys, processed by overquenching
and devitrification annealing. Addition of | at % Zr as a grain refiner resulted in increased coercivity and maximum
energy product of NdPrFeB alloys for the whole range of RE contents studied (8 - 12 at %).

INTRODUCTION

Rapid solidification technology has achieved perhaps its greatest commercial success in its
application to both soft and hard magnetic alloys. Such alloys are of prime importance in many
areas of technology including electricity generation and distribution, telecommunications, computer
hardware, transport and consumer goods.

A major processing route for rare earth-iron-boron magnets is rapid solidification by chill
block melt spinning to thin (~30 pm) ribbon, followed by crushing to powder and either pressure
moulding with a polymer binder to form a bonded magnet [1] or hot pressing/extrusion to
produce a fully dense magnet [2]. The bonding route is especially attractive because of the shape
flexibility that it offers for magnets and of its adaptability to integrated manufacture.

Although this ribbon material has a very high coercivity ;H,, resulting from the microcrystalline
structure (mean grain size d, 60 — 100nm) [1], its maximum energy product (BH),x is limited by
the fact that the uniaxial crystallites of the intermetallic compound Nd,Fe;,B are randomly
oricnted and that, in this range of diameters, they effectively behave as non-interacting magnetic
particles. For such material, the remanent magnetisation J; is restricted to a value of 0.5],, where
I, is the saturation magnetisation {3].

It has subsequently been demonstrated, however, that, if d, for the Nd,Fe,B grains is
reduced below~50nm, by careful process control, they interact with each other, as a result of a
quantum mechanical phenomenon known as ‘ferromagnetic exchange coupling’. The effect is 10
enhance J, above the nominal theoretical limit of J#/2 [4,5]. Thus, (BH)u,y is markedly increased,
typically by up to ~60% [5]. Further increases in J, and (BH),..x, have been obtained for
off-stoichiometric, Fe-rich, alloys, which results in a nanocomposite structure containing grains
of magnetically soft o-Fe phase, in addition to the hard Nd,Fe B crystallites [6, 7]. Thus,
the soft grains, which have larger J; than the Nd,Fe 4B phase (2.2T vs 1.6T), couple in completely
to neighbouring hard phase grains and increase the exchange enhancement [8]. Similar behaviour
has been reported for Nd,Fe4B/FesB [9] and SmyFe;N,/o-Fe [10] nanocomposite alloys.
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This paper rcviews some of the recent research undertaken in our laboratory at Sheffield
on nanophase Rare Earth-Iron-Boron alloys. In particular, (i) Pr-Fe-B and mixed rare carth
Nd/Pr-Fe-B variants, which yield higher ;H, than their Nd counterparts because of the increased
anisotropy constant of the RE;Fe4B phase [11-15]; (ii) attempts to obtain magnetic propertics,
by overquenching and annealing, equivalent o those that derive from direct quenching, in order
to broaden the process window lor improved commercial viability [12,14,16], (iii) the influence
of alloying additions such as Co and Zr, to improve the thermal stability and the ;H./(BH ).«
combinations [ 14,15,16], are discussed.

EXPERIMENTAL

The procedures for preparation of alloys and for single roll melt spinning to thin ribbon
have been described elsewhere [12]. The magnitude of grains in the ribbon is governed by
the cooling rate and the resulting degree of undercooling of the melt during solidification, which
are in turn controlled by the ribbon thickness and hence by the roll velocity and the melt flow rate
through the orifice in the quartz nozzle. The spinning was performed in sealed argon at pressure
of 0.25 atmosphere to minimise oxidation and to avoid the formation of gas pockets on
the roll-contact surface ol the solidified ribbon. Such pockets would lead to localised regions of
lower cooling rate and thus to larger grains [17). J-H loops, the important magnetic parameters J,
and H, and the derivative (BH),.x were determined using single sample lengths of ribbon,
typically 5-10 mm long with a VSM coupled 1o a 5 Tesla superconducting magnet. Measurements
were made in-plane o avoid corrections for self demagnetising fields. Typically, six ribbon
samples were measured separately and mean values of the properties determined. The value of
d,, usually for the RE,Fe 4B phase, bul in some cases also for the soft magnetic bee Fe-based
phase, were determined by x-ray diffraction line broadening analysis, using the Scherrer formula
and with averaging over several diffraction peaks [18].

INFLUENCE OF RE: FE RATIO AND GRAIN SIZE
ON THE MAGNETIC PROPERTIES
OF Nd-Fe-B, Pr-Fe-B AND Nd/Pr-Fe-B ALLOYS

The elfects of the RE concentrations on J,, ;H, and (BH),.x for NdyFeoq. By, Pr.Feq,. B and
(Ndg75Pr0.25),Feor., B alloys for approximately constant mean RE;Fe4B grain size d,, lying in
the range 20-35 nm, are shown in Fig. 1.The ranges ol y covered arc 8-19, 6-20 and 8-14 for
the Nd, Pr and Nd/Pr scrics, respectively.

The trends of J; for the three systems are very similar in the range of compositional overlap,
the slightly farger values being associated with the PrEeB system, probably because of d, being
systematically the smallest for this alloy scrics. However, notwithstanding the slightly smaller
dg, H, is clearly systematically higher for the PrfeB alloys. The relative difference, allowing for
experimental scatter, averages 20-30%; the absolute differcnce increases with increasing y to
amaximum of ~480 kA/m at 14% RE. The dilference in jH, over the range 8-14 at % RE is
consistent with the 30% larger value of Hy [or the PryFeyyB phase than its Nd counterpart at room
temperature [19]. For RE concentrations greater than 14 at %, the difference in jH, becomes
progressively narrower, presumably because the coercivity becomes more dominated by
the complex effects of the paramagnetic RE-rich phase in each case, and this is also the reason
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for the very steep increase in the magnitude of H, through the RE concentration range 12-16 at %.
The larger value of ;H, for the PrFeB series is especially important at low RE contents < 10 at %
where ;H, is reduced substantially because of the effect of the increasing volume fraction of soft
magnetic o-Fe phase.

The Didymium-Fe-B serics of alloys chosen in this case for the comparison of properties
with the NdFeB and PrFeB series is based on the Nd:Pr ratio of 3:1 since this approximates (0
the relative proportions of the two metals that occur in rare carth ores. As would be expecied on
the basis of the similar magnitude of dg, the J, enhancement corresponds closely with those
for the Nd and Pr series over the range of RE:Fe ratios that are in common for the three series.
At the stoichiometric RE  concentration (~12 at %), enhancement of J, over the respective
Stoner - Wohlifarth values {3] (0.8 T for Nd,Fe;sB and 0.79 T for PryFe ;4B) is due entirely to

1.4 " ” "
1.2 1

1 -
0.8
0.6 A
0.4 A
0.2 T T T I

4 8 12 16 20 24

J- (1)

2000

1500 A

iHc (kA/m)
w2
s &
S S

o

4 g8 12 16 20 24

[
(=3
<

v
<
!

(BH )max (kJ/m®)
“w o
< (=]

<

4 8 12 16 20 24
y
Fig. 1. Effects of RE concentration on the magnetic properties of nanophase Nd,Fegs.,Bs (0), Pr,FegsyBs (¥),

and (Ndo 75P g 25),F€94.yBs. {A) alloy ribbons with dg for the RE,Fe;4B phase of -~ 25 30 nm, 20-30 nm and 25-32 nm,
respectively
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a significant degree of exchange coupling between the grains of 2/14/1 phase in each case [4,5].
The increasing J, below 12 at % RE reflects a progressively increasing volume fraction of soft
magnetic o-Fe nanocrystallites [6, 8]. These have a larger saturation polarisation J; [2.2 T] than
the 2/14/1 phases (1.6 and 1.59 T for the Nd and Pr variants, respectively) and, since they have
amean diameter of approximately one half of d,, they arc completely exchange coupled with
adjacent grains of 2/14/1 phase. It is, however, noticeable that the rate of increase of J; with
decreasing RE content tends to diminish below ~10 at % for all the series. The reason for this
may be that, even though the volume {raction of the a-Fe is increasing, the reducing area of hard
phasc intergrain contact may be tending (o decrease the effectiveness of the soft phase
contributions in the remanent state.

(BH),uu, On Initially decreasing the RE content below 12 at %, increases more sharply than J,,
as would be expected from the very approximate relation (BH),.x O (J,.)2 but this is not
maintained below ~11 at % RE and, in fact, it tends to peak at ~9-10 at % RE because of the
rapidly diminishing ;H., However, the fact that H, is significantly larger for PrFeB alloys than
their Nd counterparts probably contributes to the larger (BH),,,x in the range 9-10 at % RE, in
addition to the effect of a slightly larger J,. The drastic effect of the diminishing ;H. on (BH),,,,,
through its influence in giving a non-lincar sccond quadrant B-H characteristic, is seen in
particular for the PrFeB alloys, for which the measurements were extended down to 6 at % RE.
In this composition range, (BH),,, drops catastrophically to a level similar to that typical of
FeqaNdy 5B g s [9) which contains a very large volume fraction of soft phase, in this case Fe;B.
The latier, in fact, does not manifest enhancement of (BH),,,, above the value for non-exchange
coupled, single phase Nd,Fey B, in spite of a smaller d, than for the RE;Fe,B/a-Fe alloy (ype
being discussed in the present paper. Thus, the most useful composition ranges with respect o
cnhanced (BH),,,, and acceptable {H,, bearing in mind the higher raw material costs than for
the RE:FeyB/FeB type of nanocomposite alloys, are probably ~10-13 at % and ~8-13 at % RE
for the NdFeB and PrFeB alloy series, respectively.

INFLUENCE OF CRYSTALLITE SIZE ON THE MAGNETIC PROPERTIES
OF NANOCOMPOSITE ALLOYS

The ohserved effects of decreasing mean REFe B grain size d, on J, and {H, for a single
phase alloy are well documented [5] and the results of micromagnetic computations arc in good
agreement with the experimental data for the stoichiometric Nd,Fe 4B alloy [20]. The influcnce
ol dy, on the propertics ol corresponding nanocomposite alloys does not, however, appear to have
been subjected (o systematic experimental study. It was observed carlicr [21] that both J, and H,
increased as d, was decreased for a sub-stoichiometric NdFeB alloys containing 9 at % Nd
and this trend has also been predicted from micromagnetic modelling, with the enhancement
of {H, becoming more pronounced with increasing volume fraction of o-Fe, i.c. decreasing RE
content [22].

The dependences of J, and H, on dy for two nanocomposite Didymium-Fe-B alloys, of
compositions (Ndy75Prgas)10FegsBg and (Ndg75Prg 25)sFeg B, and containing, respectively, about
I5 and 30 vol % of o-Fe phasc, are shown in Fig. 2. In both cases J,, as expected, increases with
decreasing d, below ~40 nm, reflecting the increasing degree of exchange coupling. For the 10
at % RE alloy, H,. decreases slightly for d, below ~40 um, indicating an intermediate case
between the clear decrcase for a single phase alloy {5] and the substantial increase predicted for
large volume fractions of soft phase {22]. In contrast, the 8 at % RE alloy manifests a shallow
increase ol He with decreasing d,, albeit on a much lower absolute base value, consistent with
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the larger volume fraction of o-Fe and in qualitative agreement with the micromagnetic

predictions [22].
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Fig. 2. Effects of decreasing mean grain diameter for the RE,Fe,,B phase on J, and, H. for (Ndo 75Prg 25)10F €44 Be (@)

PROPERTIES OF NANOPHASE DIDYMIUM-Fe-B
ALLOYS WITH VARIABLE Nd:Pr RATIO

and (Ndy 75P1o 25)aF €46Bs (4)

The cffects of Pr substitutions for Nd on the magnetic properties of stoichiomeltric
(Ndy (Pr)aFeg;Bg alloys for an approximately constant dg in the range 26-32 nm |13,14] arc
shown in Fig. 3. ;H. increases monotonically but at a progressively increasing rate between
the Nd and Pr end points, reflecting the effect of Pr substitution into the 2/14/1 unit cell in
enhancing H,. The difference in ;H, between Pr),Feq,B¢ and Nd,,Fe 4B, is about 22%, which is
roughly consistent with the difference in Hu between the two 2/14/1 phases [19]. The enhanced J,
is approximately constant at ~0.95 T, across most of the series, as would be expected for a
nominally constant d, and from the fact that J; for Pri,Feg;Bs is only some 1.3% smaller than for
its Nd counterpart. The J, enhancement is, however, significantly greater for x = 0.75 (at ~1.05 T).
The reason for this is not clear; a possible explanation is that the ribbon samples used either
for the magnetic property measurements or for the estimation of d, were not representative of
the whole sample. The higher J; for x = 0.75 is also refiected in a substantially larger value of
(BH),ax of 180 KIm™, since iHc for these stoichiometric nanophase alloys is relatively high.

The (BH),.x-iH. combination resulting from this 75% Pr substitution is excellent.
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Fig. 3. Influence of Pr fraction x on J; (s), Hc (A) and (BH)., (W) of nanophase (Nd.Pr)i2FesBe
ribbons with dg in the range 26-32 nm

CURIE TEMPERATURE ENHANCEMENT THROUGH Co SUBSTITUTION

Fhe relatvely low T, for the NdyFe B phase (312°C) is a significant disadvantage of NdbeB
magnets since it places severe limits on the maximum temperatures at which they can be
operated. The problem is accentuated for nanophase alloys, and particularly nanocomposite
alloys, since the room temperature ;H, is reduced considerably by the exchange coupling. There
i5 a [urther reduction in thermal stability on substituting Nd by Pr because of the slightly lower T,
for PryFe B (287°C) than for its Nd counterpart. Partial substitution of Fe by Co provides
a useful method of compensating for the effects of the reduced ;H, at room temperature, though
this incvitably increases the raw material cost. Also, it can negale the economic advantage that
would otherwise be gained from employing nanocomposite alloys with reduced RE content.

The influence of Fe substitution by Co on T, for the 2/14/1 phase in nanophase NdFeB {23/,
PrieB [14] and (Ndg75Proa5)FeB alloys [24] of near-stoichiometric composition is shown in
Fig. 4 for varying ranges of Co concentrations. The effect on T, of increasing Co substitution is
tincar i cach case though the rate of increase for the Pr base alloy appears 1o be somewhat
smaller than [or the Nd base alloy. For a 20% Co substitution for Fe, for instance, the enhancement
in T varies between 165 K for PrieB and ~185 K for NdFeB which provide the potential for
very usclul increases in thermal stability for the nanophase alloys. As would be expected,
the absolute values of T, for the Didymium basc alloys are intermediate between those for Nd and Pr.
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Fig. 4. Effect of Co substitution x for Fe on the Curie temperature T, of RE s(Fe0.C0y)s:86
alloys for RE = Nd (0), = Pr () and = Ndg75Pro s (A)
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MAGNETIC PROPERTIES OF NANOPHASE PrFeCoB ALLOYS PROCESSED
BY OVERQUENCHING AND ANNEALING AND BY DIRECT QUENCHING

Most of the studies of exchange enhanced melt spun REFeB alloys have been undertaken on
samples produced by direct quenching from the liguid to the nanocrystalline state at the highest
cooling rates that still result in a completely crystalline structure (i.e. cooling rates that just avoid
the initiation of vitrification [25]). Although this route is very effective in terms of minimising
the scale of the grain structure it has the major disadvantage of giving a narrow process window
and a limited degree of control which restricts its applicability for the bulk production ol alloy
ribbon for commercial magnets. A preferred route is to overquench the molien alloy into a fully
amorphous state, followed by a devitrification anncal. Hence, in the quenching phase of the process,
the processing parameters (mainly the roll velocity and the melt flow rate) are adjusted so that
the cooling rate substantially exceeds the threshold value required for vitrification (26].

The magnelic properties of single phase, ncar-stoichiometric Pria(Fe o0..Coy)gBg alloys
(dg= 35 - 45 nm), processed by direct quenching (DQ) [12] and by overquenching and annealing
(OQA) [14] at 750°C for 5 mins, are compared in Fig. 5 for the range of Co substitutions x = 0 — 0%.
Interestingly, in spite of d, being nominally the same for the two series, the enhancement of J;
was greater for the OQA alloys when x < 20%. This is reflected in larger (BH)uux for the OQA
alloys when x < 15% but H,, in contrast, is systematically smaller for the whole range of x.
The reason [or the larger J, enhancement for OQA than for DQ alloys in the lower x range may
have been the result of a narrower distribution of 2/14/1 grain size. The smaller ;H, would be
consistent with the larger J, for x < 20% while the smailer H; for x > 20% may havc reflected
the clfect of Co in decreasing Hy at higher concentrations. On the other hand, it is not clear why
J, decreases relatively rapidly beyond x = 20% for the OQA alloys, in spite of the nominally
constant value of d.

These dala indicate that very satisfactory combinations of exchange enhanced properties
can be achicved by the preferred overquench/anneal route for the near-stoichiometric
Pris(Fic a0 » CogaBe system when x € 20%. For instance, for x = 10%, (BH),., ~220 kim™,
H, ~650 kA/m and T, ~365°C. The excellent (BH),,,, value results from an cspecially square
second quadrant J-H loop shape. '

The magnetic propertics of nanocomposite Prig(Feipo.x CoygiBg alloys (dy= 35 - 50 nm)
produced by the DQ [12] and OQA [14] routes, in the latter case anncaled at 700 °C for 5 mins,
are compared in Fig. 6 for the range of x = 0 -40%. Except for x=30% H,, I, and (BH),.,
for the OQA samples are consistently and substantially inferior to those of the DQ samples;
even though I, for the OQA are >0.95T for all x, only for the Co substitution x = 30%
is (BH) . > 135 Kim?. It is significant that this is also the only composition for which H, for
the OQA samples approaches that for their DQ counterparts. Thus, the disappointingly low
(BH),. for all x # 30% appears (o be a combination ol a poor second quadrant J-H loop shape
and a low value of ;H,, which lead o a non-lincar B-H characteristic.

The generally poor properties for the OQA nanocomposite alloys is probably the result of
simultancous growth of grains of o-Fe and 2/14/1 phasc in the low temperature regime.
In crystallisation, during cooling from the liquid state (DQ), the o-le phase (and cvidently,
the 2/14/1 phasc) nucleates very readily, leading to ultra-fine crystallites of mean diameter ~15 nm,
partly reflecting the relatively low volume fraction (~15 vol % at 10% RE) of this phase.
Thus, the whole of each o-Fe crystal (exchange length ~30 nm) would be expected to be
exchange coupled to the adjacent 2/14/1 crystals. In the case of the OQA alloys, however,
nucleation and growth of crystals takes place at much lower temperatures, corresponding
to a regime of much smaller nucleation frequencies than for the DQ alloys. Thus, fewer but larger
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o-Fe crystals would be expected in the former than in the latter. Evidence in support of this was
obtained by TEM studics on these alloys [27] in which the OQA alloys tended to manifest a
unimodal distribution of grain sizes centred at ~40 nm, in contrast o the DQ alloys which
showed a clearly bimodal distribution with one peak centred at ~15 nm, corresponding to a-Fe,
and another centred typically at ~40-45 nm, corresponding to the 2/14/1 grains. Such coarser
oc-lie crystallites in the OQA samples may not be completely exchange coupled 10 the adjacent
2/14/1 grains and this could account for the inferior second quadrant loop shapes obscrved in
those alloys. More rapid heating to a higher annealing temperature is one possible means of
enhancing the nucleation frequency, especially of the a-Fe, and thus of overcoming this problem.
Another option is to add small concentrations of refractory metal dopants such as Zr and/or Nb
which are known (o promote nucleation [ 14,15,28).
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INFLUENCE OF DOPANT ADDITION OF Zr ON MAGNETIC PROPERTIES

The magnetic propertics of dircctly quenched nanophase (Ndy 75Prg25),Fey, yBo (dy=25-36 nm)
[12] and (Nd0_75Pr0_25)yF093_er,B(, (dg = 22-28 nm) [ 15] alloys as a function of RE concentrations
y are shown in Fig. 7. There is a clear grain refining effect (between 10 and 25 %, depending on
RE:Fe ratio) associated with the 1at% Zr substitution for Fe [15], as was also observed
previously for nanophase PrFeB [28], presumably due to its effect on the nucleation and/or
growth of the 2/14/1 phase. Nevertheless J, is lower for the Zr-containing sub-stoichiometric
alloys containing 8 and 10 at % RE, probably because of the decrease in J; for the 2/14/1 phase [29]
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(although it might have been expected that J, for the stoichiometric y = 12 alloy would also have
been adversely alfected by this). The J, enhancement for the RE-rich alloy (14 at % RE) resuliing
from the Zr addition is probably simply the result of the grain refining effect. ;H, is, in contrast to
J,, increased by the Zr addition over the range of RE contents from 8 to 12 at %, which is
consistent with ihe reported increase in Hy [29]; for the RE-rich altoy, a slightly lower H, is
induced by Zr. The behaviour of J, and H, in this RE-rich alloy suggest that the Zr may be
tending to enter the RE-rich phase preferentially. The larger (BH)u,, values on adding Zr for
the 8-12 at % RE alloys, result from improved loop squareness and, for the low RE alloys,
the larger H..

1450
1150
850 +

iHc(kA/m)

550 -f

250 At
6 8 10 12 14 16

1.25

J- ()

|
T

0.95

0.8 pefrm——
6 8 10 12 14 16
y

180

3

(BH) max (kJ/m ")

160

140

120 } f t T
6 8 10 12 14 16
y

Fig. 7. Magnetic properties of directly quenched nanophase (Ndo.7sPro2s)FessyBs (0) and (Ndo7sPro.2s)yFeesZriBe (#)
as function of RE content y




H. A. Davies, C.L. Harland, ).l Betancourt R.,Z.C. Wang: Recent Progress in the Development of Nanophase... L/

SUMMARY AND CONCLUSIONS

The coercivity jH. of exchange enhanced, nanophase PrFeB alloys is larger than for
corresponding NdFeB alloys of the same mean 2/14/1 grain size by approximately 20-30%,
depending on the RE:Fe ratio, because of the larger anisotropy field for Pr,Fe,,B than for
Nd,Fe 4B. This is especially useful for tow RE nanocomposite alloys, which have low H, in
the case of NdFeB. Excellent combinations of (BH)y.,, iH, and Curie temperature T, are attained
by the overquench and anneal route for nanocrystalline single phase Pr,(FeCo)g;Bs alloys.
However, only for 30% substitution of Fe by Co could acceptable enhancement of (BH)ax
be attained by this route for nanocomposite Prio(FeCo)gBg alloys.

The coercivities of directly quenched nanophase Didymium (NdPr)-Fe-B alloys, with d,
ranging from 26-32 pm, are intermediate between those of the corresponding NdFeB and PrFeB
alloys. The remanence J, and maximum energy product (BH)p, show maxima at a Nd:Pr ratio
of 1:3,

Addition of 1 at % Zr gives a significant grain refinement and, combined with enhancement
of the anisotropy field, leads to useful improvements in magnetic properties for most of
the NdPrFeB alloys.

The inlluence of decreasing RE;Fe 4B grain sizc d, on J. and ;H. for nanocomposite
NdPrFeB/a-Fe alloys is shown to be different for that of single phase alloys investigated earlier.
As predicled from micromagnetic modelling the presence of sufficient soft phase results in both
J, and {H, increasing with decreasing d,.
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