Two-powder Nd ,Fe;,B magnets with DyGa addition
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Magnetic and structural properties of sintered NdFeB magnets with addition of various amounts of
DyGa as a separate powder are studied and compared with single-powder magnets of the same
nominal composition. When the magnets are annealed above 640 °C, the coercivity decreases
strongly as compared to magnets annealed below 640 °C. Decomposition of thlease
(NdgFe 4 ,Ga,) accompanies this drop. Measurements of coercivity as a function of temperature
show that the decomposition of tl#ephase does not increase the effective demagnetization factor,
but enlarges either the magnetic inhomogeneous region at the grain surface or the exchange
coupling between the grains. Line faults, which are present within thé&-@&/gB grains when the
magnet is annealed below 640 °C, do not act as pinning centers. Phase analysis and diffusion
profiles of the Dy and Ga concentration within the grains are made using electron probe
micro-analysis. This shows that Ga formsJ&& and NgFe;, Ga 5 as intergranular phases. Its
concentration within theb phase is significantly lower than in th® phase of single-powder
magnets. At 1090 °C, a diffusion coefficient for Gaf2.5+0.1x 10" ° m?/s is found. Dy is

shown only to be present in that part of the,Nd,,B grain which has precipitated from the liquid
during sintering. At the boundary of the Dy-free center and the outer part of the grain, an increased
Dy concentration is found. €1998 American Institute of Physids$S0021-897¢08)02601-2

I. INTRODUCTION and low anisotropy. Because these positions are the triple
points and the grain boundarigé$an increased anisotropy is
Numerous elementshave been added to the MayB-  useful only at the outer part of the grains. So substitution of
type alloys in order to improve the hard-magnetic propertiesa heavy rare-earth element for Nd in the outer part of the
These elements can be classified in three types. Type | comNd,Fe;,B grains would have a similar effect on coercivity as
sists of low-melting metals which improve wettability and homogeneous substitution throughout the grain. The required
corrosion resistance by forming additional intergranularthickness of the layer of increased anisotropy is given by the
phasegAl,Cu,Ga,Sn. Type Il are refractory metals like Nb, domain-wall width, 5,= VA/K;, with A the exchange con-
V,Ti,Mo which form precipitategsmostly boridegin the ma-  stant andK; the first-order anisotropy constant. In the case
trix phase and cause domain-wall pinning. Type Ill are theof Nd,Fe B, 8,=4.2 nm. The grain size of sintered magnets
elements that substitute for either Nd or Fe in,Re|,B to s of the order of 1Qum and therefore an increased coerciv-
improve one of the intrinsic parameters like Curie temperaity is possible at negligible cost of remanence by controlling
ture Tc, magnetic polarizatiods, or anisotropy fieldH,.  the distribution of the heavy rare-earth in such a way that it
The most important type Ill elements are the other rare-eartis only present at the grain boundareg.
metals and Co.
_ Type | elements act beneficially only at th_e grain bound_-”_ EXPERIMENT
aries, but they are also able to replace a considerable fractiori
of the Fe atoms in the N&e ,B(®) phase. This must be Ingots of the precursor alloy are produced by arc-
avoided as it will deteriorate the intrinsic properties of he  melting. For the two-powder magnets the starting composi-
phase. Of the type Ill elements, the heavy rare-earths, sudion is Nd,, e, 87 . The alloy has been vacuum-annealed
as Tb and Dy, are often added to increase the anisotropy dér 24 h to ensure homogeneity. Afterwards, the alloy is
the® phase. As has been shown by Campbétle magnetic  hydrogen-decrepitated and then ball-milled for 10 h. At this
moments of the heavy rare-earth elements couple antiferrgaoint, (Nd) 144 78B0.079 100-056(DYGa)g e  Mixtures
magnetically to the moments of the Fe and thus substitutiomith x=3 and 5 are made, using homogenized, decrepitated,
will decrease the magnetic polarization of the magnet. Howand milled DyGa powder. DyGa was chosen for its Dy/Ga
ever, the anisotropy field, being inversely proportional to theratio and its high melting temperature. It was checked by
magnetic polarization, increases. Nucleation of reversed dos-ray diffraction to be single phase and 90% of the grains
mains starts at positions with a high demagnetization fieldvere smaller than 14um. The mixtures are aligned in a
field of 9 T, isostatically pressed at 2.5 kBar and sintered for
0 min at the appropriate temperature, ranging from 1090 °C
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14 TABLE |. Magnetic properties 0fNdy 1446 76d30.072 100- 0.56(DYG 0.2«
magnets(1:3 means single-powder with= 3).

Js (M jHe (kA/m)

12 +

X J; (T) measured calculated T,,,<640°C T,4,,=690°C

1:0 1.33 1.47 1.46 526 492
1:3 1.28 1.37 1.37 921 429
2:3 121 1.36 1.37 893 409
15 1.23 1.32 1.32 1091 309
2:5 1.17 1.30 1.32 1292 420

08 |

06

H, [MA/m]

pend on the annealing history of the magnets. The single-
powder magnets of the same composition show identically
shaped curves. Fax=3, the single-powder magnets have
slightly higher coercivity, while fox=5 the coercivity of the
02 two-powder magnets is better.
The magnetic saturation polarization as a function of the
0 ‘ ‘ ‘ ‘ ‘ amount of DyGa doping is shown in Table I. The polariza-
450 550 650 750 tion decreases substantlal_ly with increasindue to the de—.
o crease of the volume fraction of tlde phase and the substi-
T[C] tution of Dy for Nd in the ® phase (the saturation
polarization is 1.60 T for Ng~e;,B but only 0.71 T for
single-powder (1x) and two-powder () magnets. Magnets are annealed Dy,FeB). Using the Ch.emlcal composition and the mea._
for 2 h at 490 °C and 1 h aither temperatures. Data at highest temperatureSured oxygen concentration, one can calculate the saturation
are without anneal-treatment. The lines are guides to the eye. magnetization assuming the following phases to be present:
(Nd,Dy),Fe B, Nd, Nd, 1Fe,B,, Nd;Ga and NgO;. The
calculated values agree very well with the measured values.
perature. The two-powder magnets prepared in this way argye to bad alignment, the remanent polarization of the two-
compared with single-powder magnets of the same compgyowder magnets is somewhat lower than expected.
sition sintered at 1090 °C.
The magnetic properties are measured in a vibratingpn, MICROSTRUCTURAL PROPERTIES
sample magnetometdiVVSM); Oxford Instruments The
super-conducting solenoid of this magnetometer produces a he TEM and optical analysis presented in this section
maximum magnetic field of 7.2 MA/m. For ana|ysisy SamplesWi“ be on a series of magnets, with CompOSition identical to
were cut perpendicular to the easy magnetization axis. Phasde magnets described above, but with lower coercivity due
identification is performed by combining optical microscopy t0 @ longer period of sintering. The dependence of the coer-
on polished slices, coated with an interference layer, wittfivity on the annealing temperature though, is similar. The
energy dispersive x-ray analy$§i€DX); Philips]. The exact ~Series of magnets mentioned in Section Il has been prepared
composition of the different phases is determined byto facilitate a good comparison with the single powder
electron-probe micro-analysi€PMA) using an automated Magnets.
CAMECA SX50 MACRO micro-probe equipped with three a phase identification
wavelength dispersive spectrometers. Transmission electron o ) o
microscopy(TEM) is done with a 300 kV Philips CM30. In order to trace the origin of the decrease in coercivity

The slices of the magnet for TEM were thinned by ion-beant/PON @nnealing at high temperatures, two two-powder mag-
milling. nets withx=5 are analyzed in more detail. Magnet A has

been annealed only below the transition temperat6es
°C, jH,=860 kA/m), magnet B has been annealed first be-
low and then above the transition temperatf5 °C,
After sintering, the magnets in the seriesH. =162 kA/m). The two magnets show a large difference
(NdFeB)100-0 56(DyGa)g 05 are annealed for 1 h at different in microstructurgFigure 2. The magnet annealed at 595 °C
temperatures. The coercivity as function of anneal-shows, apart from the N&e;,B and Nd ;Fe,B,(7) phases,
temperature is plotted in Figure 1. For magnets withouthree more phases: the Nd-rich phases@lg(Q) and the
DyGa addition a very weak dependence on the annealinbldgFe s ,Ga(d) phase withx=1.3. The NdFe, My
temperature is found, while for two-powder magnets withstructure has been found first by Sicheviehal® and was
x=3 and 5 an extremely large dependence is observed. Arater shown by many authors to exist in NdFeB magnets
nealing below 640 °C gives a coercivity, which is up to threedoped with Al,Ga,Cu,SK?"**Nd;Ga, has not been found in
times higher than when annealed above 640 °C. The coercivnagnets before, but has been identified by EPMA and elec-
ity before annealing resembles the coercivity after an anneaton diffraction and has the 14/mcm symmet/This result
treatment above 640 °C. The coercivities found do not deis in contrast with the results of Bernareli al.,'® who found

0.4

FIG. 1. Coercivity vs annealing temperature(MdFeB),qy_ o 56(DYGa).s

Ill. MAGNETIC PROPERTIES
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FIG. 3. TEM micrograph of a two-powder magnet of composition
(NdFeB)1pp_o56(DYyGa)g 25 With x=5 annealed at 595°C showing
(&) a Nd,Fe 4B grain with hundreds of line faults ar) one fault enlarged.

FIG. 2. Optical micrographs of a two-powder magnet with5 annealed at
(a) 595 °C and(b) 645 °C. Q is the NgGa, phase.

C. Dy and Ga distribution
Nd;Ga and NgdGa as intergranular phases. The Nd-rich

phase and Ng5a, phase are present in about equal amounts, Although the melting point of DyGa, being 1280 °C , is
The amount of NgFe, ,Ga, is smaller but stil far above the sintering temperature, after sintering none of

considerable. the samples shows DyGa grains. Therefore it is assumed that

The magnet annealed at 645 °C showsdnphase at all the DyGa particles dissolve in the liquid Nd-rich phase dur-
but, instead, a eutectic of the Nd-rich phase and®&, ing sintering. The NgGa and the Nd-rich phase, which
similar to the Nd-rich/NdCu eutectic discussed by Knochform during cooling, show no detectable amount of Dy,
et al!® This is surprising as thé phase with M=Ga andx  whereas about 2% of the Nd in thphase is replaced by
=1.3 is stable up to 840 °C, as measured on single-phadgy. This is still considerably lower than the 9% replacement
material with a differential thermal analyzer. In comparison,expected on the basis of the nominal compositionxfer5.

NdgFe; s M, with M=Cu andx=1 melts at 640 °C>1’ In the  phase, about 12% of the Nd is replaced by Dy. The
Dy and Ga distributions within the N&e;,B grain are de-
B. Precipitates within the Nd ,Fe,B grains termined with electron probe micro-analysis and displayed in

The TEM study on magnet A gives a remarkable result.F'gure 4 in combination with a backscattered electrongraph

Most of the NgFe 4B-grains are full of long line faults as of a grain. . . . -

can be seen in Figure 3. There are no previous accounts of An EPMA line scan across a grain as depicted in !:|gure
these kinds of line faults, which differ substantially from the © Shows the Dy and Ga concentration in more detail. The
angular precipitates caused by type Il eleméffé Each ~ center of the grain contains no Dy at &lithin the error -
grain contains line faults in a concentration of about 40/Margin while the Dy is rather homogeneously distributed in
(wm)2. They are all roughly the same size, being 100—20¢he outer part of the grain. At the edge of the Dy-free part, an
nm long and just 2—3 nm wide. The long axis is along thearea of increased Dy concentration is present. This area does
(110 direction of the NgFe B crystal. Most of them lie ot surround the Dy-free part completely. The Ga concentra-
parallel to each other, a fe{@0%) perpendicular. The mag- tion measured within thé phase is almost the same in the
net B, which has been annealed at 645 °C shows no linehole grain. Only in the case of large central regions is a
faults at all. Subsequent annealing at 595 °C did not lead tdecreased concentration detected. The Dy and Ga concentra-
a renewed appearance of the line faults. tions in the outer part of the grains are presented in Table II.
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Dy and Ga [at %]

3

FIG. 5. EPMA line scan of DyQ) and Ga () concentration through one
Nd,Fe;,B grain in two-powder magnets witlhi=3 sintered at 1120 °C
(filled symbolg and 1090 °C(open symbols The fitted diffusion coeffi-

cient for Ga is 2.5% 107> m%/s. Dy lines are guides to the eyes.

faults act as pinning centres, virgin magnetization curves of
high and low coercive samples are examined. There is no
difference visible and in both cases, nucleation-controlled
behavior is observed. Also, the line faults do not return upon
subsequent annealing below 640 °C, while the coercivity
does increase again. From this we conclude that the line
faults are not responsible for the increased coercivity. There-
fore, the decomposition of thé phase is likely to play an
important role in the destruction of the coercivity.

To identify the source of decreased coercivity, the coer-
civities of four magnets witk=>5 have been measured as a
function of temperature. Two magnets are annealed below
640 °C and show high coercivity, the others were annealed
above 640 °C and show low coercivity. All magnets are plot-
ted in Figure 6 to fit Kronmilers formula®®

. 2K(T)
___min o
FIG. 4. Electron probe micro-analysis graph(a¥f Dy distribution within a Ho(T)= Ay (T)ak J(T) NetJs(T), @
two-powder magnetroundish white areas are Dy-free centres of,’a,B )
grains, while the black shadows around the centres are areas of increasethere av;" accounts for the misalignmenty for inhomo-
Dy concentratiopand (b) Dy distribution (bottom lefy and Ga distribution geneities at the grain boundaries and the exchange decou-

(bottom righy enlarged. In(b), dotted black indicates lower and solid . . . . .
black (in case of Ga higher concentration then in the outer part of the pImg, and Neff is an effective demagnetlzatlon factor.

grains. Top left is a backscattered electrongraph showing the grain bound=0r K, the values are taken from a single crystal of
aries, NgFe;B grains(1,5), centre of the NgFey,B grain (2), NdsGa(3  Nd, Dy, Fe,B as measured by Hotk The result of the
and z phasé4).

TABLE II. Dy and Ga concentration at the precipitated part ofdhgrains
V. DISCUSSION for different amounts of DyGa addition. Values given in at. %, except for
Dy/R(rare-earth ratio which is given in %.
In the above sections, a severe drop in coercivity is

shown to go together with two changes in the microstructure: Nominal input ® grains
disappearance of line faults within the Nt 4B grains and X Dy Ga Dy/R Dy Ga Dy/R
decomposmon of thé phase. Although thg origin of the line . 081 081 556 0.82 0.46 _
faults is not clear, they seem to be Ga-induced as no Dy is 5 1.35 1.35 9.01 1.41 0.67 11.8
present in the center of the grains. To check whether the line:
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powder magnets have a larger amount of Dy in the liquid
12 | phase, a higher sintering temperature is required. This leads
to more grain growth and a decrease in coercivity, which, for
x=3, overcompensates the gain of the inhomogeneous dis-
107 tribution. Grain-growth inhibition or controlled Dy enrich-
T.LC] o N ment of 'the liquid phase; in the later stadium of si.nter.ing
0.8 Z‘go 0 3"3 Oef:;g s_hOL_II_d improve the inhomogeneous Dy distribution
=} 690 016 026 significantly. e o
Eo 06 | The Ga concentration in the outer part of thegrains is
only about 50% of the nominal input. In single-powder mag-
nets the Ga concentration within the grains is in the order of
0.4 80%—90% of the nominal inptit?2 This means that in the
two-powder magnets a larger amount of Ga is able to form
0.2 the required intergranular phases. The amount of Ga in the
center of the grains is determined by the diffusion from the
border of the precipitated part. It seems that the Ga concen-
0.0 ase~ ‘ ‘ ‘ tration in the outer part of the grains remains constant. This
0 1 2 3 4 5 justifies the use of the formula for spherical diffusion with
a,2K g2 the appropriate boundary conditiofs,
FIG. 6. Coercivity vs anisotropy field at different temperatures for two- 2R (—1)™
powder magnets witbk=5 annealed at 490 °CX) and 690 °C {\). Pa- C=Cp| 1+ —E sin(mar/R)
rameters are fitted according to formylg. T m=1

X exp(—m?m2Dt/R?) 2

fits is displayed in Figure 6. It follows that the low coercivity
in magnets annealed above 640 °C is caused by a decreased
a and not by an increased effective demagnetization factowith ¢ the concentration at the outer part of the gré&trthe
(the demagnetization decreases even slightlhis is in  radius of the centet, the sintering period an® the diffu-
agreement with the fact that after decomposition of the sion coefficient. For the grain in Figure 5 sintered at
phase no Sign of de:eﬂ or any other Fe-rich phase has been 1090 OC, a valub=2.5+0.1x10" 15 m2/s is fitted for Ga.
found. Therefore, the decreased coercivity is not caused bjhis value is in the same order as that of Al or Cu diffusion
any soft-magnetic impurity phase. Better exchange decoun a-F€”. For smaller centres and higher sintering tempera-
pling of the grains due to the smaller wetting angle of ¢he ture, the value foD is less reliable due to a smaller gradient.
phase as compared to the Nd-rich phase, is then an obvious
explanatiof!. It seems questionable though if this could ex-
plain such a large difference in coercivity. It could also bey, concLusION
possible that stresses induced by differences in thermal ex-
pansion of the various phases lead to a decreased anisotropy Both in single- and two-powder magnets, the increased
at the grain boundary and therefore to a lower valuey,pf coercivity in DyGa-doped magnets completely disappears
In Figure 5 it is shown that Dy is absent in the centralwhen an anneal treatment above 640 °C is applied. The line
region of the grains. These results are comparable with didaults present in theb phase in the two-powder magnets
tributions found by Ghandeh8rand Velicesciet al®. These  disappear completely when annealed at 645 °C. The virgin
authors also find that Dy, which has been added through theagnetization curves do not indicate that they act as pinning
compounds DyO; and Dy Co,, is exclusively located in the centres. Therefore, it seems likely that the decomposition of
outer part. Both additions are very different from ours, boththe § phase plays an important role in the destruction of the
in composition and melting points. Nevertheless, the finakoercivity. Appearance of soft-magnetic phases is clearly not
result for the Dy distribution is identical. Dy is only present the origin of the decreased coercivity. The temperature de-
in the part of the grain that has precipitated from the liquidpendence of the coercivity shows that a decreased anisotropy
during sintering. There is no solid-state diffusion of Dy into at the grain boundaries is responsible for the drop in coer-
the ® phase. Unlike these authors, we find an increased Dyivity. Possibly, a decreased wettability of the phases re-
concentration at the boundary of the solid core and the premaining after decomposition of th& phase causes a smaller
cipitated part of the grain. This may be caused by an inexchange decoupling of the b ,B grains. Concentration
creased Dy concentration in the liquid phase at the earlyprofiles show that Dy does not diffuse into the center of the
stage of sintering or perhaps by segregation effects. Becaudéd,Fe ,B grains. Apart from an increased concentration at
the volume of the Dy-free centres of the grains is relativelythe boundary with the core, Dy is homogeneously distributed
small compared to the total volume, the Dy enrichment in thén the part of the grain that has precipitated from the melt.
outer part of the grains is only 30%. This causes the increas&a, on the other hand, enters the center of the grain rather
in coercivity of the two-powder magnets witk=5 com-  easily. The diffusion coefficient for Ga in NBe;,B has been
pared to the single-powder magnets. Because the twadeduced.
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