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Abstract 

Hig~ coercive isotropic Nd=Fe~B powders can be obtained using the hydrogenation-disproportionation-desorption-re- 
combination (HDDR) process. In order to produce ani.mtropic coercive powders, a static magnetic field of 7 T has been 
~pplied during the recombination stage, using an Nd-Fe~B alloy, with an excess of intergranular Nd/Cu eutectic, in parallel, 
the behaviour of the Nd/Cu eutectic h~s been studied by in-situ neutron diffraction experiments: under hydrogen, the Nd/Cu 
eutecti¢ i~ ~lid in tall temperature ranges, but under vacuum, hydrogen desorbs and the Nd/Cu becomes liquid. To induce a 
rolalion of the magnetic Nd~ Fet~ B cry~t~dlite.~, it i.~ necessary to teach a pronounced desorption of hydrogen. Hence, we have 
~¢n ~b!¢ to produce ~lni~tropi¢ Nd~Fe~B material unde~ a magnetic field by increasing the holding time during the 
re¢ombin~lion ~t~e of the HDDR proce~. ~ 1~7 El~vier Science S.A. 

Modem hard magnetic materials are based on rare 
earth (R)/transition metal (T) systems. The combina- 
tion ol ° these elements in alloys or in interstitial 
stabili~d inlermetallics (B,C,N...) allows the maximi° 
sation of intrinsic and extrinsic pro~rties, such as: 

® a high degree of m~lgnetisation and a high Curie 
tem~rature due to a high T atom density; con~- 
quently a large induction is obtained from an 
ani~tropic magnet: 

• ~ high m~ignetoocrystailine anisotropy from the 
contribution of the R cryslal electric tield; as a 
re,~ulL a large coercivity can be develo~d from an 
~ppropri~te micro~trucl~re. 

Nowadays, manufacturers are increasingly inter° 
ested in the pr~uction of coercive and anisotropic 
Nd:Fel4B ~wders  for bonded magnets. In these 
powders, the coercive forces are directly related to 
the microstructure: to avoid the propagation of the 
wall domains, the size of the elementary crystallites 
and that of the free particles must be controlled as 
well as the composition and the repartition of the 
minor intergranular Ndorich pha~s. Furthermore, if 
the grains are textured, i.e. with crystallites essentially 
oriented along a common direction, the inductive 
force of the resulting magnet is doubled. 

Highly ~.x~rcive powders are obtained by the 
Hydrogenat ion ~o Recombination- Disprolmrtionation - 
Recombination (HDDR) route. This proce~,~, first 
reported by Takeshita el al. [!], consists in dispropor- 
tionation of the starting alloy under a hydrogen atmo- 
sphere above t~X)°C, according to the reaction (I): 

Nd: Fe,.~ B + xH:  ~ 2NdFI ~ + ¢,-Fe + Fe 2 B ( I ) 
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followed by recombination to form an improved 
microstructure after desorption using vacuum heat 
treatment at around 850°C, according to the reaction 
(2): 

2NdH,. + a-Fe + Fe_,B ~ Nd2Fel4B +xH 2 (2) 

Large coercive forces have been obtained thanks to 
the well controlled homogeneous microstructure 
developed after dehydrogenation and recombination. 
The powders are essentially isotropic, but an oriented 
growth of the elementary crystallites can be induced 
via epitaxy mechanisms due to elemental additives 
(Zr, Ga, Nb .... ) [2]. Using in-situ thermomagnetic 
measurements, we have demonstrated that a similar 
mechanism can be achieved by a controlled but 
incomplete disproportionation reaction starting with 
textured precursor [3]. The non-disproportionate 
Nd-Fe-B fine grains act as nucleation centres during 
the recombination step. 

The control of the texture by solidification in a 
magnetic field, successfully applied to the high T,. 
superconductor YBa2Cu~O 7 [4] and more recently to 
the Sm.,CotT-type magnets [5], suggests evidence of 
new possibilities for the development of anisotropic 
magnetic powders. In the present study, we have 
performed the HDDR process under a static mag- 
netic field to investigate the possibility of inducing 
anisotropic crystallisation of the Nd.~Fet4 B nuclei 
during tile recombination step. 

2. Experimental 

Three compositions have been studied: a composi- 
tion of magnet manufacturer Nd3~Dyl.~Fe,~Nbo.5Bt, 
a composition corresponding to It large amount of 
intergranular eutectic (50 wt% Nd32 Fe,,o,~Co~,: B~.3 in 
Nd-a~Cuao eutectic) and a pure NdToCuao eutectic. 
The starting alloys were prepared by induction melt- 
ing under pure argon atmosphere. 

The HDDR process has been performed in a dedi- 
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Fig. I. Description of the IIDDR process. 

cated furnace designed and developed to allow the 
application either of a high magnetic field (up to 8 T) 
or of a high field gradient. The temperature ranges 
from RT to 1200°C, gas pressure and vacuum level 
are strictly controlled by dedicated sensors. The cryo- 
genic device, including a superconducting magnet, is 
described in de Rango et al. [4]. The successive heat 
treatments of the process are illustrated in Fig. 1. All 
the samples have been submitted to the same ~spro- 
portionation treatment, i.e. 1-h plateau at 720°C 
under 70 kPa hydrogen pressure. A complete recom- 
bination is achieved when the t time spent at the 
temperature plateau T is long enough. Both these 
parameters have been varied throughout our study. 

The in-situ neutron diffraction experiments were 
performed using the D IB diffractometer of the Insti- 
tut Laue Langevin in Grenoble. The sample was 
placed in a stainless steel tube connected to a pres- 
sure controlled gas line (deuterium pressure 40 kPa, 
secondary vacuum, temperature range 25-1000°C). 
The multi-counter allows diffraction diagrams to be 
recorded during the reaction every 5 rain on a 80 ° 
angular range. 

The magnetic properties of the sample were mea- 
sured at room temperature in a d c  extraction type 
magnetometer. 

The microstructural investigations were carried out 
by X-Ray fluorescence analysis using a Kevex EDX 
probe attached to a JEOL Scanning Electron Micro- 
scope. 

3. Results aitd discussion 

3. i. Ptvliminao, wstdts 

A first series of experiments has been p¢rformed on 

Fig. 2. Back-scattered electron image observed on it polished face 
of the starting alloy containing the Nd/Cu eutectic, at magnifiea- 
tton of 250 ×. The platelets (in black) are dispersed in the Nd/Cu 
eutectic (in grey). Some pure neodymium metal is visible (in white) 
around the Nd/Cu eutcctic. 
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|+it~+ 3, Mm+.~l)++mlio. ++tie++ me.+ul'ed mfler .pplyin+ the H D D R  l+r+~:¢mm under  ~+ mmg.+li¢ field of 7 T on the ~dloy++ containing the N d / C u  
~u)~t iq, The ~mpl~+ +of r~ l~)od to io~rem~itlg ~e~comt+i.~lio. tim~:~ t,t 7' ~ ~ W C  (Fig, 3a + 1 h: Fig, 3b + 4 h; Fig, .~ ~ () h mud Fig, 3d + I0 
h), They ~+~ ~ut with +t ~tlhic ~ht+~ t ad  the n l e~u r~d  m.l+flelic field h_m~ t~et+ ++t~i~lied p~f~llel to t a d  p e ~ f l d i e u l m l y  to the direction of  the 
m++t~t~t~ fi~ld tJ~d duff+sit the H D D R  I+tP~+++++, 

rue ' mag,~t c~m~i t ion '  (Nd,~2 I)y) ,~ F% Nbo,~ B I ). We 
have applied a static magnetic field or a field gradient 
during the previously optimi~d HDDR proc¢~ ( T -  
8 ~ C :  t +++ 20 rain for the recombination stage). No 
significant ani~ttopic growth was developed at such 
high tem~rature. It ~ems that in the paramagnetic 
state, the magneto+crystalline anisotropy is too weak 
t o  induce a directk)nal ordering effect. 

Neverthel~, it has been shown that the anisotropy 
of +u~eptibiliD' of Nd+F~,B in the paramagnetic 
state ~rsist:s along the c+a~s direction and is large 
+ to allow orientation of Nd:FeI+B single° 

grains with the c,,,~is parallel t o  the applied 
field direction+ for temperatures up to 1100°C [6]. ~ i s  
~haviour has ~ e n  o b e y e d  when Nd+ Fe14 B crystal+ 
rites are diluted in a Nd/Cu eutectic having a melting 
tem~ratur¢ (~O~C) lower than that of the Nd+ Fe~+B 
p~Jse. 

3.2. Application of the HDDR process with an excess of 
Nd / 0+ eutectic 

In order to induce both ani~tropy and coercivity, 
we have again applied a magnetic field during the 
HDDR process using a Nd+Fe++B alloy with an 
excess of intergranular Nd/Cu eutectic (50% wt. 
Nd/Cu; 50% wt. Nd++Fet+B), The microstructure of 
the starting alloy consists in NdzFe,~B platelets of 
~,ppmximately 100 pm in length and 10/+m hi width, 
randomly oriented in the Nd/Cu eut¢ctic {Fig. 2). 
The minor phase which appea~ in white in the Nd/Cu 
eutectic is ~ m e  pure neodymium, 

Four ~mples have ~ e n  HDDR+pr~ssed,  apply° 
ing systematically the treatment describ¢d in Fig. 1. 
The recombination temperature T has been fixed at 
900°C and the time t has been varied (¢ ++ 1 h for 
sample A: t +~ 4 h for B; t ++ 6 h for C and t ~ 10 h for 
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Fig. 4. Thermodiffractogram recorded at 2.52 .~ by powder neutron diffraction. First, data are performed under a 40-kPa deuterium gas 
pressure, then under vacuum (extra lines from the sample holder are marked with an asterisk *). 

D). A 7 T magnetic field has been applied all along 
the recombination step (from room temperature to 
the end of the process). 

The evolution of the hydrogen desorption has been 
followed by recording the pressure. When the desorp. 
tion is achieved the pressure quickly decreases to 
10 ° ~/10 =4 kPa. X-ray diffraction analysis performed 
just before and after the end of the desorption indi- 
cate that the end of the desorption coincides with the 
complete recombination of the Nd:Fet4B phase. For 
a typical Nd2Fe~4 B magnet composition, the recombi- 
nation at 900°C is achieved after approx. 20 rain. 

Using an excess of Nd/Cu eutectie in the alloys, 
the hydrogen desorption at 900°C appears to be much 
longer: it is only achieved after 5 h. Nevertheless, 
magnetic measurements performed on samples A and 
B (partially desorbed) indicate a high coercivity H, 
10 kOe (Figs. 3a,b). Magnetic properties of the 
Nd2Fem4B.hydride have been studied in detail [7]. No 
coercive forces can be developed as some hydrogen 
remains in the Nd2Fel4B phase. These results suggest 
that only the Nd/Cu eutectic is hydrogenated in 
samples A and B. 

On the contrary, a large magnetic anisotropy is 
obtained on samples C and D, for which a complete 

hydrogen desorption is achieved (Figs, 3c,d). In the 
ferromagnetic state, the Nd:Fes4B compound is axial 
and the easy axis is c. As the enhancement of the 
inductive forces is obtained when applying the mead 
sured magnetic field parallel to the direction of the 
magnetic field applied during the recombination step 
of the HDDR process, the results are consistent with 
an orientation of the c-a~s of the crystallites along 
the applied magnetic field. Nevertheless, if the cocro 
civity remains high before the complete desorption of 
the Nd/Cu eutectic, it markedly decreases when the 
time spent at 900°C after the complete desorption 
increases (H,~ ~ 7kOe for sample C and only 3 kOe 
for sample D). 

The behaviour of the Nd/Cu eutectic under deu- 
terium gas has been studied by in-situ neutron 
diffraction experiments (Fig. 4). These experiments 
revealed that, under hydrogen, the Nd/Cu intergran- 
ular phase is solid and forms a cubic Nd/Cu deu° 
teride (up to 880°0, so that the rotation of the 
Nd:Fet4B crystailites is avoided. Under vacuum, the 
deuteride outgas forms a liquid phase after approsio 
mately 1 h in those conditions. During the slow 
cooling, the composition of the eutectic varies with 
the rise of the lines of the copper metal. Under 700°C 
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Fig, 5 Ba~ko~att~ted el,ee|ron image~ ol~set~,.cd after ~pplying Iil.o HDDR p t~css  undel a magnetic lield o |  7 T on the alhws containing the 
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~d ~ i!} h), Ihey ~tte cut Mon$ the direction of the applied :t:t,¢ld (v.etti,eal on the mi~cro:graphs) M~gt~iii,:ali~m is 2S0 × except I\~r |he lower Fig. 

the new euteclic composition ssohdtfies' " and shows 
lines of an he~g, onai phase, down to r ~ m  tem~ra- 
ture, To induce rotation of the magnetic Nd:Fel,tB 
c~,stallites in the presence of a liquM it is necessa~ 
to reach ~, pronounced d¢~rption of hydrogen, Hence, 

we have been able to produce anisotropic Nd-F~-B 
powders under magnetic field by increasing the hold- 
ing time during the recombination reaction of the 
HDDR proce~. 

The microstructure observed on samples A, B, C 
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and D are shown in Fig. 5a-d, respectively. Partially 
desorbed samples A and B present a very similar 
microstructure: the large Nd 2 Fe~4B platelets are con- 
verted into submicron grains and the Nd~rich phase 
has diffused into the disproportioned area, as ex- 
pected for HDDR piocessed materials (lower Fig. 5b). 
Nevertheless, the print of the platelets present in the 
starting alloy is perfectly visible. 

On the contrary, samples C and D present a typical 
microstructure of a large crystal growth of Nd2Fet4B 
particles in a liquid eutectic, which is responsible for 
the decrease in coercive forces. One hour after the 
complete hydrogen desorption (sample C), the size of 
the Nd2Fe~,IB crystallites is approximately 50/.tm and 
the particles which are free to rotate in the liquid 
eutectic tend to align with each other in order to 
minimise the dipolar energy (the direction of the 
applied magnetic field corresponds to the up-down 
arrows on the micrographs). Five hours after the 
complete desorption (sample D), the growth of the 
Nd2Fel4B crystallites has been enhanced and the 
platelets align their axes parallel to the magnetic field. 

4. Conclusion 

Both experiments performed for texturation of 
Nd,Fe14B in a Nd/Cu eutectic and neutron diffrac- 
tion study have revealed that under hydrogen gas, the 

Nd/Cu intergranular phase forms a solid materi~ up 
to 900°C. To induce rotation of the Nd2Fe~4B crystal- 
lites during the recombination stage of the HDDR 
process, it is necessary to reach a pronounced deso~p- 
tion level of hydrogen. By increasing the holding time 
during the recombination stage of the HDDR process, 
we were able to produce anisotropic and coercive 
materials. 

An excess of Nd/Cu eutectic has been introduced 
to ease the rotation of the cqrstallites in the liquid. 
but it is expected that the orientation of the recom- 
bined crystallites would be possible within a lower 
quantity of the intergranular phase. 
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