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Abstract:

One of the major drawbacks of NdFeB—-based, fully dese, sintered magnets is that they
are hard and extremely brittle. Therefore, in orderto produce the final shape and
precise dimensions, they often have to be ground arhis process is time consuming,
energy intensive and produces a significant amourmf waste material which is not
readily recyclable. This paper reports a potentiay new and exciting application of
hydrogen as a promising processing tool in which #gnnormally brittle Nd ,Fe; 4B based
intermetallic could be compressed at room temperate in a ductile, disproportionated
condition and then restored to its original state lg the removal of the hydrogen under
partial vacuum at elevated temperatures. Under appopriate conditions, this stage can
also produce a useful degree of anisotropy. This par describes the salient feature of
this process which has been called the Hydrogen Dilsation Process (HyDP) and
describes possible applications of the HyDP in theroduction of NdFeB-type permanent

magnets.

Keywords: Hydrogen Disproportionation, Neodymium, Magnets, Compression,

Ductility



1 Introduction

Since their introduction around 1984 [1, 2, 3], MBFRype magnets have been used
increasingly in a range of components, from handeddisks (HDDs) in computers, to large
scale wind and tidal generators [4]. Typically,sdenagnets will be produced from a cast
alloy containing NgFe 4B grains surrounded by a Nd-rich material, togethién a minority
phase with the approximate formula N@Bg Typically, alloys are processed using the
Hydrogen Decrepitation process (HD) [5, 6] where ¢hst NdFeB alloys are exposed to
hydrogen at room temperature causing them to eeathermically, and consequently,
decrepitating into a highly friable powder whictndhen be jet-milled, aligned, compressed
and liquid phase sintered to form a conventiondly dense NdFeB-type magnets. To
improve the degree of alignment of the milled pomnidehe case of subsequent and more
recent, high (BH)ax near stoichiometric grade magnets, the hydrogelegassed from the

matrix, N&Fe 4B phase, and this occurs at around 350°C [7].

Subsequently, it was found [8, 9] that, by re-idtroing hydrogen to the sintered magnets
they also go through the HD process and, as wéhrtiial material, form a demagnetized
friable powder which can then be blended, compresa@ned and re-sintered in order to
form recycled magnets. The HD technique is curydming exploited as a means of
separating and recycling a range of NdFeB fullysgetype magnets, such as, those employed

in very large numbers in hard disc drives (HDD9),[11, 12].

Since their discovery, the magnetic propertiehegé materials have improved remarkably

due to changes in both the microstructure and caitipo [13, 14, 15]. One such example of



this was discovered through the exploitation oftyerogenation-Disproportionation-
Desorption-Recombination (HDDR) process [16, 1 AraHit was discovered that it is
possible to produce anisotropic powder with nanstatiine (~300nm) grains by careful
control of the hydrogen absorption and desorptmmddions, of NdFe;,B [16, 18]. This has

allowed the production of commercially exploitaddended, anisotropic magnets.

During conventional HDDR processing, the hydrogemiroduced at near atmospheric
pressure at room temperature and then the maitiahted to >65C [17]. The room
temperature hydrogenation causes decrepitatiomeafiaterial, where the Nd-rich material
forms NdH ;7 and the NgFe 4B matrix grains form an interstitial hydrogen sajat The
material expands by ~5% and because of its brititare and differential expansion,
undergoes decrepitation [16] . Upon subsequentrigeat a hydrogen atmosphere, the matrix
grains disproportionate into a nanocrystallinectrce containing a mixture of N@gHu-Fe

and FeB (Eg. 1). Whilst still at an elevated temperatanel by applying a reduced pressure,
the hydrogen is desorbed and thef&,B matrix phase reforms by a process of
recombination. The newly formed grains are typicallthe order of 300nm in diameter [16]

and the coercive powder is used in resin bondedstag

Nd,Fe4B + 2xH, = 2NdH,, + Fe,B + 12Fe (Eq. 1)

Previous work in the authors’ laboratory has shdtwvat, by introducing the tat elevated
temperatures (>65Q), it is possible to avoid completely the decratpin stage and hence
form a solid HDDR structure [19, 20, 21]. Earlyisisity studies [19, 20, 22] showed
clearly, that solid NdFeB-type alloys (or finish&dtered magnets) can be maintained in the

solid form (without cracking) providing the hydroges introduced at high temperatures



(~65C°C or higher). It was also shown that, when the Igb-eutectic phase at the grain
boundaries is initially in the liquid state, thevljen hydrogen is introduced there is a rapid
onset of the disproportionation reaction startinthe, now solid, grain boundaries and other

interfacial regions [23].

Normally, as the fully dense sintered magnets atg@roduced in the net shape form, they
have to be machined (ground) to the final dimersidiis process can be very costly and
produces a substantial amount of waste materiathatecause of extensive oxidation, can

be very difficult to recycle.

In practice, one way to overcome these difficultaa be to employ particles of melt-spun
ribbons consisting of nanocrystalline grains obR&,B which are mixed with a binder to
produce a range of net shape bonded magnets [Bdje¥er, these binders are non-
ferromagnetic and together with the isotropic chaof the ribbon, result in an overall
dilution of the magnetic strength. This effect tereduced appreciably by employing
magnetically anisotropic HDDR-based powder, as ldgesl by Aichi Steel [18]. However,
as expected, the bonded magnets always have alemanence than those of the fully
dense sintered form because of the non-ferromagbietiler. An advantage of all the bonded
magnets is their high electrical resistance and@é&dme corresponding reductions in eddy-

current losses.

The main aim of the present investigation was ®ifi is possible to overcome the brittle
nature of NdFe 4B and this has been achieved by disproportiondkiaglloys prior to

shaping in order to create appreciable ductility.



In the present work, two compositions of NdFeB ydlavere processed using the solid
HDDR process discussed above. The mechanical pgregpef the disproportionated alloys

were then investigated and interpreted in ternmtb®fine microstructure.

2 Experimental Work

In the present studies, book mould cast materfatemposition Ng, Fe31. 8.5 (Aichi

Alloy, designated Alloy 1) and NgFe;sBs (Neomax composition, designated Alloy 2) have
been employed. The former was provided by AicheBlapan and the latter by Less
Common Metals (LCM UK).

These particular alloys were selected as book-mcastings. The Alloy 1 composition was
close to that of stoichiometry (Mddes2 Bs.9) and, in the cast condition, containeére
dendrites whereas, in Alloy 2 (NfFe;7/Bg) composition, formation af-Fe was avoided.
Thus, in the as-cast condition Alloy 1 containBe, NdFe 4B, Nd-rich material and some
NdFeB,4 (approximate formula) whereas, in Alloy 2, ther@dsu-Fe in the cast condition
with Nd-rich material and NdEB,4 confined to the grain boundaries [25]. These fegtean
be seen in the SEM investigations shown later.

Initially, these materials were cut either intoigglers, of ~9.5mm diameter and ~5mm
height, or cubes, of ~5x5x5mm, using spark erosasrthis technique limits the oxidation
process which previous work [26] has shown, carelamarked influence on the
disproportionation reaction.

To produce fully disproportionated material, adioatl by Harris et al [19, 20], the solid
disproportionation reaction was employed. This lagd heating the particular NdFeB alloy
under vacuum, to 915°C, and then introducing hyenogo a pressure of 1200mbar, in order

to achieve 100% disproportionation, without dedijon.
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Figure 1 A schematic of the variation in Hydrogen Ressure and Temperature vs. Time

during the disproportionation reaction

In a particular sample at 915°C, SEM and XRD stidévealed that a period of around 5 hrs
was sufficient to achieve 100% disproportionatibthe N&Fe sB phase. In order to

maintain the disproportionated state the materas then cooled rapidly in hydrogen. Figure
1 shows a schematic representation of the chaniggdobgen pressure and temperature vs.
time. The conditions were also adjusted to avoadfthmation of the more reactive NgiH
component by partially degassing the material (&fteenching in hydrogen) by heating the

samples to 350°C under vacuum.

2.1 Microscopy
In an attempt to relate the mechanical behaviopossible changes in the microstructure and

in order to examine the fine structure of the dprtionated material both before and after
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compression, a Jeol 6060 and a Jeol 7000 scankgctyox microscope (SEMs) were
employed in the backscattered mode, using a 20k¥lexating voltage. Compositional
analysis was also carried out using the EDX fagedibn both microscopes.

2.2 XRD

Phase analysis was achieved with the use of a Bédvanced Diffractometer with Cu-
Ko X-ray radiation, between 5°-1000 vith a step size of 0.02° and varying step times.
2.3 Compression Trials

In order to assess initially, whether there hachksaey radical change in the brittle-ductile
mechanical behaviour, the hydrogen treated aneatetd samples were compressed in
10mm diameter “Specac” die sets with an Atlas Té&sg, capable of a load of up to 25
tonne. Later, more detailed compression trials warded out on an ESH 200kN servo
hydraulic mechanical press which allowed readirfgsoth the force applied and the
displacement to be measured, so that details ah#ehanical behaviour of the particular
material could be determined. In this study, thengje in cross sectional area during
compression is not taken into consideration, tloeesthe well-established “engineering”
stress/strain is employed.

2.4 Magnetic Measurements

To measure the magnetic properties of the mateoidd before and after the compression
trials at room temperature and after the subseqeentmbination process, a Lakeshore
vibrating sample magnetometer (VSM), capable ofsueaments up to a field of 2T, was
employed. Self-demagnetisation factor has beemtaite consideration with all

measurements



3 Results and Discussion

3.1 SEM

3.1.1 Starting Alloys

The SEM images shown below are of the two startiagerials used in the compression

trials.

——

COMPO 200KY X500 10pm WD 9.4mm

Figure 2 Backscattered SEM of Alloy 1 starting matgal

The SEM image of the as-received Alloy 1 showngare 2, reveals clearly the presence of
three phases in the material; first several laay& degions (typically A), then several light
areas (typically B) and finally a large grey arsgiCally C). There is some evidence of a

light grey phase within the Nd-rich eutectic whi@m be identified as the phase Ngbe



The overall composition of this alloy is near tattif stoichiometry (Nd &ea;. Bs9) and the
Nd,Fe 4B phases (large grey areas) are formed by a peciteaction. Because of the
expected incomplete peritectic reaction, some disdofa-Fe would also be expected (dark
areas on SEM images). According to the phase dia{2g] an incomplete reaction could
also result in the formation of Ndf& which, from SEM backscattered imaging, is difftcul

to distinguish from the Nd#Fe;sB matrix phase. This Nd&B4 phase is more readily

observable in the disproportionated state of thiya

Figure 3 Backscattered SEM image of Alloy 2 startig material

The microstructure of Alloy 2 (figure 3) is unlilteat of the Alloy 1 shown previously in

figure 2; there are no dark regionseeFe dendrites, there are several larger isolatdd an



elongated, intergranular areas of light Nd richenat and the predominant grey areas of

Nd.Fe 4B phase [25].

The apparent additional phase shown in figure@ @eas such as A) can be ascribed to
polishing debris as a results of the cracking efiftibFe B and this has been confirmed by

the EDX measurements.

In summary, in the as-cast condition Alloy 1 conéal significant amounts afFe.
However, this is not the case for Alloy 2 where dHee is absent and the NdBg phase
always occurred in close association with grainnafauy, Nd-rich material. This can, in
places, just be distinguished by the SEM studi¢dbboomes much more apparent in the

disproportionated material shown below.
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3.1.2 Disproportionation

NdFe4B4

/

Disproportionated Nd ,Fe14B

COMPO 20.0KY X2,000 10pum WD 105mm

Figure 4a Backscattered SEM image of Alloy 1 aftedisproportionation
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a-Fe dendrite

Disproportionated Nd »Fe;4B /

COMPO 200kY 2,000 10pm WD 10.5mm

Figure 4b Backscattered SEM image of Alloy 1, aftedisproportionation

Figure 4a and 4b show the microstructure of Allagfter the hydrogen treatment described
earlier (disproportionation). The B 4B matrix phase has transformed into a much finer
disproportionated mixture; the dark regions of dFee dendrites remain as they do not react
with hydrogen but are clearly distinguished by ¢barser disproportionated mixture
surrounding them. This observation is in agreemaitt previous studies [23] which showed
that the disproportionation reaction initiatesrdérfaces such as the grain boundaries and the
interface between the Fe dendrites and the matni@.irregular appearance of the previously

smootha-Fe dendrites was also apparent in previous studigsh showed that there was
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enhanced homogenisation in the disproportionatge §27] after the above treatment; the
small bright areas of the Nd rich material remémnaddition, because of the
disproportionation the NdgB,4 phase has become more visible and its compogitisrbeen
confirmed by complimentary EDX measurements (tdbléJnder the conditions employed

in these experiments, thenas littleevidence of any reaction of this phase with hydmpge
unlike earlier studies [28]his can be ascribed to the higher pressure rahlggdrogen (1-
5bar) and longer hold time employed in the eamtigestigations. It will be seen later that the
areas of NdF#,observed above become fractured in the compresseplas (see for
example figure 11). The boron content could notié&ermined in these measurements so the
significant data in Table 1 are the ratios of tlereents. In the disproportionated material the
Fe/Nd ratio is 6.8 and the value obtained from &qoa, assuming x is one, is 7.0. The value
for the NdFeB4 phase is 3.9.

Table 1 EDX data for the disproportionated Alloy 1

Alloy 1
Disproportionated Unreacted (NdF@B,)

Fe at% Nd at% Fe at% Nd at%

87.23+1.1] 12.77+1.1] 79.74+3.0| 20.26%3.0

13



Nd Rich NdFe4B4 phase

Disproportionated Nd 2FesB

3
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COMPO 200KV X500 10pm WD 10.5mm

Figure 5a Backscattered SEM image of Alloy 2 aftenydrogen heat treatment
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Disproportionated Nd ,Fe14B

Nd Rich

COMPO 20.0kY  X2,000 10um WD 10.5mm

Figure 5b Backscattered SEM image of Alloy 2 aftehydrogen heat treatment

An identical hydrogen treatment to that used faswlso applied to Alloy 2 material and the
effect of this is shown in figure 5a and 5b. TheR&,B matrix material has been
transformed into the intricate disproportionatecttonie, the lighter areas of intergranular, Nd
rich material are still present and there is alearcevidence of the Ndi®, phase, which has
been confirmed through EDX measurements (tablprgsent exclusively at the Nd rich
grain boundary and this has been highlighted bydhmeation of the disproportionated
matrix. This microstructure is consistent with fifeses present in the phase diagram [25].
There is evidence of a limited disproportionatidnhe NdFgB, phase (arrow shown in
figure 5b) and this is in agreement with the easierk reported by Yartys et al [28] where

much more extensive disproportionation of the NBz@hase has been observed.

15



Table 2 EDX data for the disproportionated Alloy 2

Alloy 2

Disproportionated Unreacted (NdF@B,)

Fe at% Nd at% Fe at% Nd at%

87.11+1.5] 12.89+1.5| 80.05+2.9| 19.95+2.9

The boron content could not be determined in thesasurements and the ratios of Fe to Nd

are 6.8 and 4.0, respectively.

16
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Figure 6 XRD trace of Alloy 2 before and after hydogen disproportionation

Figure 6 shows a comparison of a 40 minute XRD sdalloy 2 before and after
disproportionation. The key feature here is the glete removal of the N&e; 4B peaks and
the addition of Fe and Neodymium hydride peaks aitgproportionation. Another
noticeable feature in the disproportionated tradbe peak broadening, which is found in
materials with nanoscale microstructures, thisésdfore consistent with the SEM images

shown eatrlier.
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Table 3Quantification of phases via image analysis of SEMges

Alloy 1 Alloy 2
Starting mixture Starting mixture
Phase Weight%| Error | Phase Weight%| Error
Grey Phase 85.62% 1.5%| GreyPhase 90.02%| 1.1%
Nd rich 6.06% 1.2% Nd rich 9.98%| 1.1%
Fe 8.32% 1.2%

Table 3 shows results a simple area mapping orae8&M images (X500 magnification) of

the two compositions before hydrogen disproportioma using ImageJ. In Alloy 1 the

weight% of the grey phase is 85.62% where as iayA it is 90.02%, this can be ascribed to

the removal of the Fe dendrites in Alloy 2.

From this technique it is almost impossible toraate the NdF48, phase as the contrast is

so similar to that of the NBe 4sB phase and thus hard to distinguish.

Identifying the weight% through XRD is also problgtic as the amount of Ndi, phase is

so low.
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3.3 Initial Compression Trials

The initial trials were carried out on Alloy 1 (NdFes1 Bes). Specimens of this alloy were
subject to a rapid compression test, both in theesived condition and after the solid
hydrogen disproportionation treatment, by the meftti@scribed earlier. Thus, samples were
compressed in a die with a maximum load of appraxaty 20 tonne. This provided a rapid
means of assessing any effect of the hydrogemtiesdton the mechanical behaviour, as a

useful precursor to the more detailed stress/str@asurements.

(@) (b)

Figure 7 Disproportionated Alloy 1 cylinder before
compression; side (a) and face (b) view

The cylindrical samples of NdFeB alloy, shown iguifie 7, were produced by a spark erosion
technique to produce sizes of ~9mm diameter angin@heights from 4.1-5.4mm. These
samples were then compressed in a 20mm diametset]im air, up to a load of 7 tonne
(~1095MPa), producing extensive cracking and degjrdtion of the untreated sample and, in
the treated sample, only a minor, permanent realuati height of ~1.5% and no noticeable
change in diameter.

The load on the samples was then increased to @aiemam setting of 20 tonne (~3130MPa)
and, in the case of the hydrogen treated samplisspitocedure changed dramatically the
shape of the material, which experienced a heggghction of up to 70% and the material
remained mostly as one piece. Figure 8 shows agarafisuch a sample after a die set
compression of 20 tonnes. In marked contrast whemon-treated sample was pressed, the
alloy broke apart into a powder, as is seen inrédgu

19



Figure 8 Hydrogen treated Alloy 1 material after 20 tonne
compression. (a) Front, (b) side.

Figure 9 Untreated Alloy 1 after only 7 tonne compession

These simple trials serve to emphasise the dramiagicge from brittle to ductile behaviour
after the hydrogen treatment with the untreatecenadtexhibiting virtually no ductility. This
dramatic change has been confirmed by the substequere carefully controlled,

compression trials.

The thin compacts, produced from the disproporteshanaterial, could be handled without
disintegrating into a powder, with little to no pder being left behind after the compression
test. Some small, but solid pieces of the compageared to have broken off at the
unconfined edge of the samples, thus giving thedlelike appearance, as shown in figure

8(a).

20



3.4 Mechanical Testing
Cylinders (~9mm diameter and ~5mm height) of tlspiportionated cast materials were
compressed in order to ascertain the detailedssstesin behaviour of the various samples.

Figure 10 shows the curves for the hydrogen treatiey 1 cast material.

1400
1200
1000 - / \
Seudo \
Elastic
800 region

7
A /
A/ //

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Engineering Strain

Engineering Stress, MPa

Figure 10 Stress-strain curve of hydrogen treated Woy 1 material compressed at a rate

of 0.5mm/min

The very extensive pseudo-elastic range and thedse in stress after the apparent yield
point shown in figure 10 are likely to be due dtl@icomponent in the material, resulting in
some local fracturing of the sample which wouldrdase momentarily the stress level in the

sample.
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Figure 11 Stress-strain curve for a hydrogen treai@ Alloy 2 compressed at a rate of

0.5mm/min

Figure 11 shows the stress-strain curve for anyAleample which has significant
differences to the behaviour shown in figure 10e @pparent yield point for the hydrogen
treated material is much more pronounced thanarptbvious alloy with an almost 50%
reduction of the peak stress. There is also a rdasauction in what has been referred to as
the pseudo-elastic region. There is further strelésf after this point and this ends with a
rapid increase in stress at around 67% reductidimerthickness of the sample. The
remarkable feature of figure 11 is the overall et in thickness of some 75% and, of this
reduction, up to 65% can be achieved at a verydo@valmost constant stress level. The
significant fluctuations in stress shown in figre once again point to a brittle component in

the material.
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COMPO  20.0kV ;}{2,[][][] 10um WD 5. 7mm

Figure 12 Backscattered SEM image of hydrogen treatl and compressed Alloy 1

Figure 12 shows a backscattered SEM picture ofji@meof a disproportionated Alloy 1 after
compression. A critical feature of this microsturetis that all the cracking is confined
exclusively to the white phase which has been ifiedtby EDX as the NdR8, phase (table
1). The overall extensive ductility of this samp#n therefore be ascribed completely to the
behaviour of the disproportionated mixture. Thegwébur of the NdF, as revealed in this
and other micrographs, also explains the behawrhibited in the detailed compression
trials shown in figure 10 and 11, in terms of tlaely apparent yield point and subsequent

fluctuations in stress.
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Figure 13 shows the backscattered image of thes @@gtion of a compressed sample with
the compression axis indicated by the arrows. Wtrer@lisproportionated mixture has
coarsened at the interface with the iron dendrités possible to discern the elongated nature
of the dark (iron) components such that the majes appears to be perpendicular to the
direction of compression. This strengthened furtherproposed ductile nature of this

mixture.

»

10um WD 5. 7mm

Figure 13 Backscattered SEM image of a cross seatiof Alloy 1 hydrogen treated
material after compression, where the axis of comg@ssion in shown in the top left hand

corner
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As well as the finer, elongated rods of Fe, whikisible adjacent to the dendrite interfacial
region in this micrograph, the Fe dendrites algeeap to have elongated with respect the

applied load.

@ kL g5 ] = AR

Figure 14 Secondary electron SEM image of hydrogen treated Alloy 2 after
compression.

Figure 14 shows the hydrogen treated Alloy 2 aftanpression. As in the case of the Alloy
1, the NdF¢B, material has begun to fracture whilst the dispropoated matrix remains

completely intact.
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Figure 15 Backscattered SEM image of hydrogen treated Alloy 2 showing extensive
fracturing of the NdFe4B,; phase after compression

In other areas of the sample the fracturing ofNd&e,B, is far more severe, as can be seen
in figure 15. In this image the fracturing has begm pull the Nd rich material apart, thus
causing further fracturing in the material.

On the basis of the SEM images of the compresseerialasee figure 12) it has already
been speculated that the ductility of the disprbpoated materials could be due, partially at
least, to the re-alignment of the Fe rods (and globbassociated minority phases, Néiid
FeB) such that the long axis becomes perpendiculdrd@ompression axis. This process is
probably diffusion assisted, aided by the very Boale of the disproportionated structure.

This would be consistent with the extensive ranfgaare or less constant stress shown in

26



figure 10 and the rapid rise in stress loads caasiebed to the approaching saturation of the
re-orientation process.

This proposition could be tested by a number ofsueaments such as a determination of the
orientation distribution of the Fe rods as revedlgca-ray diffraction and high resolution
SEM/EBSD and further work is being carried outhege areas. Such a preferred orientation
would be expected to have a strong effect on theesyuent recombination process and could
represent an important precursor to the developwfemiagnetic anisotropy.

3.5 Density measurements

The density of the hydrogen treated Alloy 1 matetiee results of which are shown in table

4, was determined by weighing the sample in airthed in diethyl phthalate. The untreated
cast Alloy 1 exhibited a density 7.548 g/cc. Onspbportionated the density of the
disproportionated material was measured to be 7gideland once compressed by applying a
load of 20 tonne, this value decreased further@67/ g/cc. The maximum possible density of
stoichiometric disproportionated bk 4B is reported to be 7.18 g/cc [21], the differences
between this value and the value measured in #sept work might be due to the presence
of the combination of the Fe dendrites and N@z@hases present in the book mould
material. The fall in density after compression barattributed to localised cracking of the
NdFeB, phase, as observed in the SEM studies.

Table 4 Densities of hydrogen treated samples beand after compression

Sample state Density g/cc
Untreated 7.548+0.004
Hydrogen treated Alloy 1 7.154+0.004
Hydrogen treated Alloy 1 + compression of 20 tonne 7.067+0.010
Recombined compressed Alloy 1 7.278+0.007
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Maximum theoretical density of hydrogen treatedemat 7.18 [21]

3.6 Recombination Process

After the compression trials, samples of Alloy Ireveecombined by heating under vacuum
to 900°C at a rate of 10°C/min followed by coolnagidly to room temperature. This
treatment produced a solid sample with no powdealooff and this resulted in a slight rise

in density to 7.278+0.007g/cc (table 4), this e can be attributed to the recombination to
Nd.Fe ,B. The formation of some limited cavitation (A)ssown in figure 16 and this lowers
the overall density [21], as will the extensiveakiag of the NdFgB4 phase (C). Another
distinctive feature of the microstructure is thregular interface with the Fe dendrites (D),
indicative of the partial homogenisation procesd ghd this can be observed more clearly in

figure 17 where there is evidence of the previoasi€h regions.
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Cracked
NdFe4B4

a-Fe
dendrite

COMPO 200KV 1,000 10um WD 9.8mm
Figure 16 Backscattered SEM image of a compressed and recombined Alloy 1.

It should be noted that, by increasing the degfédmmogeneity and employing a
stoichiometric composition, it should be possibl@liminate both the cavitation and the
NdFeB, phase, increase the density of the final sampdaraprove the final magnetic

properties shown below.
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a-Fe dendrite

COMFO 200kY X3,000 1,um_ WD 9.7/mm

Figure 17 Backscattered SEM image of recombined compressed Alloy 1 material.
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SEI 20.0kY X23,000 1um WD 8.3mm

Figure 18 Secondary electron SEM image of fracturedurface of recombined

compressed Alloy 2

Figure 18 shows a fractured surface from a compteard recombined Alloy 2 sample. As
expected, the majority of the grains appear torbaral 500nm. It is also clear from this

image that the grains show indications of anisotragpevident from their columnar shape.
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3.7 Magnetic Measurements

1.5+

Z Axis Data

= = Y Axis Data

e X AXiS data

1500
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i
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Figure 19 Magnetic hysteresis loop for compressedad recombined Alloy 2

Compression
AXxis

<____

Figure 20 schematic showing axis of compression thfe hydrogen treated Alloy 2

sample

Figure 19 and 20 show the magnetic hysteresis Jaoipis respect to the axis of compression,

for a hydrogen treated, compressed Alloy 2 sampliemwhas been recombined. The z
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direction is the direction of compression and theeselts indicate that the compression has
had a significant effect on the overall alignmefth@ material, thus producing an easy axis.
As a comparison, figure 21 shows the magnetic hgsiteloop for recombined Alloy 2 which
has not been compressed. This sample did not @dmpisigns of any preferred magnetic
alignment and a much reduced coercivity. It shddahoted that the microstructure of these
samples has not been optimised and the resultdratibate a preferred axis of magnetisation

in the deformed sample.

—=— 7 Axis Data

= == Y Axis Data

X Axis data

Polarisation (J), T

15 L
Field (H), kAm-1
Figure 21 Magnetic hysteresis loop for Alloy 2 afterecombination, without

compression

4 Conclusion

The present investigations have demonstrated \eaylg that the normally, extremely brittle
NdFeB-based alloys can be converted to a ductita fiy the application of the solid
disproportionation process (HyDP) and, where apjaity this process should have more

general applicability. The present studies have sit®wn that the intimate mixture of
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predominantly Fe and Ndtexhibits substantial ductility and any brittlenessl cracking
originates solely from the presence of the N@zghase which is shown to have fractured
extensively after the compression treatment. Preing magnetic data has been obtained on
the recombined material and, under the presentitomst it has been shown that, by means
of the compression treatment, it is possible tmohice a degree of magnetic anisotropy in

the material.

By careful control of the composition and homogatit treatment, it should be possible to
produce a material with no or only limited NdBgcontentand hence reduce the localised
cracking in the pressed samples. When this is cosabivith an optimised set of
disproportionation and recombination conditionggetbier with suitable blending, acceptable

values of the coercivity and remanence are likelge achieved.

The present results could have an important beamntpe production of NdFeB magnets.
The ductile disproportionated material could belaolled, extruded or forged and the
process could also be applied to the hydrogen tedynaterial, if sufficient ductility can be

induced in this material. All these will be the gdb of further investigations.

One of the exciting features of hydrogen in alkthapplications is that the processes are all
completely reversible and hence the hydrogen (moaniextremely pure form), can still be
reused or consumed as a source of renewable ewniargyfuel cell, catalytic burner or gas
turbine.

The work outlined in this paper forms part of agieg patent application (GB1511553.8)

[29]
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Solid hydrogen disproportionation is utilised to increase ductility of Nd2Fe14B
Compression trials show an increase in ductility in the disproportionated state

SEM studies reveal alignment of a-Fe in the compressed, disproportionated state
Magnetic data shows a degree of anisotropy by means of the compression treatment



