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Abstract

Therearediscussedomeexperimentadataon the kinetics and microstructureof direct andreversehydrogen-inducediffusive phase
(HIDP) transformationsn the Nd,Fe 4B type alloys (Ndz40Fes48B12 (Wt.%) industrialalloy andoriginal Nd;Fe 4B alloy (Nd;soFe70Bso
(at.%)).It hasbeenestablishedhata hydrogen-vacuunireatmentarriedoutin accordancevith theisothermakinetic diagramdor HIDP-
transformationén thesealloysleadsto ahomogeneoumicrostructureandallowsto avoidabnormalgrowth processea mainhardmagnetic
Nd,Fe 4B phaselt is shownthatthekineticfactoris oneof themainfactorsdeterminingmicrostructuréeatureof Nd, Fe 4B typehardmagnetic
alloys.Onthebaseobtainedresults,new modifiedHDDR-treatmenschemebasedon isothermakinetic diagramsof HIDP-transformations

in Nd2Fe4B typealloyshasbeenproposed.
© 2005ElsevierB.V. All rightsreserved.
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1. Introduction

Currently,permanentnagnetanadeof RoFej4B (R-Nd,
Er, Pr, Th, etc.) alloys possesshe bestmagneticproperties
with maximummagneticenergieseachingup to 400kJ/m?
andextremalvaluesof a coerciveforce andremanencél].
The improvementof magnetpropertiesmagnetswill allow
to miniaturizeuser’sfinal productsandthereforeconstitutes
asignificantadvancean engineering.

There have beenproposedseveralmethodsto improve
magneticproperties,suchas powdermetallurgy[2], rapid
guenchind3], mechanicahlloying[4], hotworking [5], sin-
tering, etc. However thesemethodshavesomedisadvantages
[6]. Forinstancemagnetgroduceddy pulverizingacastin-
gotanda subsequenginteringdid not showsufficientcoer-
civities[7,8].

To solvethis problemduring the lastthreedecadeshere
havebeerproposedomenewapproaches-orinstanceHar-
risetal.[9] atfirstproposedhemethodf hydrogertreatment
of hardmagneticalloys, the so-callechydrogendecrepitation
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(HD) processwhich led to anincreaseof a permanenmag-
nets coercivity and also to a considerabledecreasef the
processingostof permanentnagnetsdy 16—-25%[10].

TakeshiteandNakayamd11-13]suggestethehydroge-
nation—decomposition—desorption—recombinafiddDR)-
processbasedon hydrogen-inducedhaseand structural
transformationsn NdxFe 4B type alloys, a new methodof
hydrogentreatmentwhich is a uniqgue methodto produce
nanocrystallinggpowdersof theNd—Fe—Btypefor permanent
magnetswith improvedmagneticpropertie13-17}

In last years have been proposedsome new modified
HDDR-treatmenschemesSugimoto[18]; Morimoto [19];
Gutfleisch[20]; Kawashitg21].

In Fig. 1 areshownthe somefollowing HDDR-treatment
schemesTakeshita’sonventionaHDDR treatmenscheme
[13] (Fig. 1a); Ragget al.'s conventionaHDDR treatment
scheme[10] (Fig. 1b); modified HDDR schemeso-called
‘solid HDDR' (Fig. 1c) proposedy Gutfleisch[22]; mod-
ified schemewith intermediateAr treatment(Fig. 1d) pro-
posedby Kawashitg[21].

As canbeseerfrom Fig. laandb atconventionaHDDR
schemeson first stagealloy absorbshydrogenat room
temperaturewith formation of Nd>Fe 4sBH, compound
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Fig. 1. HDDR-treatment schemes: conventional HDDR schemes—(a) Takeshita’s scheme (affed]Réh) Ragg et al.'s scheme (after REf0]); modified
HDDR schemes—(c) Gutfleisch’s “solid HDDR” scheme (after R22]), (d) Kawashita’s scheme with intermediate Ar treatment (after [2&f).

(Hydrogenation) and then on second stage at increasing of®-phase up to tens-hundredsn [23,24] and coercivity de-
temperature up 700-90C occurs process of N&ej4BH, crease.
compound decomposition on NdHx-Fe and FeB phases On the other hand, as it was shown in our previous works
(Decomposition). Subsequent hydrogen evacuation from de-the HDDR process is based on the hydrogen-induced dif-
composed alloy (Desorption) lead to development of recom- fusive phase (HIDP) transformations in solid state and evo-
bination process of decomposed phases into initiaFégB lution of these transformations depends on temperature and
phase (Recombination). In case of modified HDDR schemes, hydrogen pressuif@5—28]
the alloy is heated up in vacuum to high temperatures (800—  Further, investigations in papd69,20]have been shown
875°C according to Gutfleisch’s “solid HDDR” scheme (see that coercivity of NdFe; 4B permanent magnets is a function
Fig. 1c); 700-900C according to Kawashita’s scheme the transformation time and temperature during hydrogen-
(seeFig. 1d)) first and then at this constant temperature induced transformations in the Meke; 4B type alloy.
occurs process of initial alloy decomposition in hydrogen  Therefore, in order to optimise magnetic properties it
atmosphere during some time (30 min) according to Gut- is necessary to control the reaction rates during HIDP-
fleisch’s “solid HDDR” scheme (se€&ig. 1c) and 2.4h transformations in Ng-e;4B type alloys.
according to Kawashita’'s scheme (d$€g. 1d). Afterwards, From this point of view in metal physics and physi-
at desorption stage when hydrogen is evacuated (up to 0.1 bacal metallurgy[29,30] in respect to treatment of metals
or substitute for Ar) it lead to process of recombination of and alloys there is well known approach based on estab-
decomposed phases into initial phase. Finally, alloy powder lishment of following relationship—*“treatment conditions—
is being cooled down to room temperature in vacuum. microstructure features—physical properties”. In other words,
Two last HDDR schemes (seleig. 1c and d) are very this approach includes the following important stages: inves-
perspectives and allow to obtain highly anisotropic magnet tigation of kinetics features of transformations during treat-
powders. ment and then construction of isothermal kinetics diagrams
Thus, all above-mentioned proposed schemes are basedalso well known as transformation—-temperature—time (T-T—
on empirical approaches where treatment in hydrogen andT) diagrams); investigation of microstructure features at dif-
vacuum occurs at different temperatures and processing timeferent transformation conditions in accordance with T-T-T
(from 30 min up to 2.6-3h in hydrogen and from 30 min diagrams; study of relationship between obtained microstruc-
up to 1h in vacuum). In some cases when some above-ture and some physical properties (mechanical, magnetic,
described HDDR schemes were applied tooNg4B type etc.) of a treated alloys.
alloys with various chemical compositionitcanleadtotheab-  This approach has been successfully applied not only in
normal grains growth processes of a hard magnetjéisdB respect of treatment of many metals and steels but also in
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hard magnetic alloys such as SmC8mpFe; 7, Al-Ni—Co, 3. Results and discussion
Co—Cu—Ce and others alloj&1-33]

Thus, application of above-mentioned approach concern-  Thus, from the viewpoint of the solid-state physics and
ing to HDDR-process in NgFej 4B hard magnetic alloys  materials science, the HDDR process is based on the fol-
should be included following main stages: (i) study of kinetics lowing direct and reverse hydrogen-induced diffusive phase
features and construction of isothermal kinetics diagrams for (HIDP) transformations as it was shown in previous works
hydrogen-induced transformations (ii) investigation of mi- [25-28]
crostructure after different transformation conditions carried
out in accordance with isothermal kinetics diagrams (iii) es-
tablishment of relationship between microstructure and mag-
netic properties of Ng~e 4B alloys.

Consequently, establishment of relationship “isothermal
kinetic diagrams—microstructure—magnetic properties” for NdoFe 4B + Hy — NdHy+ o-Fe+ FeB (1)
NdoFe4B type alloys is important goal and it may be as-
sumed that realisation of this aim will lead to new improved (2) Reverse HIDP-transformation: a reverse phase transfor-

(1) Direct HIDP-transformation: in a hydrogen atmosphere
(~0.1 MPa) at 600-900C, a hydrogen-induced direct
phase transformation (decomposition) proceeds by a fol-
lowing phase scheni@6]:

HDDR-technology. mation (recombination) occurs at hydrogen evacuation
One of the above-mentioned goal (i) has been solved ear- ~ at~1Pa proceeds in accordance with a following phase

lier in previous workg25—28]where some kinetic features schemd26]:

qf HIDP—trapsformation; in Fhe &GeMB alloys were estab- NdHo+ a-Fe+ FeB — NdoFesB ?)

lished and isothermal kinetics diagrams were constructed at

first. Below are discussed some kinetic and microstructural re-

Therefore, the main goal of this work is to establish some sults in accordance to conception that the HDDR-treatment
relationship between HIDP-transformations kinetics and mi- in NdzFej4B type alloys is based on the above-mentioned
crostructure in the Ng-e 4B alloys. HIDP-transformations.

3.1. Kinetics and microstructure in Ndz4o Feg4.8Bj.2
2. Experimental industrial alloy

Experiments in this work were performed on two The results of the kinetic investigation of HIPD-
NdoFe 4B type alloys: industrial alloy of NghoFes48B1.2 transformations in the Ng oFes48B1.2 industrial alloy ob-
(wt.%) (UkrNlIspetsstal, Zaporozh'ye, Ukraine) and original tained in our previous work are shownFig. 2 [28] Fig. 2a
NdoFe4B alloy (CNRS, Grenoble, France) of a nominal presents kinetic results in the form of isothermal kinetic dia-
composition (NdsoFer70Bso at.%). All alloys were gram for a direct HIPD-transformations (see ED) carried
prepared by arc melting in a high pure argon atmosphere andout at hydrogen pressure of 0.1 MPa in accordance with the
then crushed into powders with a particle size 50660 treatment scheme described in experimental part. The isother-
All alloys have been treated by scheme proposed below mal kinetic diagram for a reverse HIPD-transformation (see

in hydrogen atmosphere of 0.1 MPa and vacutthPa. Eq. (2)) carried out in vacuum according to the treatment
In our case has been used treatment scheme which isscheme described in experimental part.

similar with “solid-HDDR” scheme. Treatment procedure In Fig. 3 there is shown the optical microscope im-
was the following: the NgFe 4B alloys are heated in  ages of microstructure of the MghFes4gB12 alloy be-
vacuum to necessary temperature (700-t50first; then, fore and after direct and reverse HIPD-transformations. The

at same constant temperature the reaction chamber is filledresults of a microstructure investigation of the initial as-
with hydrogen to develop a direct HIDP-transformation; cast N&4oFes48B1.2 alloy before HIPD-transformations are
afterwards, when the direct HIDP-transformation is shown inFig. 3a.

completed, hydrogen is evacuated from the chamber, In Fig. 3, there is shown the one of a samples of the
this hydrogen evacuation leading to the development of Nds4oFes48B1.2 alloy processed at first to a direct HIDP-
reverse HIDP-transformation; finally, when reverse HIDP- transformation (attemperature 70 and hydrogen pressure

transformation development is completed the,Nei4B 0.1 MPa during 140 min according to the isothermal kinetic
alloy powder is being cooled down to room temperature in diagram data ifrig. 2a that ensure a completion (100%) of a
vacuum. direct transformation in the sample) and then areverse HIDP-

The microstructure was studied by using an optical mi- transformation (at same temperature 7€0and vacuum
croscope NEOPHOT-21 with digital camera Casio-350 and ~1 Pa during 150 min that ensure a full 100% completion of
scanning electron microscope (SEM) JSM T300 with the de- a reverse transformation according to dat&igf 2b).
vice for the local analysis Link 860-500. SEM images pro- As can be seen fronkig. 3a, microstructure of an
cessing have been performed using special programs for thanitial NdssoFesagB1.2 alloy has dendritic structure be-
microanalysis ZAF-4/FSL and SIA. cause of processes of dendritic segregation during alloy
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Fig. 3. Optical microscope image of BghFesagB1.2 industrial alloy: (a)
initial alloy before HIDP-transformations; (b) after direct and reverse HIDP-
transformations in accordance with kinetic data of isothermal kinetic dia-
grams inFig. 2 (A) a main hard magnetic Né&e;4B phase; (B) an inter-
granular Nd-rich phase.

Fig. 2. Isothermal kinetic diagrams of HIDP-transformations in
NdsgoFesa8B12 industrial alloy: (a) direct HIDP-transformations, (b)
reverse HIDP-transformations (after REf8]).

crystallisation that is typical for as-cast alloys. On contrast,in  Fig. 4presents results of the kinetic investigation of HIPD-
case when hydrogen treatmentis carried oujd¥Bes48B1.2 transformations in the NdFe;4B alloy have been obtained
with the HIDP-transformation schemigig. 1) in accordance  earlier[25,26] Fig. 4a presents kinetic results of direct HIPD-
with kinetic data from the isothermal kinetic diagrams of transformations carried out at hydrogen pressure of 0.1 MPa
the HIDP-transformations in the NghFes48B1.2 alloy (see in accordance with the treatment scheme described in exper-
Fig. 2), this leads to a homogeneous microstructure of the imental part. The isothermal kinetic diagram for a reverse
Ndss0Fes48B1.2 alloy with fine grains of a NgFe 4B hard HIPD-transformation carried out in vacuum according to the
magnetic phase (grey regions, Akig. 3b). treatment scheme described in experimental part is shown in
Thus, investigation of microstructure in BghFes48B1.2 Fig. 4b.
industrial alloy has been shown that when a hydrogen-  Fig. 5 shows the SEM image of microstructure of the
vacuum treatment was carried out with taking into account Nd,Fe; 4B alloy in secondary electrons mode before and af-
of transformation rates during HIDP-transformations in ac- ter direct and reverse HIPD-transformations. The results of a
cordance with data from the isothermal kinetic diagrams it microstructure investigation of the initial as-castJNe;4B
avoid the abnormal grains growth processes and results inalloy before HIPD-transformations are showrFig. 5a.

homogenisation of microstructure in this alloy. In Fig. B there is shown the one of a samples of
the NabFe4B alloy processed at first to a direct HIDP-

3.2. Kinetics and microstructure in Ndjs59Fe779Bso transformation (at temperature 73D and hydrogen

alloy pressure 0.1 MPa during 115 min according to the isothermal

kinetic diagram data inFig. 4a that ensure a comple-
In previous part are described experimental results ob-tion of a direct transformation in the sample) and then
tained in N@&40Fes48B1.2 industrial alloy. Further investiga- a reverse HIDP-transformation (at same temperature
tions were carried out in original N&e; 4B alloy. 730°C and vacuum~1 Pa during 95 min that ensure a full
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Fig. 4. Isothermal kinetic diagrams of direct (a) and reverse (b) HIPD-
transformations in the NdFe 4B alloy (after Ref[26]).

completion of a reverse transformation according to data of

Fig. 4b).

As can be seen frorRig. 5a, microstructure of an initial
NdzFe 4B alloy has dendritic structure with the insufficient
magnetic isolation of a NgFe4B hard magneticb-phase
(grey regions, A inFig. 5a) by Nd-rich intergranular phase
(white regions, B inFig. 5a), that is typical for as-cast al-
loys. A comparison between microstructure in this alloy and
microstructure observed in NgoFes4.8B1.2 industrial alloy
(seeFig. 3a) shows that its microstructures have a similar
dendritic type.

In contrast to above-described case, in case if hydro-

gen treatment is carried out by controlling of the trans-
formation rates in accordance with kinetic data from the

isothermal kinetic diagrams of the direct and reverse HIDP-

transformations in the Ndre;4B alloy (Fig. 4), this leads

to formation of morphological ordered homogeneous mi-
crostructure in NgFe;4B alloy with fine grains of a
NdzFe 4B hard magnetic phase (grey regions, AHig. 5b)

S.B. Rybalka et al. / Journal of Alloys and Compounds 404—406 (2005) 588-594

Fig. 5. SEM image of NgFe 4B alloy before (a) and after (b) direct and
reverse HIPD-transformations in secondary electrons mode: (A) a main hard
magnetic NdFe;4B phase; (B) an intergranular Nd-rich phase; (C) a Fe
phase.

with a high degree of its magnetic isolation by Nd-rich bound-
ary phase (white fields irig. 5b). Because of thus, comparing
microstructure presentedfitig. 5a and b shows that carrying
out the HIDP-transformations leads to decreasing of amount
of a Fe phase (dark regions, C ig. 5) in NdxFe4B al-

loy that is positive factor for coecivity permanent magnets
increasg34—36]

It's interesting that above-described microstructural re-
sults have good agreement with results in wda<]
where similar microstructure was obtained in HDDR-treated
Nd>Fe 4B type alloy with high coercivity by way doping of
Dy and Co elements to bulk alloy and p¥k; 4B type alloy
alloying by Co, Zr and Ga elements where HDDR-treatment
was carried out in accordance to schemEgig 1d [21].

Thus, proposed approach based on isothermal kinetic dia-
grams of HIDP-transformations in NEe; 4B type alloys re-
sult in microstructure formation that is necessary for perma-
nent magnets with high coercivity without very complicated
and expensive of alloying procedures or additional treatment
in Ar atmosphere.

Because of this, hydrogen treatment of thesNel4B al-
loys carried out by proposed scheme in accordance with the
isothermal kinetic diagrams allows to avoid abnormal grains
growth processes and it also results in the microstructure for-
mation corresponding to permanent magnets with high coer-
civity. This fact is a prerequisite for improving coercivity of
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permanent magnef&,34—-36]made of a powder treated by T% T

this way. 900 (1] 9°°| 2]
Let's discuss further another important aspect follow- 750 ( < 750 \

ing from obtained results. As can be seen fréigs. 2 sopLotoX “100% | w005

and 4 transformation rates of the direct and reverse HIDP- T'OC,\ 2 ssf_’ min 0 10 Sat(,)min

transformations also strongly depend on chemical composi- I I

tion of alloy. This fact allows explain processes of abnor-
mal growth of NgFe 4B hard magnetic phase. As it has

900

P |

been shown in previous workg85-28] transformations of < 1P} |—>
this type Na@Fe 4B type alloys proceeds by mechanism of s/
nucleation and growth. From this viewpoint, it is obviously L 057 :

that in some NgFe 4B type alloys with chemical composi- 8 P 01 MPa

tion differ from ordinary NdFe 4B alloy the direct HIDP- G .
i |
1

transformation may be not completed for treatment time that
is recommended by HDDR-treatment scheme. As a result, "1, minutes

alloy should consist from the following polyphase structure:

undecomposed Nére; 4B phasep-Fe phase, Ndpihydride Fig. 6. Scheme of HDDR-treatment based on HIPD-transformations in
phase and 8 boride phase (see E(.)). Further, atreverse ~ Nd2Fei4B type alloys.

;'rllgse-g%‘iif%rom:éltogsS;?ngr;T)?e usr:tde e?;ﬂ%%?;gg?ﬁ new ond establishment of a s_uch HIDP-troatmeot conditions that
Nd»Fer4B phases that will be grow with very high speed in is a necessary for obtamm_g not only |sotrop|c homogeneous
contrast to other ordinary NEe;4B centres. Consequently, mlorostructure but also mlcrostructure with high degree of
obtained microstructure should consist from many numbers ﬁolf‘otropy a corresponding to the permanent magnets with
of NdoFe4B grains with small sizes and with not numer- Igh remanence.

ous large NdFe 4B grains. Really, the above-described mi-
crostructure was observed experimentally in somgHed,B

type alloys during HDDR-treatmef®,23,24]

Hence, kinetic factor is one of the main factors determin-
ing microstructure features of NHe 4B type hard magnetic
alloys.

Thus, above-described results allow propose a new mod-
ified HDDR-treatment scheme based on isothermal kinetic
diagrams of HIDP-transformations in e, 4B type alloys.
This scheme is shown Fig. 6. In this scheme, the NéFe; 4B
alloy is heated up in vacuum to high temperatures first (stage
| in Fig. 6), and then at this constant temperature the re-
action chamber is filled with hydrogen to develop a direct
HIDP-transformation (stage Il iRig. 6). Then, when the di- :
rect HIDP-transformation is completed (processing time at magnetic alloys.

this stage it is necessary to choose from isothermal diagramstre;rr]nézfS?ﬁ;?ﬂ;gggﬁ%ﬁigiﬁﬂﬁg k?\%?i'é'%?a Hrgrlr?sR_of
for direct HIDP-transformation in each a specificJ¥e; 4B 9

type alloy, 1 inFig. 6), hydrogen is evacuated from the cham- HIDP-transformations in Nee14B type alloys has been pro-

ber, this hydrogen evacuation leading to the development of posed.
reverse HIDP-transformation (stage Il lig. 6). At the fi-
nal stage, when reverse HIDP-transformation development
is completed the NgFej4B (processing time at this stage it
Ililgicitersas;las'%:r%;t?g:?r? fer‘:é?] Igoégzgmil ﬁﬁ;ilsr&i)éogfirem [1] P. Campbell, Permanent Magnet Materials and their Application, Cam-
bridge University Press, Cambridge, 1994.

loy, 2 in Fig. 6) alloy powder is being cooled down to room 5] . Sgagawa, S. zujimura, N. Togagwa, et al., J. Appl. Phys. 55 (1984)
temperature in vacuum (stage IVHig. 6). 2083.

Hence, in contrast to others HDDR-treatment schemes [3] J.J. Croat, J.F. Herbst, R.W. Lee, etal., J. Appl. Phys. 55 (1984) 2078.
proposed scheme should include as a indispensable condi- [4] L. Schultz, J. Wecker, E. Hellstern, J. Appl. Phys. 61 (1987) 3583.

. . . . L _ [5] RW. Lee, Appl. Phys. Lett. 46 (1985) 790.
tion the carrying out a investigation of kinetics of HIDP [6] T. Takeshita, J. Alloys Compd. 231 (1995) 51.

tranSformationS_ for each a specific f¥a; 4B type alloy. [7] H.H. Stademaier, N.C. Lui, Mater. Lett. 4 (1986) 304.
In summary, in future proposed approach may be extended [8] C.R. Paik, H. Mino, M. Okada, H. Homma, IEEE Trans. Magn. Magn.
by carrying out more detailed microstructural investigations MAG-23 (1987) 2512.

y

4. Conclusions

Thus, there has been shown hydrogen-vacuum treatment
carried out in accordance with the HIDP-transformations
scheme based on isothermal kinetic diagrams in the
Nd;Fe 4B type alloys leads to homogeneous microstruc-
ture of the NdFe 4B alloys with sub-micron grains of a
Nd>Fer4B hard magnetic phase and avoid abnormal grains
growth processes. This is a necessary condition for produc-
tion of permanent magnets with high coercivity.

Hencekinetic factoris shown to be one of the main factors
determining microstructure features of N 4B type hard
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