Kovove Mater. 44 2006 335-340 335

Characterization of phases in Nd,;Fe;; _,Ti,Bs (0 < z < 1.89)
compounds

S. M. Margaryan', A. A. Lukin®, S. Szymura®*, D. V. Krylov', A. A. Zhuravlyev'

! Moscow Polymetal Plant, 49 Kashirskoye Shose, 115409 Moscow, Russia
2 Centre of Magnetic Technologies, Obrucheva str. 52, 117296 Moscow, Russia
3 Department of Physics, Opole University of Technology, 45-370 Opole, Ozimska str. 75, Poland

Received 4 July 2006, received in revised form 28 September 2006, accepted 3 October 2006

Abstract

The microstructure of Ndij7Fers_,TizBs (0 < z < 1.89) compound was investigated by
using scanning electron microscopy and Mdssbauer spectroscopy. It was shown that the Ti
addition participates in three processes: (i) solubility in hard magnetic Nd2Fe;14B-phase with
a strong preference of the substitution of the 8j2 Fe sites, (ii) formation of Ti;B-phase and
(iii) formation of Fe containing X-phase (but not FeTi and Fes>Ti phases). Ti substitution
decreases the magnetic hyperfine field and increases the width of the absorption line at the

Fe sites in the Nd2Fe 4B phase.
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1. Introduction

The present problems are connected with sintered
Nd-Fe-B type permanent magnets: insufficient ther-
mal stability, corrosion resistance and mechanical
properties force manufacturers to search for ways of
their improvement. One basic way of achieving this
is a conventional technique of adding of further ele-
ments to alloys. These additives can change the mag-
netic properties by substituting Fe or Nd in the hard
magnetic NdaFe14B (¢) phase and/or influence the al-
loy microstructure, e.g. due to formation of new in-
tergranular and/or ingranular phases [1]. If the ad-
dition is less than approximately 1 wt.%, the ele-
ments are mostly homogenously distributed in all
phases, and possibly influence the magnetic proper-
ties [2].

Partial substituting of Fe by Ti is very effective
not only in enhancing the coercivity [3, 4], but also in
improving the thermal stability [5] and corrosion res-
istance [6, 7] of sintered Nd-Fe-B type permanent mag-
nets. Ti additives also have an undesirable property of
decreasing the intrinsic properties, such as saturation
magnetization, Curie temperature and magnetocrys-
talline anisotropy [3]. It is to be supposed that the

changes of those features are caused by intrinsic prop-
erties of the hard magnetic (¢)-phase as well as by the
microstructure of the permanent magnets. It is sug-
gested [1] that the coercivity and corrosion resistance
of Ti-doped Nd-Fe-B type permanent magnets are in-
creased due to the presence of non-magnetic TisB or
TizFeB phases in the intergranular region, that lead
to an improved separation and decoupling of the hard
magnetic grains. In addition an enhancement of the
corrosion resistance should be expected, provided that
the new intergranular phases are less sensitive to cor-
rosion attack than Nd. The added Ti element also has
to show a low solubility in hard magnetic ¢ phase
and has led to the deterioration of intrinsic proper-
ties, through substitution of Fe atom. Savchenko et
al. [8] suggested that Ti does not replace Fe sites in
the ¢ phase but only creates TisB phase. It should
be pointed out that Nd-Fe-B compounds with Ti ad-
ditives are expected to contain intermetallic FeTi and
Fe,Ti phases [9, 10]. Until now, there has been no
information on the mechanism of changes of the in-
trinsic properties of the hard magnetic ¢ phase and of
the phases relation of Nd-Fe-Ti-B compounds. In this
report these problems are investigated and discussed.
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2. Experimental

The Nd;7Fe75_,Ti,Bs compounds (0 < z < 1.89
at.%) were prepared by the induction melting of high
purity (99.9 % or better) constituents in a water-
cooled copper boat under argon atmosphere. The com-
pounds were re-melted four times. Heat treatment un-
der vacuum was applied to the samples at the tem-
perature of 1240 K for 72 hours, which were then
quenched in water.

The microstructure of all the alloys was determined
by using scanning electron microscopy (SEM), X-ray
diffraction (XRD) and transmission Méssbauer spec-
troscopy (TMS) at room temperature. XRD analysis
was performed on powdered samples using a high res-
olution Guinier type diffractometer with Co(Ka) ra-
diation. TMS was performed using a °"Co source in
Cr matrix with an activity of a 0.5 GBq. The velo-
city scale was calibrated using an a-Fe absorber. The
spectra obtained were computer fitted, using the least
squares iteration procedure. It was also assumed that
the lines were Lorentzian ones.

With the purpose of identification of FeTi and
Fe;Ti phases with the Mossbauer spectroscopy, the
alloys with the composition close to stoichiometric
composition were melted in the argon-arc furnace. As
the result of the conducted research it was found that
Fe,Ti is doublet with small quadruple splitting (0.411
+ 0.002 mm/s) and the phase FeTi is single line, as
has been observed earlier [9].

The composition and quantity of phases of the al-
loys were determined on the basis of Mossbauer spec-
tra analysis by the method described in [10, 11]. The
quantitative contents of NdgsFes (n) and TisB phases
are obtained on the basis of the conducted chemical
analysis; the condition of NdgsFes phase is connected
with the fact that Nd can exist in the form of a solid
solution, as well as in the form of Nd;O3 oxide.

3. Results and discussion

Figure 1, as an example, gives representative
backscattered electron SEM micrographs of non-
doped (Fig. la) and 1.47 at.% Ti-doped (Fig. 1b)
Nd;7Fe75Bs compounds. Columnar grain structures
and four phases are distinguished by brightness in
accordance with their mean atomic number of the
phases. Their composition, except the boron con-
tents, analysed by EDX are: the hard magnetic mat-
rix NdoFei4B phase (¢-phase; grey area), the solid
solution NdgsFes; phase (n-phase; the white area), the
boron-rich Nd; ;FeyB, phase (n-phase; the dark area)
and one additional TisB phase (T-phase; the black
area) in Ti > 0.21 at.% doped compounds. The oc-
currence of the above phase in the compounds under
SEM and EDX investigations was confirmed by the

Fig. 1. Scanning electron micrographs of the Ndi7Fer5_-
Ti,Bs compounds for z = 0 (a) and 1.47 at.% (b). The
different observed regions are summarized in the text.

XRD pattern obtained by the authors. These obser-
vations are confirmed by Mdssbauer analysis as well.

The Mossbauer spectra obtained for compounds
investigated here are in good agreement with those
in literature [12, 13]. They show the presence of the
spectrum of ¢-phase — sextet which contains six sub-
sextets from six (16k;, 16ks, 8j1, 8j2, 4e and 4c) crys-
tallographically equivalent positions of Fe atoms in the
elementary cell, of n-phase — central doublet with one
line at —0.4 mm/s, TiFe; phase — doublet with small
quadruple splitting at +4.11 £0.02 mm/s, which is in
good agreement with one obtained by Liou et al. [9].
The n-phase cannot by observed because it contains
very little iron, and moreover it is present in small
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Fig. 2. Variation of the phases: a — NdzFe14B (¢), b — Nd-rich (n), ¢ — Ti2B and d — Nd;.1Fe4B4 () with Ti content (z)
in the Nd;7Fers_,Ti;Bs compounds.

quantity in each of the compounds [13].

Another fact worth recalling is that of the left lines
of central doublet from 7-phase with one line step for-
ward at —0.1 mm/s. It may be assumed that the ob-
served little peak belongs to the X-phase, which could
not be identified with the SEM, the EDX and XRD
analysis. It is likely that the X-phase is a paramagnetic
one (doublet) because the spectrum as whole does not
show noticeable changes.

The quantitative contents of phases of Ndi7Fe75_ .-
TiBs (0 < z < 1.89 at.%) compounds are shown in
Fig. 2. It can be seen that the amount of the ¢-phase
(Fig. 2a), n-phase (Fig. 2b) and Ti;B-phase (Fig. 2c)
increases, but the n-phase (Fig. 2d) decreases with an
increasing concentration of Ti in the compound. The
given results allow for the assumption that a part of Ti
was dissolved in the main phases and the remaining
part could attack either one or two B atoms. This
last effect can be controlled by P parameter, which
indicates the degree of fluctuation of B content in the
compound sample from its “real” amount and which
is given by the following

ch

B
P12 = 2100 — 100%, (1)

MS

where B, and Byg denote the content of B (in at.%)
in the alloy sample determined by a chemical analysis
and Mossbauer fits based on ratios of the areas un-
der spectra of the main phases (¢ and 7) and their
stereochemical coefficient, respectively; P; and P, are
the parameters of the alloy with and without TisB
phase, respectively. From Eq. (1) it follows that when
B, = Bus, parameter P = 0, which means the ideal
case, which enables the absolute correlation between
chemical and “Mé6ssbauer” analysis of B content in the
compounds. The value of parameters P; and Ps of the
compounds shows varied contents of Ti;B-phase, see
Fig. 3. It can be seen that the first parameter P; in-
creases together with an increasing content of Ti in
the compound, which indicates the changes of B con-
tent in the alloy sample, whereas the second parameter
P> was practically constant and near to zero. It should
be noticed that the increase of the parameter P; value
along with the increase of Ti content in the alloy points
to the increase of the Tiy-phase in the alloy as well.

As is generally known (e.g. [12]), the magnetic hy-
perfine field, By, in the NdsFeq4B-phase decreases in
the following sequence

8j2 > 16ky > 4c > 16k; > 8j; > 4e. (2)
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Fig. 3. The dependence of a degree of deviation of B con-

tent in the Ndi7Fers_;Ti,Bs compounds on Ti concentra-

tion. P; and Ps are the parameters of the compounds with
and without Ti2B phase, respectively.

In the Nd;7Fe17_,Ti,Bg compounds the Bys value al-
ways decreases along with the increase of Ti concen-
tration at all Fe sites, as seen in Table 1. The decrease
in the Bys value is very well observed for the 4c, 8j;,
16ks and 4e Fe sites and less so in the case of the 8j
site. This shows that Ti has a strong preference for
the 8jo site. This fact was additionally confirmed by
the changes in the relative intensity of the six sextets;
with Ti concentration increasing up to 1.26 at.% the
sensitivity for 8j, site decreases while simultaneously
increasing for other sites.

The analysis of the line width value (see Table 1)
points to an increase in the lines width along with the
increase of Ti content in the NdyFe;4B phase. Look-
ing at the relation between the values Bys and G, we
conclude that the increase of substitution of Ti de-
creases the value of Byg; substitution of Fe atoms for
Ti ones leads to the reducing of the magnetic moment
as Ti has non-magnetic atoms [14]. We also noticed
that along with the increased Ti content in ¢-phase
the ratio of Bys/G can be determined according to
the following equation:

()

(Bnt k1 + Bhutx2 + Bht,j1 + Bhtj2 + Bh,c + Bht.ec)

(Giy + G, + Gy, + Gy, + Ge + Ge) ’

3)

where in numerator and in denominator is the sum of
Byr and G for six conditions of Fe sites of i-sample al-
loy, respectively. As shown in Fig. 4, with the increase
of Ti content in ¢-phase the ratio of Bt/ G is decreas-
ing proportionally up to z = 1.26 at.%. Knowing the
minimum (for z = 1.26 at.%) and maximum (for z =
0) values of the ratio of Bys/G and the content of Ti
in ¢-phase with z = 1.26 at.%, it is possible to de-
termine the Ti content in ¢-phase with other values

88 ‘

B,/G

80 - n

76 | | I
0 0.5 1.0 1.5 2.0

Ti (at.%)

Fig. 4. The dependence of the ratio of the magnetic hyper-
fine field (Bnt) and the width of the absorption line (G) of
the Ndi7Fers_;TizBs compounds on Ti concentration.
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Fig. 5. Solubility of Ti in the Nd2Fei14B-phase (Tiy) as a
function of overall Ti(,) concentration in the Ndi7Fe7s— .-
TizBs compounds.

of . The content of Ti in ¢-phase as a function of
overall Ti content in the alloy is presented in Fig. 5.
It can be seen that up to z = 1.26 at.% the solubil-
ity of Ti in ¢-phase increases, however, at the =z >
1.26 at.% it remains practically unchanged. The pres-
ence of content of Ti in ¢-phase in Fig. 5 is based on
the simultaneous changes of the values By and G. It
should be noted, however, that Ti added to an alloy
does not dissolve completely in ¢-phase. The remain-
ing part of Ti which does not participate either in the
TiyB-phase formation (which is called “excessive” ti-
tanium) is active in X-phase formation and dissolves
in the intergranular region [15]; our calculation shows
that in the Ndy7Fe75_,Ti,Bg alloys for x = 1.47, 1.68
and 1.89 at.% the amount of “excessive” Ti equals
0.105, 0.120 and 0.135 at.%, respectively.

4. Conclusion

The analysis of our experimental data concern-
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ing the microstructure of the Ndy7Feys_,Ti,Bg com-
pounds allows for giving some conclusions:

1. The presence of four metallographic phases in
compounds, namely of hard magnetic NdsFe 4B, Nd-
rich, Nd; 1Fe4B4 and, for Ti > 0.21 at.%, additional
Tis;B-phase.

2. With the increasing of Ti concentration of the
amount of the NdsFei4B in the compound, Nd-rich
and Ti;B phases increase, while the Nd; ;Fe,B4 phase
decreases.

3. Ti atoms prefer 8js sites in the NdaFe14B phase
similarly to Al [13, 16], Nb [16] and Cr [17].

4. Partial substitution Fe by Ti atoms reduces the
value of the magnetic hyperfine fields and increases
the value of width of the absorption line at all Fe sites
in the NdsFey4B-phase.

5. Ti atoms participate in three simultaneous pro-
cesses: (i) solubility in NdaFe 4B phase, (ii) formation
of TiyB phase, (iii) formation of additional X-phase
(but not FeTi and Fe;Ti phases).
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