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Abstract

Nd-Fe-Al alloys containing either 8 or u phase (Al content in the 2.5-11 at.% range) were studied by X-ray diffraction
analysis end Mossbauer spectrometry. A lattice expansion of the § phase (composition Nd¢Fe,,_,Al,) is observed, due to the
substitution of Al for Fe in the 16/, site of space group I4/mcm. The room-temperature Mossbauer spectrum is paramagnetic
for x =2.& and magnetic for x=2. For x=2, the mean iron moment is estimated to be 2.0+ 0.1 ug. Room-temperature Mossbauer
spectra of the p phase (Nds;3Feq ;- ,Al, with x=5.3 and 3.7) are magnetic, and the results support a slight distribution of
environments around the Fe atoms due to the substitution of Al for Fe.
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1. Introduction

In Nd-Fe-B-type sintered permanent magnets, the
addition of aluminium improves the coercivity by mod-
ifying the microstructure. Aluminium increases the wett-
ability of the Nd-rich intergranular phase during sin-
tering, leading to a better magnetic deconnection of
the grains of the hard magnetic Nd,Fe,,B phase [1].
On the other hand, new Nd-Fe-Al phases are formed
in the grain boundaries, their influence on coercivity
not being clearly established. A systematic study of the
ternary Nd-Fe-Al diagram showed the presence of two
stable phases below 600 °C, the so-called & and n
phases, with the following compositions [2]:

o phase: NdjFe, Al with 8 <x <25,
u phase:  Ndj; Feges_ Al with 2.5 <x <5,

These phases were observed in Al and in Al,O;-doped
sintered Nd-Fe-B permanent magnets [3]. Recently,
the presence of the u phase was evidenced in an
industrial Nd-Dy-Fe-Al-Co-B-V magnet [4].

In this paper, some results concerning the investi-
gation of several samples containing either the & phase
or the p phase are presented. We focused on the effect
of the substitution of aluminium for iron.
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2. Experimental

Five Nd-Fe-Al alloys, with different Al contents (in
the range 2.5-11 at.%), were prepared at the Max
Planck Institut (MPI), Stuttgart, Germany, and in our
laboratory. The nominal compositions of the samples
from the MPI were Nd;oFegAlyy, Ndi FesAl,
Nd,gFess sAl; 5 and Nd,,Feg, sAl, s. They were prepared
from Fe (99.99%), Nd (99.9%) and an Fe-Al prealloy
of 50 at.% Fe and 50 at.% Al in an arc furnace and
remelted several times for homogenization. The prealloy
was melted from the pure elements Fe (99.99%) and
Al (99.99%) by induction melting. The alloys containing
the 8 and p phases were annealed at 580 °C for 60
and 30 days, respectively. In addition, we prepared an
alloy with nominal composition Ndj;FescAly; in an
induction furnace. The starting material was Fe
(99.98%), an Fe-Nd eutectic with 25 at.% Fe and 75
at.% Nd and Al (99.99%). The alloy was annealed for
30 days at 500 °C. The five alloys are listed in Table
1, with their designations.

Table 1
The different alloys and their designations

Alloy Major phase Designation
Nds;FessAly; 8 D1
NdjoFegoAl, g 8 D2
Nd37F658A15 I M1
NdjgFess sAl; 5 » M2
Nd3;FesosAlzs 1 M3
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The samples were powdered and sieved (diameter
less than 20 um) for X-ray diffraction (XRD) and
Mossbauer spectrometry analyses. XRD analysis was
performed using a fast curved detector in an evacuated
tank. The X-ray generator was equipped with a cobalt
anticathode, using Co K« radiation. The powders were
analysed by reflection. Transmission *’Fe Mdssbauer
spectrometry (TMS) analysis was performed between
4 K and room temperature using a conventional spec-
trometer with a source of *’Co in a rhodium matrix.
The samples contained about 10 mg cm~? of natural
iron. The compositions of the samples were measured
by electron probe microanalysis (EPMA) at the MPI
and at the School of Metallurgy and Materials, Uni-
versity of Birmingham, UK.

3. Results and discussion
3.1. Structural investigation of the & phase

The XRD patterns of alloys D1 and D2 are shown
in Fig. 1. The & phase, observed in both alloys, is the
only constituent of D2 (Fig. 1(a)). In D1, Nd,(Fe,Al),,
and Nd(OH); are observed in addition to the § phase
(Fig. 1(b)). The hydroxide Nd(OH); probably results
from the oxidation in ambient air of the Nd phase
observed previously in the same sample [5]. The peaks
of the & phase were indexed in the Nd¢Fe,;Si-type
structure [6]. The lattice parameters of the & phase,
deduced from the measurement of the d-spacings, are
reported in Table 2 and compared with the lattice
parameters of the NdFe,;Si and NdgFe,;Al; com-
pounds.

The measured compositions of the 8 phase (see Table
2) show a higher Al content in D1. The lattice expansion
of the 6 phase in D1 is thus attributed to the substitution
of Fe by Al, in agreement with the fact that the atomic
radius of Al (0.143 nm) is higher than the atomic radius

a- D2 alloy
(Nd30Feg0Al10)

5
b- D1 alioy
(Nd33FescAll)

Y

2:17 phase @
Nd(OH)3 ©
& phase: other lines

Is 20 25 30 35 40 8
Fig. 1. XRD patterns of alloys D1 and D2.

Table 2
Lattice parameters of some Nd¢Fe,,_.Al, alloys, with those of
Nd¢Fe1Si for comparison

Composition a (nm) ¢ (nm) Ref.
of
8 phase
Nd Fe,,Al, 0.81472 2.30745 7
NdgFe 1Al g 0.8098 + 0.0010 2.299 +0.007 This study
(D1 alloy)
Nd¢Fe,Al, 0.8052 4 0.0003 2.294 +0.003 This study
(D2 alloy)
Nd¢Fe,;Si 0.8034 2.278 6
NdgFe13St G’o o({)ao <5:@ Qo an O‘) RgFe11Ga3
0088 0038000 Q000 OO R O
MO 0% Fee L
Si O OODOCOO OOOOCOO g: <F)e .
O GO a0 A "
W oW'e Gy 0,
€ +— 00D 00O @O0 0O
o
G S cf%yégo
Ae—
S+— OCOO @) OODO O
A—CD O a0 GO
8+ Oy (OO (o6, A ct
€ +— VOO COCO @OOED 0O
o 00,
PO L)) n

Fig. 2. Comparison of crystallographic structures of Nd¢Fe,;Si and
R¢Fe 1 Ga, (after Refs. [6] and [8]).

Table 3
Number and mean distances (deduced from Ref. [6]) of the Nd and
Fe nearest neighbours (NN) for each iron site in the NdFe,;Si
structure

Fe site Fe NN Nd NN

4d 12 (0.2472 nm) 0

16k 10 (0.2534 nm) 2 (0.3066 nm)
16/, 9 (0.2546 nm) 3 (0.3095 nm)
161, 7 (0.2575 nm) 5 (0.3210 nm)

of Fe (0.126 nm). The highest lattice parameters are
observed for NdFe,,Al; [7].

The NdgFe,sSi compound is an ordered version of
R¢Fe,;Ga; (R=Pr,Nd,Sm) [8]. Its structure consists of
a stacking of planes of Nd atoms (A type), Nd and
Fe atoms (B type) and Fe atoms (C type) [6]. The
sequence of planes along the ¢ axis is CBASAB, where
S is associated with a plane of Si atoms (see Fig. 2).
The iron atoms occupy four different crystallographic
sites. It must be noted that no Fe atom has an Si atom
as a nearest neighbour. In Table 3 the number and
mean distances (deduced from Ref. [6]) of the Nd and
Fe nearest neighbours are reported for each iron site.

The Nd¢Fe;»Si compound belongs to the tetragonal
I4/mcm space group, while the R Fe,;Ga; compounds
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Fig. 3. Missbauer spectra of alloy D2 (NdsoFecAlo) at 293, 77 and
4 K.

belong to the tetragonal I142m space group. Assuming
that the 16I, iron site is occupied by both Fe and Ga,
the I4/mcm space group can be deduced from the 142m
space group [6]. This is illustrated in Fig. 2.

The amount of Al in the 6 phase measured in sample
D2 corresponds to the Nd¢Fe ,Al, composition. By
considering that the site occupied by Si atoms in the
NdgFe ;Si compound is filled with Al atoms, it must
be considered that one Al atom is substituted for one
Fe atom in Nd.Fe,,Al,. Taking into account that the
atomic radius of Al is larger than that of Fe, we can
suppose, as in the Y,Fe,,B phase [9], that the Al atom
tends to occupy the site associated with the largest
Fe-Fe mean distance, that is, the 16/, iron site of space
group I4/mcm. This assumption agrees with the fact
that the Nd¢Fe,;Si/R¢Fe,;Ga, structural change is due
to a modification of the occupancy of Fe and Ga (or

33

Al) atoms on this site [7]. Thus the fact that Al substitutes
easily for Fe in the 16/, site can make difficult the
formation of the NdFe,,Al compound, for which there
is no Al in the 16/, site. The corresponding Nd;,FessAls
phase does not belong to the homogeneous region [2].
The amount of Al associated with the upper limit of
the homogeneous region would correspond to the
NdFe,Al; compound in which the 16/, site would be
filled with Al atoms.

3.2. Mdssbauer investigation of the 8 phase

The Mossbauer spectra of alloy D2 (NdjFegAls,
pure § phase) at 293, 77 and 4 K are all magnetic
(Fig. 3). They were fitted by four subspectra corre-
sponding to the four crystallographic iron sites. In order
to take into account the distribution of environments
around each iron site due to the substitution of Al for
Fe, the linewidths I' of each subspectrum were fitted
with the following constraints: I =g # I, =T+ ;=1
No paramagnetic component was included. The com-
ponents of each spectra were assigned to the iron sites
by considering the nearest-neighbour environments. As-
suming that the hyperfine field H; is proportional to
the number of iron neighbours, the following order is
deduced: H{(4d) > H{16k) > H(16l,) > H(16L,). The fit-
ted hyperfine parameters are listed in Table 4. The
Méssbauer relative intensities Int agree well with the
assumption that one Al atom is substituted for an Fe
atom in the 161, site, which would lead to the theoretical
values Int(4d)=8.3%, Int(16k)=1Int(16l,)=33.3%,
Int(16l,)=25.0%. Assuming that the proportionality
constant between the iron magnetic moment and the
mean hyperfine field is 15 T ug™', the mean iron
moment in Nd.Fe,,Al, is estimated to be 2.0-2.1 ug.

The Massbauer spectrum of alloy D1 (NdasFesgAl,,
containing both & and 2:17 phases) at 293 K shows a
magnetic contribution with broad lines and a para-
magnetic peak at the centre (Fig. 4). According to the
results of XRD, the spectrum results from the con-
tributions of both 6 and 2:17 phases. The measured
composition of the 2:17 phase being Nd,Fe,sAl, its
Maéssbauer contribution is magnetic at room temper-
ature, with hyperfine fields higher than Nd,Fe,, [10].
Thus the paramagnetic peak is attributed to the é phase,

Table 4
Hyperfine field H; (+£0.5 T) and Mdossbauer relative intensity Int (+2%) for each iron site of Nd¢Fe(,Al, compound (alloy D2) at 293, 77
and 4 K
Temperature 4d 16k 16, 161,
L9)]
H; (T) Int (%) H; (T) Int (%) H; (T) Int (%) H; (T) Int (%)

293 24.9 7 22.7 32 19.0 32 15.7 29

77 36.8 9 320 33 285 33 25.3 25

4 38.8 10 33.9 33 29.6 32 26.7 25
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Fig. 4. Room-temperature Mdossbauer spectrum of alloy D1
(Ndj;FessAlyy).

5)

Nd (102)
2:17(030) NJ(103)
2:17 (2200
2:17033)
™\ 2: 17008, 02
17 (223)
Na(110)
Nd (106}
Nd{114)}

=

ﬁl?(ozu
=
%

M3 alloy
(Nd37Fe60.5A12.5)

gl
L ™
*/“N § . s &3
-~ g - 2 =
S8 3 3 2 M2 alloy
38z °* Y (Nd3gFesg. SAl3 5)
i IVW\/’”" %
3
2 \,J)\}
§
M’j 8 bl ~
S g = :
-~ 32 ¢ - M1 alloy
583 A 2 MLW (Nd37FesgAls)
23 \ &JMV
V.
o

15 20 25 30 35 40 4
Fig. 5. XRD patterns of alloys M1, M2 and M3.

in accordance with its higher Al content (14 at.%) than
in D2 (10 at.%).

This study shows that the room-temperature Moss-
bauer spectrum of the & phase is not paramagnetic in
all the homogeneity range. The room-temperature Moss-
bauer spectrum of the & phase is magnetic for an Al
content of 10 at.% (corresponding composition
Nd.Fe,,AL) and paramagnetic for Al contents of 14
at.% (Nd¢Fe,; ,AL ), 15 at.% (NdsFe,;Al;) [7] and 20
at.% (NdsFe, oAl [11].

3.3. Mdéssbauer investigation of the u phase

The structure of the u phase has been studied in
the alloy M2 [12]. It consists of a long-period stacking
of planes, typical of polytypism. The XRD patterns of
alloys M1, M2 and M3 are shown in Fig. 5. Sharp lines
corresponding to metallic Nd are observed in all pat-
terns. Sharp lines corresponding to the 2:17 phase are

identified in the M3 diffraction pattern. Owing to its
structure, the p phase exhibits a very complex XRD
pattern. The broad lines which are not indexed are
thus attributed to the u phase. The compositions of
the phases are reported in Table 5.

The room-temperature Mdssbauer spectra of M1 and
M2, which correspond to pure u phase, are very similar
(see Fig. 6(a) and (b)). The room-temperature Moss-
bauer spectrum of M3 results from the contribution
of both u and 2:17 phases (see Fig. 6(c)). As the
structure of the p phase is still unknown, it is not
possible to determine a definite fit to the Mossbauer
spectrum. However, we found that a minimum set of

Table 5
Measured compositions of the intermetallic phases in alloys M1, M2
and M3

Alloy Phase Measured atomic composition
Nd,;FessAls (M1) [ Ndj; 5Fe6;.4AlLs 5
NdjsFesssAl;s (M2) u® Nds; sFegs 0Als 7
Ndj,FegosAly 5 (M3) I Nds, sFeg3 Al 4
2:17 Nd,Fes7Aly 5
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Fig. 6. Room-temperature Mossbauer spectra of alloys M1
(Ndj;FesyAls), M2 (NdjsFesysAlys) and M3 (Ndy,Fego sAl; s).
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Table 6

Room-temperature hyperfine parameters (hyperfine field Hy, isomer shift IS, quadrupolar shift 2e, quadrupolar splitting OS) and Méssbauer
relative intensity Int of alloys M1 (Nd;;FesgAls) and M2 (NdagFesg sAlss) *

Subspectrum H; IS 2e, QS Int

(T) (mm ™) (mm s~7) (%)

M1 M2 M1 M2 M1 M2 M1 M2
1 333 33.7 0.48 0.51 -0.14 -0.20 114 12.7
2 26.8 271 —-0.09 -0.10 0.30 0.30 32.0 35.0
3 24.3 24.6 -0.07 -0.07 0.25 0.26 345 30.0
4 19.7 20.0 ~0.15 -0.15 ~0.11 -0.18 13.8 135
Paramagnetic - - —-0.23 —-0.21 1.28 1.34 8.3 8.8

* Values of IS are relative to a-Fe. Fitted linewidths I" are 0.52 and 0.48 mm s~' for M1 and M2, respectively. Errors for hyperfine

parameters are +0.5 T for H; and +0.02 mm s~! for IS, 2¢ and OS.

four magnetic subspectra is required to obtain a good
fit. The spectra of M1 and M2 were fitted in a simple
way by four magnetic subspectra with equal linewidth.
A paramagnetic component was included in order to
take into account the excess absorption in the two
central lines of both spectra. Its physical signification
is rather doubtful. The fitted hyperfine parameters are
listed in Table 6. The mean hyperfine field is lower
for M1 (23.5 T) than for M2 (23.8 T), in agreement
with the higher Al content in M1. The large values of
the fitted linewidths agree with a slight distribution of
environments around the iron atoms. The linewidth is
higher for M1 than for M2, supporting a higher dis-
tribution of environments around the iron sites in the
compound containing the highest Al content. The com-
plete analysis of the Mdssbauer spectrum requires a
better knowledge of the crystallographic structure of
the p phase.

4. Conclusions

Structural and Mdssbauer analyses of the & phase
of the system Nd-Fe-Al (composition NdsFe,,_ Al)
showed that Al substitutes for Fe in the 16/, site of
space group I4/mcm. The room-temperature Mossbauer
spectrum is paramagnetic for x=2.8, in agreement with
the results obtained for x=3 [7], and magnetic forx=2,
with a mean hyperfine field of 19.6 T. The mean iron
moment in NdcFe;,Al, is estimated to be 2.0-2.1 ug.

Room-temperature Mossbauer analysis of the u phase
(composition Ndj;sFeq7-,Al,) was performed for
x=35.3 and x=3.7. Both spectra are magnetic with mean
hyperfine fields of 23.5 and 23.8 T, respectively. The

results support a slight distribution of environments
around the Fe atoms, due to Al substitution for Fe.
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