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Anomalous x-ray synchrotron diffraction was used to determine the crystallographic parameters of PrFeCoB-
based magnetic alloys. The effect of cobalt concentration on the crystallographic parameters of the magnetically
hard ProFeq4_4CoyB phase was studied. The results indicate that addition of cobalt has a marked effect on crystal
structure. Variation of the ¢ parameter decreased twice as much as the a parameter with increase in Co content.
The positions of inequivalent atoms of the magnetically hard matrix phase ¢ in the Pr-based alloys were
determined using Rietveld refinement. This permitted determination of the relative distance of each

inequivalent atom from its nearest neighbors. Cobalt occupied the 16k, site and Fe had a tendency to occupy
the 8js sites located between the Kagomé layers.

1. Introduction

It is well known that the Curie temperature of the ProFe 4 Co,B
system is markedly influenced by the Co content (x). Pedziwiatr et al.
showed that at low Co concentrations (x<6) in the ProFe;4_,Co,B alloy,
the Curie temperature increased by 50 K for each Fe atom that was
substituted, whereas at higher Co concentrations (x > 6) the increase of
Curie temperature was only 14 K per substituted Fe atom [1]. This
variation can be attributed to non-random substitution of Fe by Co in
the crystal structure, because the Curie temperature is determined by
exchange interactions. ProFe 4B has a tetragonal structure of type P45/
mnm space group with six inequivalent Fe sites, namely: 4e, 4c, 8j,
8j>, 16k; and 16k-. Co can substitute Fe over the entire range in
Pry(Feq4_4Co,)B [1-3]. The 16k, site is similar to the f site (dumb-bell
bond) in the structure of REsFe;~ (RE: rare earth) and studies related
to substitution of Fe by Co indicated that Fe preferred this site.
Therefore a similar behavior was expected with ProFe;4B, but the
experimentally determined intensity of the Fe sites in Mdssbauer
spectra of Nd»(Co14_xFe,)B was quite different [2—4]. This observation
could be attributed to the strong preference of Fe to occupy the 8j- site
and to avoid the 16k site. Both sites have a considerable number of 3d
neighbors. However, the distances among nearest neighbors of the 8j-
site are relatively larger than those of the 16k, site, indicating that
substitution can be controlled by atom size. Besides atom size, bond
strength also influences the substitution process in a manner where Co
has a strong preference to occupy atomic positions with more RE
nearest neighbors, thus leaving Fe in the 8j- position with only two RE
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atoms as nearest neighbors [5,6].

Besides substituting Fe with Co, other elements are essential to
further improve the magnetic behavior of these alloys [7—19]. These
compounds contain the magnetically hard phase ¢ (the main phase) in
alloys for permanent magnets. To exhibit hard magnetic properties,
these alloys are non-stoichiometric and contain small amounts of
several transition metals or refractory elements [11,12,15,20-25].
These alloys contain some rare earth element in excess, and boron to
achieve high magnetically hard properties. The excess of the added
element gets incorporated in phases at grain boundaries, necessary for
magnetic isolation of the ¢ grains, which form only in stoichiometric
proportion (2-14-1). Very small amounts of Nb, Zr and Ga have been
also added to induce anisotropy [9,12—-14].

In this study, substitution of Fe with different amounts of Co has
been attempted to alter the crystallographic parameters of ProFe;4B-
based permanent magnet alloys. A very small amount of Nb has been
also added to the alloys, to induce some anisotropy. Even though Nb
substitutes Pr in the crystal structure, its role has not been considered
in this study, because the amount of Nb is below the detection limit of
x-ray analysis. These alloys were investigated by scanning x-ray
diffraction (XRD) analysis using synchrotron radiation with energies
of 7.0892(5) keV and 7.9989(3) keV. Synchrotron radiation has a
continuous spectrum from which a single wavelength can be selected
using a monochromator. This enables a specific element to be ‘high-
lighted’. This is known as the ‘contrast variation technique’ where an
anomalous dispersion of x-rays is used, and this is a useful tool to study
site occupancy for neighboring elements in periodic table [26—28]. The
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Table 1
Composition of the as-cast Pri4Fep,CoyBg alloys.

Substitutional amount X (at%) Analyzed composition (wt%)

pr Fe Co B Nb
0 30.11 68.58 - 0.97 0.14
4 30.05 65.16 3.58 0.97 0.15
8 30.29 61.27 7.15 0.96 0.15
12 30.14 57.71 10.83 0.98 0.15
16 30.35 54.11 14.34 0.96 0.14

scattering factor fp of an atom is proportional to the number of
electrons it has. However, when a wavelength is selected that is in
the vicinity of the absorption edge, the scattering factor changes due to
anomalous dispersion. In this case, the real () and the imaginary ()
components of the anomalous dispersion term become significant.
Therefore the scattering factor is described as a complex number, f = fp
+ f" + f”, where f and f” can be attributed to scattering caused by
absorption and re-emission of photons, and this results in a phase shift
[29,30]. Using this approach, the positions of inequivalent atoms in the
magnetically hard matrix phase ¢ of the Pr-based alloys were deter-
mined by Rietveld refinement.

2. Material and methods

In this investigation five commercially cast alloys produced by
vacuum induction melting were used. These alloys can be represented
by the general formula Pry4Fep,,CoxBe (X is the substitution or atomic
composition of the alloy, at%). The chemical composition in weight
percent (wt%) of the as-cast alloys is shown in Table 1. As per the
supplier's specification, the alloys contained <0.7 wt% neodymium,
<0.2 wt% aluminium and <0.04 wt% silicon as the main impurities.
Even though Nb was introduced along with the main elements in the
alloy, the amount was very small (0.14 wt%) and was therefore
considered as an impurity.

The Co content (x) in the hard magnetic ProFe;4_Co,B matrix
phase ¢ was calculated using the stoichiometric proportion in the
ProFe; 4B compound (at%: Pry; gFegs sBs or wt%: 26.2Pr-72.8Fe-1B).
Fig. 1 shows the graph plotted with the calculated data and employed
to estimate the Co concentration (x) in the matrix phase from the
weight percentage of Co (X) introduced in the alloys. The x-axis shows
both, atomic and weight percentage (at% and wt%). Thus, the alloy
Pri4FepCoi6Bg (X=16 at% or 14.34 wt%) with maximum Co substitu-
tion would contain matrix phase grains with nominal composition of
ProFe;; 4Co, 6B (x=2.6). Slightly lower values of x can be expected in
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Fig. 1. Relation for estimation of the Co-content (x) in the ProFe;, ,CoB magnetic
grains of the Pri4Fep,CoxBs alloys.
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the alloys due to formation of a small amount of Co containing
secondary phases at the grain boundaries. The composition (at% or
wt%) in the alloy is identified by the upper case (X) and in the matrix
phase by lower case (x). The impurity content and the amount of
secondary phases at the grain boundaries in these Pr-based alloys was
below the detection limit of 1 wt% in x-ray diffraction analysis, and the
x-ray diffraction pattern showed the peaks of the magnetically hard
matrix phase only. The scanning electron micrographs of the secondary
phases in these alloys have been presented and described in a previous
study [31].

The procedure used to prepare the hydrogen processed magnetic
powder and the bonded magnet has been described elsewhere [7]. The
alloys were vacuum annealed at 1100 °C for 20h to produce a
homogeneous starting material. In this study the powders were milled
to 325 mesh for x-ray diffraction analysis. These alloy powders were
also isostatically pressed and consolidated by immersion (vacuum
impregnated) in low viscosity cyanoacrylate adhesive at 70 °C to form
permanent bonded magnets. Magnetic characterization was carried out
using a permeameter (accuracy: 2%), after saturation in a pulse field of
6T. The B, values were normalized assuming 100% density
(7.5 gem™®) for the sample, and considering a linear relationship
between density and B,- [9,14].

X-ray diffraction measurements were used to determine the crystal-
lographic parameters of the ProFe;4 ,CoiB matrix phase of the hydro-
gen processed alloys. X-ray diffraction data were collected at D10B-
XPD beamline of the Brazilian Synchrotron Light Laboratory. X-rays
with energies of 7.0892(5) keV and 7.9989(3) keV were selected with a
double-bounce Si (111) monochromator. Further on, these energy
values will be referred to as 7 keV and 8 keV, respectively. The energy
values were chosen taking into consideration the k-edges of Fe
(7.112 keV) and Co (7.712 keV), enabling thus the Co form factor to
be distinguishable from that of Fe at 7 keV but indistinguishable at
8 keV, as shown in Fig. 2. The values of f” and f” were calculated by the
Fprime software [32]. The diffractometer used in this study had a
parallel geometry (slits: 3 mm for scattering and 1 mm for receiving)
with a 1 m radius goniometer. Measurements of instrument-induced-
widening were carried out using a Si standard (NIST-640C). Step-
scanning was carried out at the rate of 0.01 degree per step and the
time base was normalized to incident beam monitor counts.

The general structure analysis system (GSAS) [33] and its graphical
user interface EXPGUI [34] were used to refine the powder diffraction
patterns. The model proposed by Herbst and Yelon [35] (space group
P42/mmm (136) with a = b =8.796(1) A and ¢ =12.228(1) A —
ICSD:60517) was used as the initial structural model to determine the
crystallographic structure related parameters of the magnetically hard
ProFe;4 «Co,B matrix phase. Using this approach, the lattice para-
meters, the atom positions, and the percentage of substitution of each
Fe site by Co atoms were determined.

3. Results and discussion

Table 2 summarizes the magnetic properties as well as the
estimated composition of the matrix phase of the Pr-based bonded
magnets prepared using the different alloys in their annealed state. The
best remanence (845 + 10 mT), intrinsic coercivity (946 + 11 kAm™)
and energy product (140 + 1 kJm™>) were observed in magnets pro-
duced using the Pri4Fe;,Co4B¢ alloy. The squareness factor (0.45) was
slightly better in the Pri4Fe},,;CogBs bonded permanent magnet. Thus,
good magnetic properties could be achieved in alloys containing 4 and
8 at% Co. Addition of higher amounts of Co resulted in an overall
decrease in magnetic properties, even though the Curie temperature of
the magnetic alloy increased at a constant rate of 11 K per at% Co [16].

Refined x-ray diffraction patterns of the PrisFe, B¢ and
Pri4Fep,Co16Be alloys using monochromatic synchrotron radiation at
7 keV and 8 keV are shown in Figs. 3 and 4. The variations observed in
integrated intensities in the x-ray diffraction patterns are due to
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Fig. 2. Resonant scattering and form factors for Fe and Co at (a) 7 keV and (b) 8 keV [32].

substitution of Fe by Co in the structure. In the following expression for a

integrated intensity, Fpy; is the structural amplitude of the hkl
reflection:

n

Fii= ), git1 () (s)e2i i 1)
j=1

Counts (a.u.)

where n is the number of atoms in the unit cell, s is sin ©px;/A, gj is
extent of occupation of the j** atom (g =1 for a fully occupied site), t/
is the temperature factor, and f/(s) is the atomic scattering factor. In
this study we used the resonant scattering factor (or anomalous

(410)

dispersion) to refine g7 for Co and Fe. The goodness-of-fit indicators

for all refinements were x* < 1.68, Ry, <3.17% and R < 4.01%. This

could also be evaluated by visual inspection of the fitting. The Rg”
values, after refinement for energies between 7 keV and 8 keV for each b
alloy composition was less than 1%, indicating good agreement with
the structural model.

Table 3 summarizes the lattice parameters of the magnetically hard
matrix phase ¢ of the Pr-based alloys. The decrease in lattice
parameters with increase in Co content indicates that introduction of
this element in the magnetically hard phase was proportional to its
concentration in the alloy. The ¢ parameter decreased twice as much as
the a parameter with increase in Co concentration, and this is clearly
observed in Fig. 5. This behavior is consistent with the results of other
studies of ProFe;s yCoyB compounds which reported that Co had a

Counts (a.u.)

(410)

calc.

tendency to yield planar anisotropy [1-6]. The decrease in lattice
parameter causes a change in the position of the atom sites, and
consequently, in the inter-atomic distances, essential for exchange
interactions related to the Curie temperature.

Table 2

Q)

Fig. 3. X-ray diffraction patterns of Pri4Fe,,Bs (a) 7 keV, (b) 8 keV.

Magnetic properties and estimated composition of the ¢ phase of the magnets prepared with the alloy annealed under high vacuum. Permeameter measurements were carried out at

room temperature after saturation in a 6 T magnetic pulse field..

Composition of the alloys (at%) B, (mT) sHe (kAm—1) pHe (kAm™) (BH) max (kJ/m®) SF (ratio) ¢ phase (ProFe;4CoB)
PrisFepaBs 801+ 10 859+ 12 429+9 96 +9 0.39 PryFe 4B
Pri4FepaCosBe 845+ 10 946 + 11 5103 140+ 1 0.41 PryFeq33Co0.7B
Pri4Fep,,CogBg 803 +14 872+ 14 493+9 1355 0.45 ProFe;s5Co; 4B
Pr;4FepaCo12Be 753 +11 779 £ 10 493 +4 121+2 0.42 PryFe;»0Co,,0B
Pr14FepaCo16Be 701+12 700+ 11 446 £ 6 472 0.25 PryFey; 3Co,7B
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a s calc. Table 4
_ N2 X exp. Values of fraction occupancy (FO) and fraction of atoms (FA) of Co..
g diff.
x = PrisFepa. X=4 X=8 X=12 X=16
3 X xCoxBeNby ;.
% Site FO FA FO FA FO FA FO FA
E
=
3 16k, 0.0440 0.70 0.1110 1.76 0.0550 0.88 0.2029 3.25
16ko> 0.0950 1.52 0.1728 2.76 0.2602 4.16 0.2924 4.68
8j; 0.1122 0.90 0.2141 1.71 0.3735 2.99 0.4650 3.72
8j> 0.0739 0.59 0.1043 0.83 0.2175 1.74 0.0974 0.78
4e 0.0094 0.04 0.1452 0.58 0.3395 1.36 0.3443 1.38
4c 0.0010 0.00 0.0551 0.22 0.1210 0.48 0.4024 1.61
Table 5
b = Stoichiometry of ProFe;4_,CoB phase.
T 5 calc.
< X exp. PrysFese_xCoxBa Fe Co
_ X=4 53.232(2) 3.754(2)
g3 X=8 46.350(2) 7.889(2)
g X=12 44.387(2) 11.613(2)
3 X =16 40.590(2) 15.411(2)
o
) .y | ! | ! | ! | ! | ! |
Ko
- X\ -
1.4 1.6 1.8 2.0 22 24 ,.2.6 2.8 3.0 32 34 3.6 /-o\ 40 L >< -
Qwh = L L
- = =
Fig. 4. X-ray diffraction patterns of Pri4Fep,1C016Bs (a) 7 keV and (b) 8 keV. =
% 15 —0O0— Co O 4
Table 3 = L —X—F -
[
Lattice parameters of the Pry4Fe;,,CoxBgalloys. = O
= 10 / -
Composition of the alloy a (A) c(Ad) 8 O
o L i
Pri4Fepq,Be 8.80410(6) 12.24679(15) © 51 / 1
Pri4Fep,CosBg 8.80152(6) 12.23759(14) O
Pri4Fep,,CogBg 8.79607(5) 12.22539(12) - e
Pri4Fep,Co12Bg 8.78866(5) 12.21119(11) 0 | , | , | , | , | , | , |
Pry4Fep,Coy6B 8.78309(6) 12.19957(14)
e 4 6 8 10 12 14 16
Coin alloy (at %)
x ! rrrrrrrrrrtrotd
ol \x _ Fig. 6. Stoichiometry variation of the Fe and Co in ProFe;4 ,Co.B phase.
EE | \ |
= X Table 6
= 1222 | \ — Position of 8j> and 16k; sites in Pri4Fep,Bs phase in PrisFep,Co16Bs alloys.
a 5 X -
3 \ Composition of the alloy Site Position
&E) 12.20 | X =
J— X y z
£ = o—a =
o O\O —X—C Pri4FepaBs 8j- 0.3171(4) 0.3171(4) 0.2462(4)
3 8.80 | — o = Pry4Fep,1Co16Bg 8j> 0.3178(4) 0.3178(4) 0.2465(4)
= | \O | Pry4FepBe 16k>  0.0379(4)  0.3609(4)  0.1770(3)
< T o Pry4Fep,Co16Bg 16k- 0,0376(3) 0.3610(3) 0.1763(3)
— 878 |- -
l - 1 5 1 - 1 5 0 5 1 4 0 5 1 4 1
0 2 4 6 8 10 12 14 16 Table 7
Co ( at % ) Inter-atomic distances between the Pr sites and 8j- as well as 16k; sites.
Fig. 5. Variation of lattice parameters in the Pry,Fey,,CoxBg alloys. Composition of the alloy Pr site Site Atoms Distance (3)
i . . . PrisFepaBe f 8j2 2 3.071(5)
The values of fractional occupancy (FO) of all inequivalent sites for 16k 4 3.084(3)
Co atoms in the crystal structure of the magnetically hard phase are
shown in Table 4 after Rietveld refinement. This table also includes the Pri4FepaCoi6Be f 8o 2 3.066(5)
fraction of atoms (FA), which is the product of FO and the number of 16k2 4 3.069(3)
atoms in the site. For instance: FA of the Co a.torns at 16k s.lte is eque.ll PrysFepaBe g 8j» 5 3.151(5)
to 0.7 (16x0.0440). Cobalt occupies preferentially the 16k, site and this 16k 4 3.054(3)
is in agreement with previous investigations [1,3,4]. Bolzoni et al.
reported that Fe has a tendency to occupy the 8j, sites located between PryFepuCoeBe 9 flﬁzk i g;ggg
> .

the Kagomé layers formed for Fe [6,19]. Van Noort and Buschow [6]
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Fig. 7. Non-linear behavior of the c/a ratio with Co in the alloy.

suggested that on the basis of the atom size and electronegativity, the
Fe atoms prefer larger sites with fewer Pr atoms as first neighbors. As a
consequence, the Co atoms occupy the inverse sites of those preferred
by Fe, with a higher number of Pr atoms as first neighbors.
Furthermore, compared to results reported in the literature, this study
also shows that initially Fe is substituted by Co at other sites in a non-
systematic manner, indicating that electronegativity is a determining
factor in substitutions.

Table 5 shows stoichiometry of the magnetically hard phase and
this was determined using FO of the Co atom. It can be seen that in the
different alloys, all the Co atoms were not incorporated in the magnetic
phase, indicating that some Co formed secondary phases at the grain
boundaries. Proof of this was observed and has been presented
elsewhere [31]. The trend can be easily seen in Fig. 6.

Table 6 summarizes the position of inequivalent atoms of the
magnetically hard matrix phase ¢ in the Pr-based alloys. This was
determined by Rietveld refinement. This enabled determination of the
relative distance of each inequivalent atom from its nearest neighbors.
There was no significant change in the position of 8j», indicating that
substitution with Co at this site resulted in no significant change in the
crystallographic parameters related to this position. Conversely at the
16k, site, alteration of the z position was observed as shown in Table 6,
which is in agreement with the decrease in lattice parameter discussed
earlier. Table 7 summarizes the inter-atomic distances between the
base atom and neighbors for the magnetic matrix phase ¢ of the Pr-
based alloys. Co has a tendency to preferentially occupy (with some still
randomly distributed) crystallographic sites with many nearest neigh-
bor elements that have a 3d layer, such as Fe [1]. The changes in the
inter-atomic distances in the ProFej4 4CoiB system resulted in altera-
tions in magnetic exchange interactions involving different 3d sites.
The decrease in ¢/a ratio, shown in Fig. 7, corroborates the preference
of Co for sites with the strongest 3D-3d exchange interactions that
determine, above all, the Curie temperature [36]. The results indicate
that accommodation of Co at the 16k> site led to local deformation of
the structure with increase in distance between the 16k- site and the Pr
g site.

4. Conclusions

X-ray synchrotron diffractometry was used to determine the
crystallographic parameters of PrFeCoB-based alloys and a decrease
in lattice parameter was observed with increase in Co concentration in
the alloy. The ¢ parameter decreased more than the a parameter, and
this resulted in a non-linear c/a relationship. The stoichiometric
balance between the two atoms (Fe and Co) for each inequivalent site
was established. The calculated stoichiometry of all the alloys showed
that some of the added Co did not enter the magnetically hard phase ¢,
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but remained at the grain boundaries. Preferential substitution of Fe at
the 16k, site by Co was observed, which is in agreement with existing
literature. Rietveld refinement showed that substitution of Fe by Co at
the other sites of the structure was controlled by electronegativity.
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