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a b s t r a c t

The TbCu7-type structure in bulk Pr–Hf–Co alloys was obtained by high-temperature homogenization
of alloys adjacent to the PrCo5 composition. At 1150 ◦C, the homogeneity range of binary PrCo5+ı struc-
ture stretches to 84.5 at.% Co; addition of up to 1.5 at.% Hf extends this range to 85.3 at.% Co. The lattice
eywords:
ermanent magnets
are earth–cobalt magnets
hase equilibria
bCu7 structure

constants, Curie temperature and room-temperature saturation magnetization of the PrCo5+ı phase
approximately follow the Vegard’s law as if this phase were transitional between the stoichiometric PrCo5

phase and the hypothetical disordered Pr2Co17 phase. Hafnium decreases the saturation magnetization
of the Pr1−xHfxCo5+ı phase, but has no significant effect on its Curie temperature. The highest saturation
magnetization of 12.9 kG was observed in the off-stoichiometric binary alloy Pr84.5Co15.5. The solubility
of Co in the PrCo5 structure was found to decrease with decreasing the homogenization temperature;

xhibit ◦
only Pr1−xHfxCo5 alloys e

. Introduction

For more than four decades, rare earth–cobalt compounds con-
inue to attract attention as a base of advanced high-temperature
ermanent magnets. After a thorough study of the most stable
o-rich R–Co compounds (R = rare earth), RCo5 and R2Co17, and
he successful commercialization of the compounds with R = Sm,
he focus of research shifted to their derivatives. The existence of
ne such derivative, a high-temperature solid solution based on
he SmCo5 compound, is universally accepted and reflected in the
m–Co binary phase diagram [1]. Its structure, which is formed
ia random replacement of the Sm atoms by Co atom pairs which
ine-up along the [0 0 1] direction, is often referred to as the TbCu7
ype [2,3]. As early as in 1974, Khan showed [3] that the RCo5+ı

tructure was a common feature of many, if not all, R–Co sys-
ems; in particular, the Co-rich boundary of the PrCo5+ı region at
140 ◦C was found to lie somewhere between 12.5 and 16.1 at.%
r. Nevertheless, even the most recent Pr–Co phase diagrams [4,5]
resent PrCo5 as a stoichiometric compound. Knowing the mag-
etic properties of the off-stoichiometric PrCo5+ı alloys not only
ill result in improved permanent magnet materials, but will help

s to understand how the magnetic properties are influenced by
oth the introduction and ordering of the Co atom pairs (in the sta-
le Pr2Co17 structure, these atom pairs are ordered). It has long been
nderstood that the RCo5+ı structures are transitional between the
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E-mail addresses: gabay@physics.udel.edu, amgabay@yahoo.com (A.M. Gabay).
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ed the single-phase structure after annealing at 900 C.
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RCo5 and the disordered R2Co17 structures [6,7], and one might
reasonably expect a continuous, possibly Vegard’s law-type, com-
positional dependence of the corresponding magnetic properties.
However, the experimental data related to such dependence are
very limited. One, obvious reason for this shortage is the fact that
many RCo5+ı structures, including the disordered R2Co17, are not
stable. The other reason, which is rather paradoxical, is that too
much attention has been focused on the RCo5+ı structures with ı = 2
(in [8–15] and at least 45 other studies). These RCo7 structures are
typically treated not as representatives of the RCo5+ı solid solutions,
but as unique compounds, even though there is no experimental
data favoring the RCo7 composition over any other in the whole
range of the RCo5+ı structures. This misconception has become so
common, that the SmCo7 was recently featured in the Sm–Co phase
diagram as a stoichiometric compound [16]. One can argue that the
disproportional attention to the RCo7 structures at the expense of
the other RCo5+ı structures impedes progress in this class of hard
magnetic materials.

The Sm–Co and Pr–Co alloys with the TbCu7-type structure
are frequently cited as promising hard magnetic materials. It does
not seem likely that obtaining the TbCu7-type structure in the
Sm–Co alloys can dramatically change the status quo in the high-
temperature permanent magnet materials; at best, this structure
may fill the gap between the two uniaxially anisotropic compounds,

Sm2Co17 and SmCo5 (this, of course, is not intended to undermine
the importance of the 1:7 “solution” structure in manufacturing
the “2:17” Sm–Co–Fe–Cu–Zr magnets!). In contrast, obtaining the
TbCu7-type structure in the Pr–Co system, where the Pr2Co17 com-
pound has an unfavorable planar magnetocrystalline anisotropy,

dx.doi.org/10.1016/j.jallcom.2010.11.090
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. Pr–Hf–Co alloys exhibiting single-phase Pr1−xHfxCo5+ı structure (filled cir-
◦
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ay indeed substantially increase the Curie temperature and sat-
ration magnetization [and, therefore, the theoretical maximum
nergy product (BH)max] of the uniaxially anisotropic PrCo5 com-
ound. Patra et al. [17] recently reported epitaxial Pr–Co thin films
ith the TbCu7-type structure and a (BH)max of 43 MGOe, which is

0% higher than (BH)max of the best Sm–Co magnets. Unfortunately,
pitaxial stabilization of the PrCo5+ı structure is not possible in bulk
agnets.
Besides epitaxy, the PrCo5+ı structure can be obtained via rapid

olidification [18,19] and high-energy ball milling [9,10]. Also, a
umber of elements were reported to stabilize this structure in
r(Co,M)7 ingots (with or without homogenization annealing):
.5 at.% Zr [8], 2.5 at.% Hf [12], 11 at.% (Ti + Cu) [11], 25 at.% Cu [15].
ince all these non-magnetic stabilizing elements dilute the sat-
ration magnetization Ms, their large percentages diminish the
tility of the PrCo5+ı alloys. In the case of Pr(Co,M)7, zirconium and
afnium appear to be equally (and by far the most) efficient stabi-

izers; the most numerous and thorough studies of the Sm(Co,M)7
lloys slightly favor Hf over Zr [14]. It is reasonable to expect
hat stabilizing the PrCo5+ı structure for smaller ı will require a
maller percentage of the stabilizing element. This principle is well
llustrated by the results for the Sm–Zr–Co system reported by
erkaoui et al. [20] and especially by Lefevre et al. [21]. Unfortu-
ately, smaller values of ı also mean fewer Co atoms, which are the
ajor contributors to the high Ms.
In this paper, we report the compositional range and magnetic

roperties of the TbCu7-type structure in the Pr–Co and Pr–Hf–Co
lloys quenched from 1150 ◦C. In order to be able to utilize in per-
anent magnets the enhanced (compared to PrCo5) values of Ms,
e have also tested the stability of the single-phase Pr1−xHfxCo5+ı

lloys at 900 ◦C; exposure to this temperature range is a neces-
ary part for the manufacturing and/or processing of most R–Co
agnets.

. Experimental

Thirty-two Pr–Hf–Co alloys were prepared from praseodymium (purity 99.9%),
afnium (99.9%) and cobalt (99.8%) by arc-melting under argon. The ingots were
e-melted four times to ensure their homogeneity; the subsequent weighting con-
rmed that the melting was not accompanied by any evaporation losses. The

ngots were annealed two times, for 16 h at 1150 ◦C and subsequently for 24 h
t 900 ◦C. Every annealing treatment was done under argon and was followed by
ater quenching. Structures of the annealed alloys were characterized by powder
-ray diffraction (XRD) performed with the Cu-K� radiation; the XRD data were
nalyzed with a Powder Cell software [22]. Some of the alloys were additionally
haracterized by scanning electron microscopy (SEM) and energy dispersive spec-
rometry (EDS) with a JEOL JSM-6335F and IXRF Systems Instruments, respectively.
he Curie temperatures were found from differential thermal analysis (DTA) curves
ecorded with a PerkinElmer Pyris Diamond Instrument using a heating rate of
0 ◦C/min (the DTA assured a higher accuracy than that of the more conventional
hermomagnetic technique). The room-temperature Ms values were determined
y extrapolating the M(H−2) curves (where H is the applied magnetic field cor-
ected for the self-demagnetizing field of the specimen) measured with a Quantum
esign Magnetic Properties Measurement System (magnetic field H ≤ 50 kOe) on
eld-oriented powder specimens. Density of the specimens was assumed to be that
f the corresponding ingots, measured with a water immersion technique.

. Results

.1. Stability of the Pr1−xHfxCo5+ı structure

Compositions for the single-phase and multiphase alloys
nnealed at 1150 ◦C are shown in Fig. 1(a). In the binary Pr–Co
lloys, the confirmed single-phase PrCo5+ı region stretches from
3.3 to 84.5 at.% Co; alloys having the lower and higher Co contents

ontained the rhombohedral Pr5Co19 and rhombohedral Pr2Co17
tructures, respectively. In the ternary Pr–Hf–Co alloys, the Co-rich
oundary of the Pr1−xHfxCo5+ı region extends to 85.3 at.% (note,
hat we associate Hf with Pr rather than with Co based of the find-
ng by Gupta et al. [24] that in the PrCo5 structure, the Hf atoms
cles) and multiphase structure (open circles) after (a) annealing at 1150 C and (b)
subsequent annealing at 900 ◦C. Dotted line marks the single phase region bound-
ary found by XRD peak intensity method. The PrCo7 composition is sometimes
incorrectly treated as that of a stoichiometric compound.

can only substitute for the Pr atoms). This Co-rich boundary was
verified for x = 0, 0.5, 1.5 by plotting the intensity ratio of the (3 0 0)
and (1 1 0) peaks for the Pr2Co17 and Pr1−xHfxCo5+ı phases, respec-
tively, as a function of the alloy composition (using the XRD peak
intensity method); the result is shown in Fig. 1(a) with a dotted
line. In Fig. 2(a), the XRD spectra of the Co-richest PrCo5+ı and
Pr1−xHfxCo5+ı structures (Pr15.5Co84.5 and Pr13.2Hf1.5Co85.3, respec-
tively) are compared with the spectrum of the stoichiometric PrCo5
structure.

The Hf-rich boundary of the Pr1−xHfxCo5+ı region was found to
be between 1.5 and 2 at.% Hf. The Hf6Co23 phase, which emerges
beyond this boundary, could not be definitively recognized based
on the XRD spectra (where it is manifested by the only stand alone
peak at 40.73◦), and it had to be confirmed by the microstructure
characterization presented in Fig. 3. According to the EDS analysis,
the 6:23 phase is Pr-free.

In Fig. 4, the lattice constants of the Pr1−xHfxCo5+ı structure are
plotted as a function of the Co concentration. As the composition
deviates from PrCo5 with increasing either x or ı, the a lattice con-
stant decreases and the c constant increases. We assume that the
hypothetical Pr2Co17 structure with disordered Co atom pairs (in
other words, the PrCo5+ı structure with ı = 3.5 or 89.5 at.% Co) has
a2:17D = a2:17R/

√
3 and c2:17D = c2:17R/3, where a2:17R and c2:17R are

the lattice constants of the rhombohedral Pr2Co17 structure. The
broken lines in Fig. 4 present the Vegard’s law for the lattice con-
stants of the binary PrCo5+ı solid solution between ı = 0 and ı = 3.5.
The experimentally observed a values are perfectly consistent with
the Vegard’s law, whereas the c values exhibit a small positive devi-
ation. The data on the effect of Hf in Pr1−xHfxCo5 are in agreement
with an earlier report [24].

The data on phases observed after the second annealing at
900 ◦C are shown in Fig. 1(b). At this lower temperature, the Co
atom pairs are no longer soluble in the PrCo structure, but the
5
solubility of the Hf atoms remains the same. It is clear that the
shrinkage of the Pr1−xHfxCo5+ı region at 900 ◦C, when it reduces to
Pr1−xHfxCo5, must strongly limit technological options of exploring
the off-stoichiometric PrCo5 alloys.
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ig. 2. XRD patterns of (a) randomly oriented and (b) field-oriented powders of a
xhibit single-phase Pr1−xHfxCo5+ı structure.

.2. Magnetic properties

Curie temperature, TC, measured for the single-phase
r1−xHfxCo5+ı alloys is presented in Fig. 5 (since DTA is rarely
sed for this characterization, we included the examples of raw
ata including those for Ni and Fe reference materials). We assume
hat due to the relatively fast heating rate the TbCu7-type structure
id not decompose even in the alloys where it is not stable at
00 ◦C and, presumably, at the lower temperatures. The TC of

he Pr1−xHfxCo5+ı compound determined under such assumption
epends strongly on the Co concentration increasing at the rate
f 50 ◦C/at.% Co. On the other hand, the effect of Hf on the TC is
ery weak. This result is consistent with the well-established fact
hat TC of the RCo5 compounds is determined by the exchange

Fig. 3. (a) Powder XRD pattern and (b) BSE SEM microstr
nnealed at 1150 ◦C: (1) Pr16.7Co83.3, (2) Pr15.5Co84.5, (3) Pr13.2Hf1.5Co85.3. All alloys

interactions within the Co sublattice, although in the Pr1−xZrxCo5
alloys, Gupta et al. [24] observed a considerable increase of TC
with x. Similarly to the lattice parameters, the Curie temperature
of the PrCo5+ı structure appears to follow the Vegard’s law as if
this structure were a solid solution between the PrCo5 and Pr2Co17
compounds (assuming that the ordered and disordered Pr2Co17
structures have the same TC).

According to the XRD characterization of selected powder sam-
ples after they had been oriented by a magnetic field [see Fig. 2(b)],

the Pr1−xHfxCo5+ı alloys maintain the uniaxial magnetocrystalline
anisotropy with the [0 0 1] easy magnetization direction through-
out the whole homogeneity range (this observation agrees with the
earlier studies [12,17]). Data presented in Fig. 6 demonstrate that
the saturation magnetization 4�Ms of these alloys increases with

ucture of Pr12.5Hf2.5Co85 alloy annealed at 1150 ◦C.
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Fig. 4. Lattice constants of Pr1−xHfxCo5+ı structure in single-phase alloys annealed
at 1150 ◦C: (1) Pr100−yCoy , (2) Pr99.5−yHf0.5Coy , (3) Pr99−yHfCoy , (4) Pr98.5−yHf1.5Coy .
Broken lines are linear interpolations between a and c values for PrCo5 structure (this
work) and those for disordered hexagonal Pr2Co17 structure defined as a2:17R/

√
3

and c2:17R/3 (a2:17R and c2:17R are taken from [4]).

Fig. 5. (a) Parts of derivative DTA curves for Ni, Fe and Pr15.5Hf0.5Co84 samples
showing examples of TC determination and (b) Curie temperatures of single-phase
Pr1−xHfxCo5+ı alloys annealed at 1150 ◦C: (1) Pr100−yCoy , (2) Pr99.5−yHf0.5Coy , (3)
Pr99−yHfCoy , and (4) Pr98.5−yHf1.5Coy . Broken line is a linear interpolation between
TC values for PrCo5 (this work) and Pr2Co17 [23].

Fig. 6. Room-temperature saturation magnetization of single-phase Pr1−xHfxCo5+�
alloys annealed at 1150 ◦C: (1) Pr100−yCoy , (2) Pr99.5−yHf0.5Coy , and (3)
Pr98.5−yHf1.5Coy . Broken line is a linear interpolation between 4�Ms values
for PrCo5 (this work) and Pr2Co17 [25].

ı and decreases with x; its increase with Co is consistent with the
assumed Vegard’s law. Even though the Hf addition extends the
homogeneity range of this structure at 1150 ◦C, the highest 4�Ms

of 12.9 kG was measured for the binary alloy, Pr84.5Co15.5.

4. Discussion

The variations of the a, c, TC and 4�Ms values observed in the
binary PrCo5+ı alloys are consistent with the model of PrCo5+ı as
a structure transitional between PrCo5 and hexagonal (disordered)
Pr2Co17 structures. Moreover, with the assumption that the disor-
dered and ordered R2Co17 structures have the same values of TC and
4�Ms, the structure and magnetic parameters of PrCo5+ı appear
to follow the Vegard’s law. Since the PrCo5+ı single-phase region
which we were able to study by stabilizing the TbCu7-type structure
at 1150 ◦C was quite limited, it would be highly desirable to include
in the analysis the alloys with more than 84.5 at.% Co before claim-
ing that the pattern of the properties variation is established. The
published data on Co-rich Pr–Co alloys with TbCu7-type structure
do not exactly qualify for that. The a, c and TC values reported for Co-
rich TbCu7-type alloys obtained via high-energy ball milling [9,10]
cannot be directly compared to our data, since those alloys were
modified with Ti or Zr. Also, the a, c and 4�Ms values reported for
Pr13Co87 epitaxial films [26] (strongly deviating from the Vegard’s
law) may be incompatible to our data on bulk alloys.

The 4�Ms of 12.9 kG which we observed in Pr84.5Co15.5 trans-
lates into a theoretical maximum energy product of 41.6 MGOe,
an 8% increase compared to 38.4 MGOe for PrCo5 (4�Ms = 12.4 kG).
However, those Pr1−xHfxCo5+ı structures which exhibit 4�Ms

higher than that of Pr1−xHfxCo5 are not stable at 900 ◦C, and it seems
most likely that they are equally unstable at the lower tempera-
tures. Out of the several techniques used for manufacturing PrCo5
permanent magnets, only powder sintering (without a follow-up
heat treatment!) may take advantage of this enhanced magne-
tization. The PrCo5 magnets sintered at temperature as high as
1140 ◦C exhibited reasonably high values of the remanence, but
their coercivity was rather low [27]. The latter may be further
decreased in the off-stoichiometric PrCo5+ı magnets because of

their (presumably) lower magnetocrystalline anisotropy. It seems
highly desirable, therefore, to supplement any attempts of high-
temperatures sintering of the high-magnetization PrCo5+ı magnets
by steps intended to inhibit grain growth.
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. Conclusions

1) Addition of up to 1.5 at.% Hf increases the range of the
Pr1−xHfxCo5+ı structures stable at 1150 ◦C from 84.5 to 85.3 at.%
Co. However, this increase does not appear to be useful for the
manufacturing of permanent magnets, since the higher room-
temperature 4�Ms values were observed in the binary PrCo5+ı

alloys.
2) The Pr1−xHfxCo5+ı structure with ı > 0 becomes unstable at

900 ◦C, thus narrowing the options of utilizing the enhanced
4�Ms values to sintered permanent magnets and imposing
restrictions on the conditions of their manufacturing.

3) Lattice constants, TC and 4�Ms values of the binary PrCo5+ı

alloys vary continuously and appear to be transitional between
those of the stoichiometric PrCo5 structure and hypothetical
disordered Pr2Co17 structure.

cknowledgement

This work was supported by ONR through contract N00014-09-
-0606.

eferences

[1] K.H.J. Buschow, A.S. van der Goot, J. Less-Common Met. 14 (1968) 323–

328.

[2] K.H.J. Buschow, A.S. van der Goot, Acta Crystallogr. B27 (1971) 1085–1088.
[3] Y. Khan, Phys. Stat. Sol. 21 (1974) 69–76.
[4] C.H. Wu, Y.C. Chuang, X.M. Jin, X.H. Guan, Z. Metallkd. 83 (1992) 32–34.
[5] Z.M. Du, D.H. Wang, W.J. Zhang, J. Alloys Compd. 284 (1999) 206–212.
[6] H.H. Stadelmaier, B. Reinsch, G. Petzow, Z. Metallkd. 89 (1998) 114–118.

[

[

s and Compounds 509 (2011) 2562–2566

[7] R. Wang, R.P. Allen, in: C.D. Graham, G.H. Lander, J.J. Rhyne (Eds.), 20th Annual
Conference on Magnetism and Magnetic Materials, AIP Conference Proceed-
ings, vol. 24, American Institute of Physics, NY, 1975, pp. 683–684.

[8] M.Q. Huang, M. Drennan, W.E. Wallace, M.E. McHenry, Q. Chen, B.M. Ma, J. Appl.
Phys. 85 (1999) 5663–5665.

[9] Z.M. Chen, X. Meng-Burany, G.C. Hadjipanayis, J. Appl. Phys. 87 (2000)
5302–5304.

10] J. Zhang, B.G. Shen, S.Y. Zhang, Y.Q. Wang, X.F. Duan, Appl. Phys. Lett. 80 (2002)
1418–1420.

11] J. Zhang, F. Wang, C.B. Rong, H.W. Zhang, S.Y. Zhang, B.G. Shen, J. Appl. Phys. 93
(2003) 9170–9172.

12] J. Luo, J.K. Liang, Y.Q. Guo, Q.L. Liu, F.S. Liu, L.T. Yang, Y. Zhang, G.H. Rao, J. Phys.
D: Appl. Phys. 37 (2004) 1881–1884.

13] G. Wang, N.X. Chen, J. Shen, J. Alloys Compd. 420 (2006) 1–8.
14] Y.Q. Guo, W. Li, J. Luo, W.C. Feng, J.K. Liang, J. Magn. Magn. Mater. 303 (2006)

e367–e370.
15] Y.Q. Guo, W.C. Feng, W. Li, J. Luo, J.K. Liang, J. Appl. Phys. 101 (2007) 023919.
16] H.C. Yu, J.Q. Li, Y.Q. Bei, Y.Q. Zhou, J. Zhang, W.Y. Zhang, B.G. Shen, J. Electron

Microsc. 53 (2004) 37–42.
17] A.K. Patra, V. Neu, S. Fähler, L. Schultz, J. Phys. D: Appl. Phys. 40 (2007)

7261–7266.
18] J. Kostogorova, J.E. Shield, J. Appl. Phys. 99 (2006) 08B514.
19] B.E. Meacham, J.E. Shield, D.J. Branagan, IEEE Trans. Magn. I 37 (2001)

2503–2505.
20] S. Derkaoui, N. Valignat, C.H. Allibert, J. Alloys Compd. 232 (1996) 296–301.
21] A. Lefevre, L. Cataldo, M.T. Cohen-Adad, B.F. Mentzen, J. Alloys Compd. 255

(1997) 161–168.
22] W. Kraus, G. Nolze, J. Appl. Crystallogr. 29 (1996) 301–303.
23] M. Merches, W.E. Wallace, R.S. Craig, J. Magn. Magn. Mater. 24 (1981) 97–105.
24] H.O. Gupta, W.E. Wallace, E. Oswald, J. Magn. Magn. Mater. 50 (1984) 339–342.
25] M. Jurczyk, A. Wrzeciono, VI International Workshop on Rare Earth–Cobalt

Permanent Magnets and Their Applications and III International Symposium

on Magnetic Anisotropy and Coercivity in RE-Transition Metal Alloys, Baden,
Vienna, Austria, 1982, pp. 733–742.

26] A.K. Patra, V. Neu, S. Fähler, R. Groetzschel, S. Bedanta, W. Kleemann, L. Schultz,
Phys. Rev. B 75 (2007) 184417.

27] W.E. Wallace, R.S. Craig, H.O. Gupta, S. Hirosawa, A. Pedziwiatr, E. Oswald, E.
Schwab, IEEE Trans. Magn. 20 (1984) 1599–1601.


	Stability of PrCo5+δ and Pr1−xHfxCo5+δ alloys with TbCu7-type structure at 900–1150°C and their magnetic properties
	Introduction
	Experimental
	Results
	Stability of the Pr1−xHfxCo5+δ structure
	Magnetic properties

	Discussion
	Conclusions
	Acknowledgement
	References


