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INTRODUCTION

The development of high�energy thermal stable
hard magnetic materials for aircraft devices is a chal�
lenging problem [1, 2]. We have shown in a number of
works that the alloying of the R–Fe–B system (with
R = Pr, Nd) with dysprosium and cobalt can substan�
tially increase the temperature stability of the material
up to the zero temperature induction coefficient (TCI)
[3, 4]. However, alloying with only dysprosium and
cobalt was found to have a substantial disadvantage,
since residual inductance Br at TIC ≈ 0 decreases (this
also follows from calculations [3, 5]). Partial substitu�
tion of gadolinium for dysprosium (the magnetic
moment of gadolinium is lower than that of dyspro�
sium) does not improve residual inductance Br, since
its slight increase is accompanied by an increase in the
TIC; i.e., the thermal stability of material decreases
[5, 6]. In other words, the alloying system that allows
one not only to decrease the TIC but also to change
the behavior of the temperature dependence of mag�
netization of the principal magnetic phase R2F14B
(with R = Pr + Dy, F = Fe + Co; phase A) without a
substantial decrease in Br is necessary. As an alloying
element, we chose copper.

EXPERIMENTAL

We have studied materials having the compositions
(at %) (Pr0.52Dy0.48)13(Fe0.65Co0.35)80.3 – xCuxB6.7 (x =
0–10). Alloys were prepared by a traditional technique
using a vacuum induction furnace [3, 4]. Ingots were
crushed in an inert atmosphere and subsequently
milled into particles less than 630 μm in size. Fine

milling was performed in a trifluorotrichloroethan
medium using a centrifugal planetary mill. Magnets
blanks in the form of prisms were compacted by “wet”
pressing in a transverse magnetic field of 800 kA/m.
Copper was made a component of material at the stage
of powder processing. Sintering and heat treatment
were performed at temperatures of 1080–1160°C
using an SNVE�1.3.1/16�IZ vacuum furnace. The
temperature characteristics were measured using a
SQUID magnetometer (superconducting quantum
Josephson interferometer) and spherical samples. The
local chemical compositions of phases were studied by
quantitative and qualitative electron microprobe anal�
ysis (EMA) using a Superprobe�733 (JCMA�733)
(JEOL, Japan) analyzer. The analysis locality and
depth was 1 μm2 and 1 μm, respectively.

RESULTS

Figure 1 shows coercive force Hci of the sintered
materials with different copper contents versus sinter�
ing temperature Tsin. It follows from the data in Fig. 2
that, for copper contents of 0–3.3 at %, the depen�
dence exhibits a maximum, which is sufficiently
abrupt at a copper content of 2 at %. The subsequent
increase in the copper content leads to an abrupt
decrease in Hci of the magnetic material. We note also
some increase (no more than 5%) in Hci for the mate�
rial after annealing at 1000°C for 1 h. Figure 3 shows
the dependences of the contents of phase A compo�
nents (Fe, Co, Cu) on the copper content in the mag�
netic material. It is seen from the dependences that
copper substitutes for iron in phase A; the cobalt con�
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tent remains unchanged. Figure 4 shows the tempera�
ture dependence of the magnetization measured in
zero external field H = 0. It is seen that, as the copper
content increases, the behavior of the temperature
dependence changes and the TIC alternates the sign
(Table 1). As was shown by EMA, the dysprosium and
cobalt contents in phase A remain unchanged for this
range of copper contents. Figure 5 shows the depen�
dence of the volume contents of individual phases on
the copper content in the material. It is seen that, as
the copper content increases, the amount of the prin�
cipal magnetic A phase increases; the maximum con�

tent of the RF4B phase corresponds to 2 at % copper in
a magnet.

DISCUSSION OF RESULTS

It was shown in [6] that, in the course of sintering
of magnets with a high cobalt content, the main
components of the liquid phase are (Pr,Dy)
(Fe,Co)2, (Pr, Dy)(Fe,Co)2B2, (Pr,Dy)(Fe,Co)4B,
(Pr,Dy)(Fe,Co)3B2, and (Pr,Dy)(Fe,Co)3. It is likely
that copper always decreases the melting point of these
compounds [7] and results in a decrease in the sinter�
ing temperature (see Fig. 1). The R2F14B phase can
have a variable composition in boron [8]; as a result,
boron transfers from this phase into other boron�con�
taining phases during annealing in a certain tempera�
ture range. In this case, the structure of the near�sur�
face region of this phase becomes distorted; this leads
to the nucleation of reverse magnetization domains
and to an experimentally observed decrease in Hci [9].
The sufficiently abrupt maximum in the dependence
of Hci on the copper content (see Fig. 2) is likely to be
caused by changes in the magnet structure, since this
range corresponds to the maximum content of the
RF4B phase, as is seen from Fig. 4. We can assume that
this is related to a change in the melting temperature
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Fig. 1. Coercive force Hci for the
(Pr0.52Dy0.48)13(Fe0.65Co0.35)80.3 – xCuxB6.7 materials
with various copper contents (numerals at the curves) as a
function of the sintering temperature.
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Fig. 2. Hci of the (Pr0.52Dy0.48)13(Fe0.65Co0.35)80.3 – xCuxB6.7
materials vs. the copper content sintered at a temperature
of Tsin = (1) 1080, (2) 1100, and (3) 1120°C.

Table 1. TIC vs. the copper content in magnetic materials
in the temperature range from –60 to +80°C

Material*
TIC  

(–60…+80°C), 
5%/°C

(Pr0.52Dy0.48)13(Fe0.65Co0.35)79Cu1.9B6.7 –0.00150  

(Pr0.52Dy0.48)13(Fe0.65Co0.35)78.2Cu2.1B6.7 –0.00062

(Pr0.52Dy0.48)13(Fe0.65Co0.35)77Cu3.3B6.7 +0.09000

* Composition is given in at %.
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of liquid during sintering. As is seen from Fig. 3, cop�
per does substitute for iron in phase A and does not
affect the cobalt content. It is known that the
Nd2Fe14B intermetallic has the following six crystallo�
graphically nonequivalent atomic positions in the
3d sublattice: 16k1, 16k2, 8j1, 8j2, 4c, and 4e [10]. Using
Mössbauer spectroscopy, it was shown for the
Nd2(Fe0.87Co0.13)14 compound [11] that each of these
six groups of atoms exhibits individual behavior of the
temperature dependence of magnetization J, i.e., is
characterized by a specific TIC magnitude. The total
TIC of the entire material is the algebraic sum of the
TICs of all sites. The temperature dependence of mag�
netization for each site is determined by the signs of
the exchange interaction between the nearest neigh�
bors. In particular, when the distance between atoms
in the 3d lattice is �0.25 nm, the sign of exchange
interaction becomes negative (antiferromagnetic
interaction) [10]. When nonmagnetic atoms in R2F14B
substitute for iron in 3d sites, some interactions can be
“switched off”; therefore, the temperature depen�
dence of magnetization can change. It is known that
alloying�element atoms incorporated into the
Nd2Fe14B lattice substitute for iron at different sites;
this is related to both their ion radius and the Wigner–
Seitz cell volume. For example, copper atoms substi�
tute for iron at the 16k2 and 8j1 sites [12], whereas
cobalt atoms substitute for iron atoms at the 16k2 and
16k1 sites [13]. Data on the nearest environment of all
iron sites in phase A with r < 0.4 nm are available in
[10]. The results of our analysis are given in Table 2,

which gives the interatomic distances between a given
cell site in the Nd2Fe14B lattice and sites k2 and j1 from
the nearest environment of this site and the TICs mea�
sured at different iron sites in the Nd2(Fe0.87Co0.13)14B
compound in a temperature range from –23 to +77°C
by Mössbauer spectroscopy [9, 10]. Table 2 (third col�
umn) also presents the number of the nearest sites and
the distances to them for r ≤ 0.25 nm. As is seen from
Table 2, the 16k2 site has a single j1 site (r = 0.239 nm)
in the nearest environment. All other sites have either
longer distances or cannot be occupied with copper
atoms. A similar situation also takes place for the
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Fig. 3. Phase A component (Cu, Fe, Co) content vs. the
copper content in a magnetic material.
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Fig. 4. Temperature dependences of the magnetization of
spherical samples (Pr0.52Dy0.48)13(Fe0.65Co0.35)80.3 – xCuxB6.7
in the absence of applied field.

Table 2. Interatomic distances between a given site in the
Nd2Fe14B compound cell and sites k2 and j1 in the nearest
environment of the site and the values of TIC measured by
Mössbauer spectroscopy

Site TIC, %/°C Number of nearest sites 
(distance to them, nm)

16k1 –0.052 1k2 (0.246)

16k2 –0.125 1j1 (0.239)

8j1 –0.038 1j1 (0.244), 2k2 (0.239)

8j2 –0.025 – (≤0.250)

4e –0.370 – (≤0.250)

4c –0.420 4k2 (0.250)
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4c site. It has four nearest sites k2 (r = 0.25 nm), and
the substitution of copper for iron atoms should lead to
a decrease in TIC for the 4c site. The 8j1 site has a sin�
gle j1 site (r = 0.244 nm) and two k2 nearest sites
(r = 0.239 nm). The substitution of copper for iron
atoms in these sites also should lead to a decrease in
the TICs for these sites. Thus, the decrease in the TIC
of the copper�alloyed material can be explained qual�
itatively. However, it should be noted that the data
given in Table 2 are related to the Nd2(Fe0.87Co0.13)14B
system. In our case, the material composition is
(Pr0.52Dy0.48)13(Fe0.65Co0.35)80.3 – xCuxB6.7 (with x = 1.3,
2.1, 3.3). The average composition of phase A in the
(Pr0.52Dy0.48)13(Fe0.65Co0.35)77Cu3.3B6.7 material is
(Pr0.48Dy0.52)2(Fe0.64Cu0.01Co0.35)14B. In this case, the
calculated TIC magnitude (range from ⎯60 to +80) is
+0.0069%/°C [14], which is substantially lower than
the experimental value (see Table 1). However, our
calculation is incorrect, since the real distribution of
iron, cobalt and copper atoms in sites was not taken
into account. The calculation is based on the change
of the Curie temperature ΔθC of the material with dif�
ferent copper contents [3, 5, 14]. For the
Nd2(Fe1 ⎯ xCux)14B material with x = 0–0.05 (limiting

copper solubility), the change in θC is only 2 K [15].
Thus, the effect of copper on TIC in this case is not
related to a change in the Curie temperature of phase A.

CONCLUSIONS

(1) An increase in the copper content in the sintered
material (Pr0.52Dy0.48)13(Fe0.65Co0.35)80.3 – xCuxB6.7 leads
to a decrease in the sintering temperature and an
abrupt decrease in Hci. The coercive force is maximum
in the copper content range 0–3.3 at %.

(2) As the copper content increases, the content of
the (Pr,Dy)(Fe,Co)4B phase decreases (up to zero)
and the content of the principal A phase increases pro�
gressively. Copper atoms substitute for iron atoms in
phase A and do not change the cobalt content.

(3) In the copper contents range 1.3–3.3 at %, TIC
varies from –0.0015 to +0.090%/°C in the range from
–60 to +80. In this case, the dysprosium and cobalt
contents in phase A are unchanged. The effect of cop�
per on TIC is explained by the substitution of copper
for iron atoms in the 16k2 and 8j1 sites of crystal lattice.
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