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Abstract
The work compares the peculiarities of the high-coercivity state formation in the Sm-Co-Fe-Cu-Zr high-
temperature and high-energy permanent magnets (HTPM and HEPM) in the course of the heat treatment with
temperature decreasing stepwise from 850 to 400°C. Two types of magnets with varying Fe concentration, i.e.,
Sm(Coo.83-xFexCuo.00Zr0.03)7 with x = 0; 0.04; 0.08; 0.12 (the HTPMs) and Sm(Coo s3-xFexCuo.06Zr0.03)7.5 with x =
0.24 — 0.33 (the HEPMs) were studied at different temperatures of heat treatment by x-ray diffraction and
magnetic analysis, followed by microstructure characterization using transmission electron microscope and
near-atomic scale chemical analysis by atom probe tomography. In HEPMs, the main increase in coercivity
and relaxation of stresses are observed at high temperatures (7 = 700°C) accompanied by intensive enrichment
of the 1:5 phase in Cu. In HTPMs, the coercivity monotonously increases in the entire temperature range of the
slow cooling from 700 to 400°C at a rate of 0.5°C/s. At the temperature close to the Curie temperature (~550
°C) of the Sm(Co,Cu)s-type phase, the anomaly of the coercivity increment has been observed. The interphase
stresses grow and the elemental redistribution is accelerated simultaneously. The non-uniform Cu distribution
in the 1:5 phase can be described by the formation of Cu-rich interlayers at the interface of the Sm(Co,Cu)s
and Smy(Co,Fe)7-type phases.
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1 Introduction

Sm(CopalFexCuyZry), alloys with the Curie temperature exceeding 800°C [1-3] are excellent materials for
high-coercivity permanent magnets, which are suitable for high-temperature applications. The magnets with
operating temperature falling in the range from 300 to 550°C are widely applied in devices such as hybrid cars,
powerful wind turbines, as well as special aviation equipment [2].

The temperature coefficient coercivity given as, f = dH./dT of the Sm(CopaFexCuyZry), magnets can
significantly vary based on the composition. By the sign and magnitude of P, these magnets can be divided
into two types, i.e., the so-called high-temperature (HTPMs) and high-energy permanent magnets (HEPMs).
The HTPMs [4-12] are enriched in Sm and Cu, and depleted with Fe (0<x<0.12); while on the contrary, the
HEPMs have low Sm and Cu (7.5<z<8.0 and 0.04<y<0.06) and high Fe (0.20<x<0.35) [13-20] concentrations.
Such choice of compositions favors the formation of up to 30-50% and less than 10% of the volume fraction
of the Sm(Co,Cu)s phase in the HTPMs and HEPMs, respectively. The maximum energy product (BH)m of the
HTPMs is approximately 20 MGOe; however, the magnitude of  [21] can be both positive [22,23], zero, and
negative in the temperature range below the Curie temperature 7¢ of the Sm(Co,Cu)s-type phase (T¢ ~ 550°C).
This fact provides the high thermal stability of magnetic hysteresis properties of the HTPMs, whose operating
temperature is close to 550°C. (BH)max of the HEPMs can reach up to 35MGOe [18]; however, this group of
magnets will have negative  with the approximate value of -0.3%/°C and with the operating temperature not
exceeding 300°C. The nanocrystalline cellular structure, which consists of the Smy(Co,Fe)i7 (2:17) cells, the
Sm(Co,Cu)s (1:5) cell-boundary phase, and lamellar Z-phase, emerges after the prolonged annealing of the
Sm(CopaiFexCuyZry), magnets at about 850°C. However, the hard magnetic state develops as a result of
elemental redistribution between the 2:17 and 1:5 phases in the course of the slow cooling from 850 to 400°C.
The focus of this work is to compare peculiarities of the high-coercivity state formation in the Sm-Co-Fe-Cu-
Zr magnets of the HTPM- and HEPM-type in the course of the heat treatment with stepwise decrease of
temperature [24,25].

2 Material and methods

Two types of magnets with various Fe concentration, i.e., Sm(Cog sg-xFexCuo.00Zro.03)7 with x = 0; 0.04; 0.08;
0.12 (the HTPMs) and Sm(Cooss-xFexCuo.06Zr0.03)7.5 with x = 0.24 — 0.33 (the HEPMs), were prepared by
powder metallurgy route. The samples were sintered at temperatures ranging from 1200 to 1215°C. The solid-
solution treatment was performed at temperatures from 1200 to 1150°C for x = 0.24 — 0.33, respectively. In
order to achieve the high-coercivity state, the magnets were subsequently annealed at 830°C for 25 h and then
cooled to 400°C at a rate of 0.5°C/min or with the temperature decreasing stepwise. Hysteresis loops were
measured with a vibrating-sample magnetometer, Lakeshore 7404 in magnetic fields up to 17.5 kOe. XRD
investigations were carried out using an Empyrean (PANanalytical) diffractometer with Cu-Ko radiation. The
Rietveld refinement was carried out using FULLPROF software. The needle shaped APT specimens were
annular milled using dual beam FEI Helios G4 UX focused ion beam/scanning electron microscopy
(FIB/SEM). Atom probe tomography (APT) measurements were performed using CAMECA LEAP 5000 XR

system in laser mode with a pulse frequency of 200 kHz and 30 pJ laser energy . The data analysis was



performed with the Integrated Visualization and Analysis Software (IVAS 3.8.4) of CAMECA Instruments
Inc. TEM information to be included.

3 Results and discussion

Figure 1 demonstrates the dependence of magnetic hysteresis properties of the HTPMs and HEPMs on Fe
content. With increasing Fe content, all the magnetic characteristics gradually enhance with the exception of
H. and (BH)m at x > 0.29. At x > 0.29, the coercivity and (BH)m decrease abruptly. As discussed above, an
increase in the Fe concentration together with decreasing Sm and Cu contents in the HEPMs decreases the
volume fraction of the Sm(Co,Cu)s phase. The electron microscopy study showed that, in the HEPMs with x =
0.33, increased Fe content complicates the formation of the uniform solid solution in the course of the solid-
solution treatment, which results in its decomposition during the isothermal annealing at 830°C followed by
the irregular microstructure. Figure 2 demonstrates images of the microstructure obtained by TEM. Two
different regions several microns in size can be seen, i.e., (1) parallel bands of the 2:17 structure with varying
Sm and Cu content, (2) regions with poorly developed cellular structure. The amount of the 1:5 phase in the
cellular structure decreases to the limit that it becomes incapable of forming continuous mesh of boundaries

around the 2:17 cells.
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Fig.1. Magnetic properties of the HTPMs and HEPMs

Figures 3 and 4 demonstrates the APT 3-D reconstructions of the Sm(Cog.soFe033Cu0.06Z10.02)7.5 magnet, where
the Cu distribution is apparently non-uniform, which evidences the discontinuous distribution of the 1:5 phase
over the cell boundaries. The concentration profiles Fig. 4 were measured from the cylindrical region,
intersecting a Cu-rich phase as shown in Fig. 3. The profiles demonstrate that the magnet is characterized by
Cu segregations in the fragments of the 1:5 phase, where the Cu content reaches 50 at %. Thus, the non-

uniformity of the cellular structure is the main reason for the observed deterioration of the magnetic properties

(Fig. 1).
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Fig. 3. APT analysis of the Sm(Coo.s9Feo33Cu0.06Zr0.02)7.s magnet showing elemental mapping
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Fig. 4. APT analysis of the Sm(Cog.s9Fe033Cu0.06Zr10.02)7.5 magnet showing concentration profiles

Figure 5 demonstrates the coercivity dependences of the Sm(Cog76Feo.12Cuo.00Zr0.03)7 HTPMs (a) and
Sm(Coo.64Fe0.28Cu0.06Zr0.02)7.5s HEPMs (b) vs time of annealing at different steps of the step cooling from 700 to
400°C, respectively. The most substantial increase in coercivity is observed at the initial stages of annealing. In
the course of the sufficiently prolonged annealing, the coercivity approaches constant values which increase
with decreasing temperature. The temperature dependences of coercivity for the HTPMs and HEPMs are
considerably different. In the case of the HTPMs, at 700°C the increase of H. is found to be rapid, while at
600°C it slows down, it increases abruptly at 500°C, and at 400°C it is the slowest. Upon annealing at 500°C,
the anomalous kinetics of the coercivity has been observed. It can be attributed to that the annealing
temperature passes through the Curie temperature of the 1:5 phase (near 550°C) and the corresponding
accelerated Cu redistribution [12,24,25]. The main increase of H. in the HEPMs occurs upon annealing at 7=
700°C. At T < 700°C, H. increases negligibly. Figure 5 ¢ summarizes the coercivity development process in
the cases of the HEPMs and HTPMs. In the case of the HEPMs, the high annealing temperatures considerably

affect the coercivity formation, which is contrary to the case of the HTPMs.
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Fig. 5. Coercivity of the Sm(Coo.76Feo.12Cu0.09Zr0.03)7 (the HTPMs) (a) and Sm(Cog.s4Fe0.28Cu0.06Z10.02)7.5 (the
HEPMs) (b) vs. time and temperature (c) of annealing at different steps of the step cooling

Figures 6 shows fragments of XRD patterns taken from the planes perpendicular to the texture direction of the
magnets (HTPMs (Fig. 6a) and HEPMs (Fig. 6b)) after quenching from 830°C and after step annealing at 700,
500 and 400°C. The volume fraction of the Sm(Co,Cu)s phase in the HTPMs quenched from 830°C reaches
50% (Table 1); and the difference in the ¢ lattice parameters of the Smy(Co,Fe)17 and Sm(Co,Cu)s phases is
negligibly small (Fig. 6a). Therefore, the Cu redistribution at 7 = 700 and 600°C is slow and insignificant, so
that it cannot considerably contribute to the increase of H.. Since the Curie temperature of the 1:5 phase 7¢'
is approximately 550°C, after decreasing the annealing temperature to 500°C, the 1:5 phase becomes
ferromagnetic and a strong magnetovolume effect is observed [12,24,25], which manifests in large change in
the crystal lattice parameters (Fig. 6 a). The 1:5 phase shrinks along the ¢ axis, which increases the misfits with
2:17 phase and interphase stresses. The uphill diffusion of Cu to the 2:17/1:5 interface efficiently relaxes

interphase stresses. Thus, at this temperature, a considerable acceleration of the Cu diffusion and increase of

H. are observed (Fig. 5a). Especially, this is true for the initial step of annealing (# < 0.2 h).
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Fig. 6. Fragments of XRD patterns taken from the planes perpendicular to the texture direction of the HTPMs
(a) (Sm(Coo.76Fe0.12Cu0.00Zr0.03)7) and HEPMs (b) (Sm(Cog.6s4Fe0.28Cuo0.06Zr0.02)7.5) after quenching from 830,
700, 500, and 400°C

Table 1. Phase composition and lattice parameters of the HTPMs and HEPMs before and after slow cooling.
Sm(Cog.76Fe0.12Cu0.00Z10.03)7 Sm(Coo.cFeo28Cu0.06Z10.03)7.5




Phase 830°C 25h

Fract (%) a, A c, A Fract (%) a, A c, A
2:17 51 8.4671 12.2103 77 8.4847 12.3255
1:5-1 37 4.9548 4.0371 19 4.9563 4.06
1:5-11 13 4.9319 4.0409 4 4.9023 3.8841

850°C 25h + 800°C 20min +SC

2:17 59 8.4620 12.2188 89 8.4864 12.3248
1:5-1 33 4.9660 4.0347 7 4.9835 4.0745
1:5-11 9 4.9245 4.0372 4 4.9369 3.8682

In order to understand how Cu relaxes the stresses, it is necessary to analyze carefully the powder diffraction
patterns. Figure 7 demonstrates the powder diffraction patterns of the HTPMs and HEPMs before and after the
step annealing. After quenching of the HTPMs from 830°C, the (110) and (020) reflections of the 1:5 phase
are smeared. Thus, it cannot be fitted by only one spectrum. Such patterns can originate from the 1:5 phase that
forms thin stressed interlayers with continuous Cu distribution. After the step annealing total weight fraction of
the Sm(Co,Cu)s phase decreases from 50 to 42%. Since in the course of step annealing the 1:5 phase becomes
enriched in Cu, a decrease in its fraction can only occur due to its intensive depletion with Fe and Co. Thus,
the 1:5 phase should also enrich in Sm, and, consequently, approach the stoichiometric composition. In
addition, after the step annealing, the relative shift of the two subspectra of the 1:5 phase increases. This can be
attributed to the formation of the interlayers at the interface of the 1:5 and 2:17 phases. It can be assumed that
one subspectrum corresponds to the Cu-rich phase and another to the 1:5 phase depleted with Cu. The Cu-
enrichment at the interface between the 2:17 and 1:5 phases relaxes the stresses and increases the boundary-
energy gradient, as well as H..

As can be seen from Table 1, in the case of the HEPMs, after the step cooling, the total weight fraction of the
1:5 phase decreases from 23 to 13%. Quenching from 830°C results in a large misfit of the ¢ lattice parameters
of the coherent 2:17 and 1:5 phases (Fig. 6b), and, therefore, causes increased misfits at the 2:17/1:5 interface.
Taking into account that at the 2:17/1:5 interphase the phases with less difference between the c/a ratios should
be localized, the 1:5-1 phase should be the interlayer in the case of the HEPMs. As can be seen from Figs. 5
and 6, main elemental redistribution between the phases and increase in H. occurs upon annealing at 7 =
700°C. Generally, these processes are similar to the ones in the case of the HTPMs, i.e., both the 1:5-1 and 1:5-
II phases become enriched in Cu, which is accompanied by depletion with Fe and Co, so that the composition
of both 1:5 phases approach the stoichiometric one. In the course of annealing at 7= 700°C, the Cu diffusion
from the 2:17 phase into the 1:5 phase leads to the relaxation of the stresses. At T'< 700°C, no change in the
XRD patterns has been observed, which explains the negligible increase of H. (Fig. 5).
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Fig. 7. Fragments of powder XRD patterns of HTPMs (a,b) (Sm(Cog.76Feo.12Cu0.00Zr0.03)7) and HEPMs (c,d)

(Sm(Coo.64Fe0.28Cu0.06Z10.02)7.5) quenched after various treatments

4 Conclusion

It is demonstrated that the interphase misfits and stresses significantly affect the redistribution of the elements

between the 2:17 and 1:5 phases and, hence, the coercivity. In the course of slow cooling, in the HTPMs and

HEPMs, the coercivity and stresses develop according to two different schemes.

1) In HEPMs, the main increase in coercivity and relaxation of stresses are observed at high temperatures (T =

700°C). At the same time, the 1:5 phase intensively enriches in Cu.

2) In HTPMs, the coercivity monotonously increases in the entire temperature range of the slow cooling from

700 to 400°C. In this case, the lower the temperature of annealing, the higher the increase in coercivity. At the

temperature close to the Curie temperature of the 1:5 phase (approximately 500°C), the anomaly of the

coercivity increment is observed. The interphase stresses grow and the element redistribution is accelerated.

The Cu distribution in the 1:5 phase is found to be non-uniform, and, probably, the Cu-rich interlayers are

formed at the interface of the 1:5 and 2:17 phases.
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