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The Characterization of Sintered SmCos Magnets*
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Abstract: During the investigation and design of a laboratory model of a sintered SmCo,
magnet, a group of methods for characterizing siniered and heat treated magnets was defined.
The direct dependence of the magnetic properties of sintered magnets on the microstructure and
phase composition gives special significance to the methods of scanriing electron microscopy
(SEM) with appropriate software for qudhtification of visual information (QVI) and X-ray
diffraction analysis. The chosen characterization methods are discussed in this paper with a
separate preseniation of the importance of the SEM and X ray-diffraction methods in optimizing
the sintering and heat treatmenit phases in the procedure for obtairing these magnets.
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Pesrome: B reueHHE HCCICHOBAHHA H MPOCKTHPOBAHHS /ia00paTOPHOH MOJCJIH CIICYCHHOIO
SmCo,  marmmra ompegeneH KOMIVICKT MCTOJOB JUI4  XapaKTEpH3al(i  CHICICHHBIX H
TEPMHICCKH 0OPAOOTAHHBIX MATHHTOB. IIpIMas 3aBHCHMOCTD MarHHTHBIX CBOHCTB CIT€ YEHHDBIX
MATHHTOB OT MHKPOCTPYKTYPBI H (Da30BOr0 COCTaBa MpHAAcT 0CO00¢ 3HaUCHHE MCTOHAM
CKaHHPYIOIEH 37IEKTPOHHOA MHKPOCKOIIHH ¢ COOTBETCTBYIOIIHM IIPOTPAMMHBIM obecre YCHHEM
JIIS KOJiHIECTBEHHOI O onpee/ICHHS BH3YATbHOH HHPOPMAIHH, a TaKxe
DPEHTTCHOCTPYKTYPHOMY AaHATH3Y. B JaHHOH paHoTE 0OCyKHaNIH  OTOOPAHHBIE METONbI
XapaKkTepH3aHH. a TAakXe [IOKd34HA BaXHOCTb MCTOLOB CKaHApYIOIIEH 3IEKTPOHHOH
MHKPOCKOIHH H PEHTTEHOCTPVKTYPHOIO aHaIH3a [ ONTHMH3AIHA (haspr coekaHus H

TCpAIH‘IC’CKOﬁ 06[7[250TKH B ripohecce noayYCHHA JdHHBIX MArHHTOB.

Kmrovessre crro8a; Crievexarme; SMCO; MArHHT.

Cagpiaj: V 10Ky HCTPEKHBEILA H HIPEHE /1a00PATOPHCKO MOGESIa CHIHTEPOBaHOI SmCo,
MarHera gequmncarn Jé CAYIT METoga 3a KapakTepH3auywy CHHTEPOBAHHX H TeOMHIKH
06DELEHIX MArHETA. LJMOEKTHE SABHCHOCT MarHETHHX CBO/CTEBE CHHTEPOBAHNX MArHeTa Of
MUKDOCTOYKTYOE #H QASHOr CaACTaBa 4gafe /10cebarn 3HaYq/ merogama CReHHOEVHE
enexTpoHckKe mukpockomye (SEM) ca ogroBaoayhms coprBepom 3a KBAHTHQOHKELY
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susyesnmx nigoomayma (KV1) 1 pergreHcKko) guaboak 7ome ronickal arnanisn. ¥ oBom pagy
00PA3/TONEHE CY OfACPAHE METOHE KIPDIKTEPHUIAUHIE, Ca /TOCEOHIM [TOHKAZOM 3HAYEYE
meroge SEM i pergreHcke gugoakTomerone 3a ONTHmMu3auny @ase CHHIepoBarma H
TEOMUIKE OOPEHE Y ITOCTYIIKY [JOOHIAE OBUX MAIHETA.

Arsyire pesn.: Curreposarse, SmCo, MarHe .
1. Introduction

In the course of studying the field of permanent magnetic materials of the Sm -
Co type, it was noticed that there is an exceptionally large number of parameters that
directly influence the magnetic parameters of the final magnet, which are also
interrelated. Although numerous, these parameters may be classified into two groups:
parameters related to the character and behavior of the initial SmCos powder and
parameters related to the technological procedure of obtaining sintered SmCos magnets.
By summing up the experimental results in the course of investigation the
technological parameters of the production procedure on the properties of the final
SmCos magnet, as well as during the characterization of the sintered and heat treated
magnets, the group of methods for characterizing the final magnets was defined.
The chosen characterization methods enable the realization of the following
basic goals:
o characterization of the final magnets,
e clarification and definition of the dependence of the magnetic properties of the final
magnet on the individual technological parameters, and
e the possibility of the broader utilization of the obtained experimental
characterization results to optimize individual phases of the technological production
procedure.

2. Choice of methods and experimental results

The following investigations were carried out to characterize the sintered and

heat treated SmCos magnets:

e chemical composition,

e oxygen content,

e microstructure analysis,

e phase analysis,

e study of the magnetic properties.

Micro-X-ray diffraction spectral quantitative ‘analysis was used for quantitative
chemical analysis. The samarium content in the sintered SmCos type magnets ranged
from 32 to 39 mass% [1,2].

The high reactivity of rare earths and the direct dependence of the magnetic
properties of the final magnets of this type on the oxygen content requires continuous
control of the oxygen content. In order to achieve maximal values of the magnetic
properties of the sintered SmCos type magnets, the allowed oxygen content in the final
magnet ranges from 0.6 to 0.8 mass% [2,3]. An additional amount of 800 ppm of
oxygen leads to oxide formation decreasing the content of the magnetic SmCos phase by
0.5 mass% which directly causes a decrease in the magnetic properties of the final
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magnet. A LECO instrument was used in the quantitative chemical determination of
oxygen after each step of obtaining a sintered magnet as well as in the final magnet.

SEM was used to analyse the microstructure of the sintered and heat treated
SmCos magnets in the surface layer and in the interior of the sample. SEM analysis
enabled the study of changes in the site and the association of the particles as a function
of the sintering and heat treatment conditions, as well as the determination of the degree
of porosity. SEM analysis of the microstructure of the surface layer of sintered and heat
treated SmCos magnets was used to establish the existence of an oxide zone.

Sintering was investigated in the temperature range from 1100-1180°C in
intervals of 20°C, with sintering times of 30, 45 and 60 min each investigated
temperature. The heat treatment for all the investigated sintering times and temperatures
was always at 900°C for 90 min. The maximal thickness of the oxide zone for all the
investigated sintering and heat treatment conditions was 45pum [4].

Software for quantification of visual information (QVI) together with SEM
allows measurement of the thickness of the oxide zone on the surface of the cross-
section of the sintered and heat treated magnets for various sintering conditions and
constant heat treatment conditions. By correlating the thickness of the oxide zone in the
surface layer of sintered and heat treated SmCos magnets with the temperature and time
of sintering the mathematical model was obtained. [4].

A graphical presentation of the obtained mathematical model of the dependence
of the thickness of the oxide zone (A) on sintering temperature and time with the
corresponding regression equation are shown in Fig. 1. as an illustration of these

investigations.
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Fig. 1. Graphical presentation of the thickness of the oxide zone on sintering
temperature and time for heat treatment at 900°C, time 90 min.
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The obtained mathematical model enables observation of the sintering process
and makes possible to define the critical temperature and time of sintering when growth
of the oxide zone in the surface layer causes noticeable degradation in magnetic
performance.

X-Ray diffraction analysis was used to qualitatively determine the phases
present. The results of X-ray diffraction analysis were used for several purposes [5,6]:

e for identifying the phases present in the surface layer,

¢ the mathematical modeling of the sintering process was performed by measuring the
intensity of the peaks from the obtained diffractograms and correlating the intensities
of the peaks of the (111) plane for the SmCos phase with the sintering temperature
and time,

e the parameters a and c¢ of the hexagonal crystalline lattice of the SmCos phase were
calculated on the basis of the obtained diffractograms for various sintering and heat
treatment conditions.

Fig. 2. shows representative diffractograms with identified phases of a SmCos
magnet sample sintered at 1140°C for 45 min and heat treated at 900°C for 90 min.
Figure 2a shows the diffractogram of the cross-section of the interior of the sintered and
heat treated sample of SmCos, while Figure 2b shows the diffractogram of the surface
layer of the same sample.
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Fig. 2. Diffractograms of the sintered SmCos : a) cross-section, b) surface layer

Continuous X-ray diffraction was used to analyse the phases in the sintered and
head treated SmCos magnets. For all the sintering and head treatment conditions, only
SmCos (min. 95%) was identified. The presence of oxide or other inclusions in any part
of the sintered samples was not found, except in the surface layer. X-Ray diffraction of
the surface layer, for all the samples of sintered SmCos magnets, revealed hexagonal and
tesseral metallic cobalt, as well as Sm,0Os5 in the B form [4,5,6].

The parameters a and ¢ of the hexagonal crystalline lattice for the SmCos phase
were calculated on the basis of the obtained diffractograms and correlated to the
sintering and heat treatment conditions.

Tab. I shows the experimentally calculated values of the parameters a and ¢ of
the SmCos hexagonal crystalline lattice of the starting powder, milled powder and
SmCos samples sintered under various conditions at constant heat treatment conditions,
together with the values of the standard [7].
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The experimentally calculated values of the parameters a and ¢ of the SmCos
hexagonal crystalline lattice of the starting, milled powder and of the sintered magnets
under different sintering regimes negligibly differ from the standard values. Applied
sintering conditions did not induce defects in the crystalline lattice of SmCos.

Tab. I Comparative presentation of the parameters a and ¢ of the SmCos hexagonal
crystal lattice

PARAMETER LATTICE
SAMPLE (with standard error)
a, nm ¢, nm
STANDARD 0.4995+ 0.0001 0.3987+ 0.0001
JCPDS 35 - 1400
VALUES 0.4995+ 0.0001 0.3987+ 0.0001
JCPDS 27 - 1122
STARTING POWDER SmCos 0.50052950 0.3968199
+0.00010310 +0.0001419]
POWDER SmCos , MILLED 45 MIN. 0.50055676 0.397219i1
+0.00008058 +0.00009788
SINTERED SmCos
TEMPERATURE, TIME, MIN.
°C
1100 45 0.50026259 0.39714360
+0.00014563 +0.00018978
1120 45 0.50076864 0.39894229
+0.00018181 +0.00023930
1140 45 0.50038653 0.39850378
+0.00014112 + 0.00018557
1160 45 0.50093074 0.39904832 +
+0.00018440 0.00023762
1180 30 0.50100157 £ 0.39899700 +
0.00022161 0.00029142

It was established in these investigations that there is a dependence between the
intensity of the dominant diffraction peak, which corresponds to the (111) plane of the
SmCos phase and the sintering temperature and time. By correlating these parameters
with mathematical treatment mathematical models were established [5,8]. Two different
heat treatment regimes were investigated, for all investigated sintering conditions. In the
first case after each sintering regime, heat treatment was performed at 900°C for 90
minutes, and in second case the heat treatment was at 920°C, also for 90 minutes. The
obtained mathematical models show that there is a complex dependence between the
intensity of the diffraction peak and the sintering time and temperature for defined heat
treatment conditions. For both heat treatment regimes, the smallest average square errors
were obtained when the following type of the regression equation is used:

[ =k, tP4+k, Tk t THkat+ K5T+ ke (1)
Where: ki, ko, ks, ka4, ks and k¢ are parameters; t- the sintering temperature in°C; T- the
sintering time in minutes, I - intensity of dominant diffraction peak in Cts.
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A graphical representation of the regression dependencies for heat treatments
at 900°C, and 920°C are given in the Figs. 3 and 4, respectively.
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Fig. 3. Graphical presentation of the regression equation for heat treatment at 900°C

Fig. 4. Graphical presentation of the regression equation for heat treatment at 920°C

These models indicate that the intensity of the peak of the (111) plane of the
SmCos phase depends on the square of the temperature and square of the time of
sintering for constant heat treatment conditions. It was experimentally confirmed that
magnetic properties are obtained when sintering occurs under conditions at which the
intensity of the diffraction peak of the (111) plane for the SmCos phase is maximal [5,8].

It is possible to study magnetization and measure magnetic properties using
various types of magnetizers. The basic condition is that the chosen instrument enables
magnetization of the studied sample to complete magnetic saturation yielding peak
values of the magnetic properties. A field strength greater than 2000 kA/m is required to
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achieve complete magnetic saturation of SmCos type magnets.

A Hysterisis graph magnetizer with magnetic field strengths ranging from 2100

to 2400 kA/m was used to study the magnetization and magnetic properties of sintered
SmCos magnets.

Fig. 5 shows hysterisis curves of a SmCos magnet sintered under different

sintering conditions with heat treatment at 900°C, 90min.
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Fig. 5. Hysterisis curves of a sintered and heat treated SmCos magnet: 1 - Sintering

temp. 1100°C, time 60 min; 2 - Optimal sintering regime [5,8], 1140°C,
time 45 min

3. Conclusions

In the course of the investigations and the design of a laboratory model of a

sintered SmCos magnet, a group of methods was chosen for the characterization of
sintered and heat treated SmCos magnets.

Micro-X-ray diffraction spectral quantitative analysis was proposed for

quantitative chemical analysis. A LECO instrument was found to be the most reliable for
the quantitative chemical determination of oxygen.

SEM with appropriate software for quantification of visual information (QVI),

was proposed for analysis of the microstructure.

X-Ray diffraction was proposed for qualitative phase analysis. The results of the

X-ray diffraction analysis were used to:

determine the content of the magnetic SmCos phase as a function of sintering and
heat treatment conditions,

identify the phases present in the surface layer,

optimize the sintering process by applying the mathematical model obtained by
correlating the intensities of the peak of the (111) plane of the SmCos phase and the
sintering temperature and time under constant heat treatment conditions,

calculate the parameters a and ¢ of the SmCos hexagonal crystalline lattice to be able
to observe the influence of sintering conditions on possible defects in structure.
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