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INFLUENCE OF COOLING RATE ON PHASE COMPOSITION AND MAGNETIC PROPERTIES OF Sm,; 5Cogs sFesCu,;Si,

ALLOY IN THE FORM OF RIBBON IN AS-QUENCHED STATE

WPEYW SZYBKOSCI CHLODZENIA NA SKEAD FAZOWY I WEASNOSCI MAGNETYCZNE STOPU Sm;, sCogs.sFesCuy; Siz

W STANIE PO ZESTALENIU

The fabrication method and magnetic properties of Smj, sCogssFesCuy;Si, alloy are presented in this article. The samples
were produced by rapid quenching of the liquid alloy onto a rotating, copper wheel (the so-called ‘melt-spinning’ method) and
they had a thin ribbon shape. The microstructure of the samples was investigated by measurements of diffraction patterns for
powdered samples, in order to obtain data from the entire volume of the sample. It was found, that samples were composed of
different amounts of Sm,Co;7, SmCos and SmCo; phases, depending on the linear velocity of the copper wheel used during the
fabrication process. The magnetic measurements were performed using a vibrating sample magnetometer (LakeShore VSM)
working with an external magnetic field of up to 2 T. It was found that the obtained ribbons displayed relatively good hard
magnetic properties, such as remanence pyMg, and high resistance to demagnetization fields ;Hc.
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W pracy badano wplyw warunkéw wytwarzania na wlasno$ci magnetyczne i sktad fazowy stopu Smj, sCogs sFesCuy;Sis
w stanie po zestaleniu. Probki stopu zostaly otrzymane przy uzyciu metody szybkiego chlodzenia na miedzianym wirujacym
bebnie (ang. melt-spinning) i mialy postaé¢ cienkich ta§m. Badania struktury zostaly wykonane przy uzyciu dyfraktometru
rentgenowskiego. W celu otrzymania danych z calej objetosci probki badania sktadu fazowego zostaly przeprowadzone dla
sproszkowanych prébek. Dla otrzymanych dyfraktograméw przeprowadzono analize¢ jakoSciowa i iloSciowa (Rietvelda) skla-
du fazowego. Na podstawie otrzymanych wynikéw stwierdzono, ze probki skladaly si¢ z réznych zawartosci faz Sm,Cos,
SmCos i SmCo;. Nawet niewielkie zmiany w szybkosci chtodzenia skutkujg znacznymi réznicami w sktadzie fazowym stopu.
Wiasnos$ci magnetyczne probek zostaly wyznaczone przy uzyciu magnetometru wibracyjnego (LakeShore VSM), przy zasto-
sowaniu zewngtrznego pola magnetycznego o wartosci 2T. R6zna zawartos¢ faz oraz rozmiary ziaren w otrzymanych probkach

powodowaly znaczne réznice w warto$ciach parametréw magnetycznych.

1. Introduction

At present, the papers related with SmCo based perma-
nent magnets are divided into two main themes, i.e. the man-
ufacture of magnets with high coercivity, unique cluster struc-
ture and strong magnetocrystalline anisotropy, [1], and mag-
nets with much poorer magnetic properties but which feature
high temperature stability of up to 400°C. For the latter type,
the materials are based on Sm(Co, M); compound, where M
represents the type of alloying additions, that enforce forma-
tion of TbCu; unique, metastable structure [2-4]. Investiga-
tions performed by other scientists [5, 6] have shown, that al-
loys with SmCos structure, besides the high Curie temperature
and (T¢~800°C), possess lower or even abnormal coercivity
temperature coefficients (b = -0.10 to -0.16% °C™!).

Since the metastable SmCo; phase cannot exist in isola-
tion, the addition of a third alloying component, M, such as:
Si, Cu, Ga, Nb, or Hf is used. These components facilitate
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the formation and stabilisation of the SmCo; phase, [7-10].
Moreover, some of the magnetic properties of the alloys can
be improved. If the electronegativity of added component(s)
M is smaller than for Co, atoms of alloying additives prefer
certain locations in the lattice (2e instead of 3g). However,
if the amount of M is too great (x >3) its atoms will prefer
location 2c, [11, 12]. If alloying additive atoms take locations
2e and 3g in the SmCo; lattice, there is an increase in mag-
netocrystalline anisotropy and an improvement in magnetic
properties, whereas atoms taking location 2c cause a decrease
in magnetocrystalline anisotropy and a worsening of magnetic
properties. In Fig. 1, the unit cell of SmCoy, together with the
locations of atoms, are shown.

In this paper, the influence of cooling rate on
the phase composition and magnetic properties of the
Smj; 5Coge.5FegCuySi, alloy in the as-quenched state are in-
vestigated.
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Fig. 1. The unit cell of SmCo-, [13]

2. Materials and Methods
2.1. Materials

Crystalline ingots of Smj;5Coges5FegCu;;Si, alloy were
prepared, using a plasma arc, from components of the follow-
ing purities: Fe — 99.98, Co — 99.99, Sm — 99.9, Cu - 99.99,
Si-99.99, Fe — 99.98. The ingots were re-melted several times
in order to ensure homogeneity of the resulting alloy. Due the
presence in the alloy of rare earth metal components, which
are prone to oxidation, the whole process was performed, un-
der a protective argon atmosphere. In addition, pure Ti was
used as a ‘getter’.

In the next step, the prepared ingots were crushed into
small pieces, sealed in quartz capillaries and mounted onto
a melt spinner. Based on previous research, the production
process parameters were chosen, including: pressure of the
work chamber (0.4 Atm.), range of linear velocity of the cop-
per wheel (18, 20 and 22 m/s), diameter of capillary opening
(0.5 mm) and pressure of injecting gas, [5-10]. The crushed
ingots were induction melted and injected onto the rotating
copper wheel. The obtained samples were in the shape of rib-
bons, with thickness of 40 um. The whole process was carried
out under an inert atmosphere.

2.2. Methods

The X-ray diffraction investigations were performed by
means of a Brucker X-ray diffractometer, equipped with a
semiconductor counter. The X-ray diffraction patterns were
obtained using a copper lamp with K, = 1.54056 A. The
samples were scanned in 26 range, from 30° to 120° with
increments of 0.02° and exposure time of 3 s per step.

On the basis of the obtained X-ray patterns, using the
Rietveld method, the qualitative and quantitative analyses of
the phase composition were performed. For qualitative analy-
sis, ‘DIFFRAC.EVA’ software, equipped with PDF1 base, was
used. Quantitative analysis was performed using ‘DifragPow-
er’ software. The average grain size was calculated on the basis
of analysis of the most intensive peaks in the X-ray diffraction
patterns, using the Bragg equation, [14]:

K-a
D

where: D — grain size, K — shape coefficient (assumed value of
0.89), @ — characteristic wavelength, A"/ — peak half-width,
given in radians, Ad/d — the relative coefficient of deformation,
ngl — Bragg angle.

Samples used for the measurement of magnetic proper-
ties were in the form of ribbons with 0.5 mm length and
0.2 mm width. In order to perform the magnetic measure-
ments, all samples were demagnetized using an alternating
magnetic field. All alloys in the as-quenched state had vesti-
gial spontaneous magnetization, as a result of magnetocrys-
talline anisotropy. These measurements were performed using
a LakeShore magnetometer with a vibrating sample (VSM)
in magnetic fields of up to 2 T. The demagnetization factor,
resulting from magnetostatic field related with sample shape,
was not taken into account.

All measurements were performed at room temperature.

A™ (29) - cos (63") = +2A7d ssin (0F) (D)

3. Results and discussion

In Figs. 2a-4a the diffraction patterns for the samples are
shown; comparison with existing databases has revealed that
these ribbon samples feature three different crystalline phases
in differing quantities. The three phases are: SmyCo;7, SmCos,
and SmCos.
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Fig. 2. X-ray diffraction patterns obtained for S, 5C0¢65FesCuy1Siz
alloy, obtained using a wheel linear velocity of 18 m/s: a) measured,
b) calculated from the Rietveld analysis, c) difference between mea-
sured and calculated results
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Fig. 3. X-ray diffraction patterns obtained for Sm; 5Cogs5FesCuy1Si,
alloy, obtained using a wheel linear velocity of 20 m/s: a) measured,
b) calculated from the Rietveld analysis, c) difference between mea-
sured and calculated results
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Fig. 4. X-ray diffraction patterns obtained for Sm,5Co0¢6 5 FesCuy1Sip
alloy, obtained using a wheel linear velocity of 22 m/s: a) measured,
b) calculated from the Rietveld analysis, c) difference between mea-
sured and calculated results

In Figs. 2b-4b the patterns obtained from using the Ri-
etveld analysis are shown. These patterns were used for two
quantitative analyses of phase composition. The differences
between experimental and simulated results (shown in Figs.
2c-4c) were mainly related with peak intensity and use of the
copper lamp as a source of X-rays. It was found, that the
sample prepared with the lowest linear velocity of the cop-
per wheel (18 m/s) was composed from SmCos and Sm,Co;
phases.

From the comparison of experimental and Rietveld
method results, it was found that the best fit was achieved for
phase content of SmCos and Sm;Co7 equal to 92% and 8%,
respectively. The average grain sizes, calculated from Equation
1, were equal to 220 nm for the SmyCo;; phase and 250 nm
for the SmCos phase. The sample obtained with a linear ve-
locity of 20 m/s was found to consist of similar quantities of
SmCos, Sm;Coy7 and SmCo; phases. The average grain sizes
were found to be significantly smaller for samples prepared
with lower cooling rates, and were equal to 120 nm, 150 nm
and 100 nm, respectively for the SmCos, Sm,;Co;; and SmCoy
phases. Sample number 3, obtained at the highest linear veloc-
ity of the copper wheel, had the highest value of SmCo; phase
in the sample volume and the smallest grain sizes, equal to
75 nm and 80 nm for the Sm;Co;; and SmCo5, respectively.

The qualitative data, obtained using the Rietveld analysis,
are shown in Fig. 5.
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Fig. 5. The qualitative phase content in the volume of
Smy25C066.5FesCuyySiy alloy, calculated from the Rietveld analysis
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In Fig. 6 the magnetic hysteresis loops, measured in the
magnetic field of up to 2 T, are shown.
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Fig. 6. Magnetic hysteresis loops, measured in the external magnetic
field of upto 2 T

From the magnetic hysteresis loops, the magnetic parame-
ters (i.e.: remanence pyMpg, coercivity jH¢, and saturation of
magnetization pyMg) were calculated and gathered in Table 1.

TABLE 1
Values of magnetic parameters obtained from hysteresis loop
measurements: remanence (uoMpg), coercivity (;H¢), and saturation
of magnetization (uoMs)

of the el oy | oM [T1 | oM [T1 | jHe [KG]
18 0.88 0.57 1.0
20 0.74 0.49 1.9
22 0.70 0.56 3.1

The dependences of magnetic parameters on cooling rate
are shown in Fig. 7. The sample cooled with the lowest speed
yielded the highest saturation of magnetization; this result was
unexpected, especially as the content of SmCos phase in the
sample volume is high and this phase has the lowest satu-
ration of magnetization, compared with the other two phases.
The values of this parameter for the two of remaining samples
were lower and comparable with results obtained by other re-
searchers for alloys with similar atomic compositions, [16, 17,
18]. The values of coercivity of the obtained magnets were in
the range from 1 to 4 kG. Coercivity was found to increase
with increasing cooling rate; this is believed to be connected
with the refinement of the crystalline structure, which influ-
ences the creation of pinning sites. All of the investigated
samples showed high remanence.

In order to find a better link between magnetic parame-
ters and microstructure, the ratio of remanence, yyMg (under
a magnetic field equal to 2 T) to saturation of magnetization
HoMy (extrapolating to infinity) was found. The value of this
ratio, for permanent magnets, should not exceed 0.50, unless
the magnet is anisotropic or if exchange interactions exist be-
tween the grains, [15]. For the investigated samples, this ratio
was found to be equal to 0.50, 0.55 and 0.75, for the samples
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cooled with linear wheel velocity: 18, 20 and 22 m/s, respec-
tively. For the sample with the medium cooling speed, the
value of the ratio only slightly exceeded the required limit of
0.5, (being 0.55). The value of this ratio is within the expected
range, given that the grain size is still relatively large (about
120 nm), and subsequently a small amount of SmCo; phase is
in evidence (32%), and this phase is characterized, by a high
value of magnetocrystalline anisotropy. Amongst the investi-
gated samples, the best value of this ratio was given by the
sample obtained with the highest linear velocity of the copper
wheel. The high value of this ratio is influenced by the fine
grain structure and high content of the strongly anisotropic
SmCo; phase.
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Fig. 7. Dependence of magnetic properties on the wheel velocity,
for the investigated samples, obtained from magnetic hysteresis loop
measurements

4. Conclusions

The carefully selected production process parameters and
composition of the alloys facilitated the production of ribbons
with TbCus-type structure.

The structure of the sample, obtained using the lowest
linear wheel velocity, consisted mainly of the stable SmCos
phase. The highest content of the SmCo; phase, i.e. approx-
imately 83%, was obtained for samples produced with the
highest cooling rate. An increase in the cooling rate was con-
nected with an increase in the content of the SmCo; phase in
the sample volume.

Received: 20 June 2014.

The best hard magnetic properties were exhibited by the
sample with the highest SmCo; phase content. The high value
of the remanence to saturation of magnetization ratio (0.75)
was influenced by the small grain size (approximately 80 nm)
and strong magnetocrystalline anisotropy of the SmCo; phase.
The high value of coercivity (for this type of magnet) is at-
tributed to the refinement of the grain structure.
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