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Effects of La addition on microstructure and magnetic properties of La,Nd;;  Fegs 9By 4
(wt. %) melt-spun ribbons and isotropic bonded magnets were systematically studied.
X-ray diffraction and DSC data revealed that addition of La led to the formation of highly
refined and inhomogeneous La-rich phase. It was shown that the average grain size and
volume fraction of the main magnetic (La,Nd),Fe,,B phase depend on La concentration. For
better La,Nds; Fegs By x=2.5 and 5 wt. % bonded samples, the room-temperature
magnetic properties of H, = 1343 kA/m and 1300 kA/m, and B, = 0.61 T and 0.614 T
were obtained. Magnetic flux aging loss for alloys with appropriate La content (x =
5-10 wt. %) did not exceed 5 % in the range of 100-125°C, which is typical for conven-
tional ternary Nd-Fe—-B melt-spun magnets.

IIpoBezieHo cucTeMATHYECKOE MCCIEAOBAHNE BINAHNE T00aBOK La HA MUKPOCTPYKTYPY U
MAarHUTHBIE CBOMCTBA OBLICTPO3aKAJEHHBIX JIEHT ¥ HB30TPOMHBIX MATHUTOILJIACTOB Ha OCHOBE
cunasos La,Nds;  Fegs oBy ¢ (mac. %). [amHble PEHTreHOCTPYKTYDPHOTO aHAJIN3A M KAJIODH-
MEeTPUYECKUX MCCJEJOBAHMUM IIOKasayu, 4yTo mobaBKa La mpuBOIUT K 0OPA30BAHMIO BLICOKO-
IUCIIePCHON U HeoZHOPOAHOUN (asbl oboramiennoit La. ITokasano, uTo cpeJHUI pasmMep 3epHAa
1 o0BbeMHAs J0JA OCHOBHOM marmuTHO# daswer (La,Nd),Fe ,B saBucur or xommemrpamum La.
Hawnbonbmne marnuTHbie cBofictsa H,; = 1343 kA/m un 1300 xA/m, B, = 0,61 Tn n 0,614 Tx
MoJIyYeHbl Ha Marmuromiaacrax ¢ x = 2.5 ra b mac. % La. BeamumHa morepr MardHuTHOTO
OTOKa sl 00pasiuos ¢ x = 5—10 mac.% La coumsmepuma cO 3HAUEHHEM AJS TPASUIMOHHOI'O
OnicTposakasenHoro tpoiinoro cruiaasa Nd—Fe—B u me mpesrnimaer 5 % B gmamasone Temiepa-
Typ 100-125°C.
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I. Introduction

Recently, a commercial success of
Nd-Fe—B magnets has been realized not only
due to excellent intrinsic magnetic proper-
ties of Nd,Fe 4B phase but also to the fact
that its elemental constituents have been
economically attractive. However, rare-
earth crisis puts pressure on the cost and
availability of strategic metals such as Nd,
Dy, Tb, which are critical for production of
Nd,Fe 4B based permanent magnets. At-
tempts to overcome the problem have been

Functional materials, 20, 2, 2013

taken in several directions. One of them is
to develop technological improvements [1, 2]
and another one is to search for inexpensive
raw materials [3, 4] having hard magnetic
properties which are intermediate between
those of ferrites and Nd-Fe-B.

It is well known that LnyFe 4B-type
phase is formed with all lanthanides (Ln)
[5], among which La and Ce are more abun-
dant than highly-valued Nd, Dy and Tb. Re-
cent studies on the effects of La substitu-
tion in o-Fe/Nd,Fe 4B exchange-coupled al-
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loys [6,7] suggest that La substitution will
effectively refine the grain size, as well as
decrease of crystallization temperature of
the over-quenched ribbons. Although, there
are a lot of scientific papers which study
influence of La and Ce additions on mag-
netic properties of (Nd,R)-Fe,T-B (R = Dy +
La + Ce, T = Co,Cr,Ga) alloys [4-9], the
specific role of La can be hardly singled out
in the case of multi-component systems.

The effect of La substitution on
Nd;Fe 4B melt-spun alloy has not been well
understood yet, especially its role in im-
proving magnetic properties and micro-
structure evolution in the melt-spun alloys.
Thus, the present study is focused on the
above two points of (Nd,La),Fe4B melt-spun
magnets, aiming at understanding the role
of La addition in microstructure control and
magnetic properties of both melt-spun al-
loys and bonded magnets at room and ele-
vated temperatures.

2. Experimental

Alloys with nominal compositions of
LaXNd33_XF965lgB1'1 x = 0-25 wt. 0/0 were
arc-melted for three times under argon at-
mosphere to insure homogeneity. Ribbons
were prepared from initial ingots by melt-
spinning on the Cu wheel at speed of
25 m/s. Isotropic epoxy bonded magnets
were made of crashed melt-spun flakes with
typical density of samples about 4.7 g/cm3.

Magnetic properties of melt-spun ribbons
were measured by VSM. Bonded magnets
were pulse magnetized with 5 T, and meas-
ured by a hysteresisgraph. The flux aging
loss was measured by Helmholtz coil on
bonded magnets exposed up to 300°C for up
to 1 h. Structural and microstructural
studies were carried out using a Siemens D
500 X-ray diffractometer (XRD). Correction
of the instrumental broadening was meas-
ured on a LaBg standard. The data were
collected in the 20 range of 10 to 90 de-
grees at a step of 0.04 degrees during
120 sec. Analysis of the X-ray data was per-
formed by Rietveld method using FullProf
[10].

The crystallization behavior was studied
by DSC-7 to identify the grain boundary
melting temperatures of the melt-spun sam-
ples.

3. Results and discussion

Fig. 1 illustrates the room temperature
magnetic properties of the melt-spun rib-
bons. It can be seen that LaXNd33_XF665'gB1.1
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Fig. 1. H, of melt-spun LaNds;  FegsoBy 4
ribbons.
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Fig. 2. H,, and B, of bonded
La,Nd;5 Fegs gB¢ 1 magnets.

x =5 wt. % alloy has higher magnetic per-
formance than the other compositions, indi-
cating the beneficial effect of small La addi-
tions. The ribbons with x = 10 wt. % show
magnetic properties comparable with non-
doped ternary NdzsFegs oBq 1 flakes. How-
ever, further La substitution for Nd leads to
the drastic decrease of room temperature
H_; value.

Table 1 and Fig. 2 give in detail the mag-
netic properties of La,Nd;; ,Fegg gB4 4 isotropic
bonded magnets. While the concentration de-
pendence of H has a little variation for com-

positions with x = 7.5-10 wt. %, it goes
Table 1. Magnetic properties of
La,Nd3; ,Fegs gB¢ 1 bonded magnets
Sample H,, kA/m B, T
x=0 1067 0.431
x=2.5 1343 0.610
x=25 1300 0.614
x=1"75 1034 0.607
x =10 994 0.498
x=12.5 880 0.603
x=15 808 0.515
x =20 593 0.500
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Fig. 8. Total flux loss of La,Nd;; Fegs By 4
bonded magnets.

through a sharp maximum to lower wvalues
for compositions within x = 12.5-25 wt. %.
Large H, and Br values are obtained
with a narrow concentration range near
x = 2.5-5 wt. % . Such coercitivity behavior
coincides with one of the melt-spun ribbons.

Fig. 8 shows the flux aging loss of the
bonded magnets prepared from
LaXNd33_XF965lgB1'1 x = 0-25 wt. 0/0 melt-
spun alloys and aged at various temperatures
from 100 to 300°C. One can see that La addi-
tives at concentrations of x = 5-10 wt. %
allow to have magnet’s operating tempera-
ture in the range of 100-125°C with con-
ventional flux aging loss limit of 5 % [11].
Thus, the maximum operating temperature
of LaXNd33_XF965'gB1'1 x=5-10 wt. % alloys
bears strong similarity with ternary
Nd33_,Fegs gB4 1 magnets. It is also should be
noted that LaXNd33_XFe65_gB1_1 x = 5—
10 wt. % melt-spun ribbons may be used in
applications within the 120-170°C tempera-
ture range with no more than a 10 % loss
of magnetic flux.

In Fig. 4, X-ray diffraction data for
three La containing samples are displayed.
For the case of low La content x = 5 wt. %,
it can be seen that the alloy is composed of
Nd,Fe 4B type phase. For higher La compo-
sition x = 15 wt. % the XRD pattern indi-
cates the presence of two crystalline phases:
B-La and the hard magnetic Nd,Fe 4B type
phase. Further La doping leads to formation
of the additional phases such as NdyFey3B3
and Fe,B. A multi-component Rietveld
analysis of Fig. 4 yields mass fractions and
grain sizes of constituent phases. The re-
sults of this study are summarized in
Table 2. According to X-ray analyses (see
Table 2), La doping results in the formation
of (Nd,La),Fe 4B solid solution which accom-
panied by the lattice parameters raise even
after B-La phase precipitation. For the sam-
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Fig. 4. X-ray diffraction patterns for
La,Nd;; Fegs gB¢ ¢ ribbons: a) x =5 wt. %,
b) x =15 wt. %, ¢) x = 25 wt. %.

ples with x = 15 and 25 wt. %, the strong-
est diffraction peak (20 = 29.1°) of pB-La
phase shows prominent asymmetry attrib-
uted to the highly refined and inhomogene-
ous structure. Whereas the grain size of
(Nd,La),Fe 4B phase increases up to 38 nm
for x = 15 wt. % sample, the grain growth
is suppressed for the sample with higher La
concentration (x = 25 wt. %).

From these results it is clear that substi-
tution of La for Nd in the range of 2.5-
7.5 wt. %, which made up about 22 % of
total rare-earth metal, improves the mag-
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Table 2. X-ray data for La,Nds3 ,Fegs 9B 1 melt-spun alloys.

Alloy Phases Mass fraction Lattice V (A3) Estimated
La,Nd35 Fegs 9B 4 parameters (A) grain size./
7 micro-strain,
nm/%
x=5 Nd,Fe,,B 100.0 (1.6) a=8.7999(7) 947.264(12) 29/0.15
¢=12.2325(12)
x=15 Nd,Fe,,B 92.8(1.3) a=8.8089(5) 951.91(10) 38/0.16
¢=12.2673(8)
B-La 7.2(6) a=5.3011(15) 148.97(7) 8/0.25
x=25 Nd,Fe,,B 52.7(1.8) a=8.8196(8) 958(18) 29/0.27
¢=12.8226(15)
B-La 17.3(6) a=5.3117(7) 149.87(3) 16/0.66
Nd,Fe,,B 26.8(1.0) a=14.2035(10) 2865.4(4) 106/0.15
Fe,B 3.2(4) a=5.1625(18) 113.97(11) 25/ —
¢=4.276(3)
netic properties of the melt-spun and 550

bonded magnets. Despite the fact that in-
trinsic magnetic properties of Laj,Fe;,B
phase (4nM,=13.8 kG, H, =20 kOe at
295 K, T, = 530 K) are inferior to those of
Nd;Fe 4B, it did not show any strong detri-
mental effect on magnetic performance at
room and elevated temperatures. Chang et
al. [12] observed similar behavior for ex-
change-coupled «-Fe/(La,Nd),Fe 4B magnets
and showed that high total rare-earth con-
tent not only increases the volume fraction
of RyFe 4B phase in the melt-spun alloys,
but also decreases the average grain size of
constituent phases, which subsequently en-
hance the intrinsic magnetic properties of

the ribbons.
The other reason for H, enhancement

might be caused by the modification of the
grain boundary phase which provided
greater resistance to domain movement.
Fig. b presents grain boundary melting tem-
peratures calculated from the DSC curves.
The grain boundary phase melting tempera-
tures were indicated by endotherms in the
DSC scans between 450 and 600°C. All al-
loys showed appreciable tendency for lower-
ing boundary melting temperature with in-
creasing La content. This implies that the
La—Nd—Fe-B alloys might be suitable for hot
die-upsetting process at lower temperatures
than the ternary Nd-Fe-B compounds, and
have a longer and more favorable period in
which the (La,Nd),Fe4,B grains have to
align [13].
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Fig. 5. Grain boundary melting temperatures
and DSC scans of melt-spun
La,Nd;; Fegs gB¢ 4 ribbons.

4. Conclusions

In summary, isotropic bonded magnets
prepared from melt-spun La—Nd—Fe—-B alloys
exhibit high room temperature H; and Br, and
relatively cost-attractive La element can be
used. The alloys with La, x = 2.5-7.5 wt. %.
also show improved coercitivity and reduced
irreversible flux aging losses which did not
exceed 5 % at T = 120°C. Thus, the high-
valued Nd metal in the isotropic bonded mag-
nets can be replaced by less expensive La up
to 22 % without strong deterioration of mag-
netic properties up to T = 120°C.
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IlIBugko3araproBaHi MarHiToskopcTki cmiaasu R-Fe-B
Ha 0a3i Jerkmux pimkicHozemeasnux merauais (R=La, Nd)

O.M.Boeda, B.O.Bo6da, JI.B.Onuuwenko,
0.C.Topmixka, O0.0.Kocmin, A.I''Paénix,
Bb.A.Aépamenko, A.C.Acee6, B.M.Baymep

IIpoBeseno cucTeMaTUYHe OCHifMKeHHs BIJIMBY /go0aBoK La Ha wMiKpocTpyKTypy i
MATHITHI BJIACTUBOCTI MIBUAKO3arapTOBAHMX CTPIiUOK Ta i30TpomHUX MarHiTommacTtie Ha 6asi
craBiB Ladess—xFees,gB1,1 (mac. %). 8a ZaHUMU PEHTTEHOCTPYKTYPHOTO AHANIZy Ta KaJo-
PUMETPUYHUX LOCHIAKEeHb BCTAHOBJEHO, LI0 AoLaBaHHsA La upussesno xo GopMyBaHHS BUCO-
KojucrepcHol Ta HeomHopimuol ¢dasm sbarauenoi ma La. Iloxasamo, 1o cepegHiii posmip
3epHa Ta 00’eMHA 7oA ocHOBHOI MarmiTHOI dasu (La,Nd),Fe,,B sanexurs Bix xKormenrpamii

La. Hafi6inpmri marmiTai BiacTuBOCTI H, =

1343 xA/m i 1300 xA/m, Ta B, = 0,61 Tx i

0,614 Tx orpumano s marmiTomnacrie 8 x = 2,5 Ta 5 mac.% LayNdz;  Fegs oB 4. Brpatu
MArHiTHOTO IIOTOKY y 3paskax 3 x = 5—10 mac.% La sigmosimarors Tpaguniinomy morpiiiao-
My IMBUAKoO3araproBanomy ciiaBy Nd—Fe—B Ta me mepesumyrots 5 % y miamasomi Temmepa-

Typ 100-125°C.
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