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STRUCTURAL AND MAGNETIC PROPERTIES OF
SINTERED (Nd, Tb)-(Fe, Ti)-(B, C) PERMANENT
MAGNETS

STEFAN SZYMURA!2*, ALEKSANDER A. LUKIN3, HENRYK BALA*4,
ALEKSANDRA ZURAWSKA!

The effect of different addition of carbon on the structural and magnetic properties of
the sintered Ndi4.60Tbo.20Febai Ti1.24Be.40 permanent magnet material are investigated by
means of scanning electron microscopy (SEM), differential scanning calorimetry (DSC),
Méssbauer spectroscopy (MS) and microhardness (HV). The results confirm that carbon
increases the values (But) of the hyperfine magnetic fields and the Curie temperature
(Tc) of the investigated permanent magnet material. The Bus parameters and the T¢ for
0.12 wt.% C addition are the same as those observed for the permanent magnet material
without Ti. An addition of 0.12 wt.% C improves the values of By, (BH)max and the
corrosion resistance only slightly reducing the coercive force H.. The influence of ageing
temperature on the H,, the microhardness (HV) and the Mossbauer parameters line width
(G) is also presented. It is suggested that the mechanism of the H, changes during ageing
is limited by relieving the internal stresses in the main phases and by changes of the
microstructure in a nanoscale region.

Key words: intermetallic, microstructure, magnetic properties, microhardness, M0ss-
bauer spectroscopy

STRUKTURNE A MAGNETICKE VLASTNOSTI SPEKANYCH
PERMANENTNYCH MAGNETOV TYPU (Nd, Tb)-(Fe, TI)-(B, C)

Clanok sa zaoberd skimanfm vplyvu obsahu uhlika na Struktiru a magnetické
vlastnosti spekanych permanentnych magnetov Ndi4,60Tbo,20FenaiTi1,24B6,40. Na hodno-
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tenie sa pouzila metéda riadkovacej elektrénovej mikroskopie (SEM), diferencnej ske-
novacej kalorimetrie (DSC), Mossbauerova spektroskopia (MS) a hodnotenie mikrotvr-
dosti (HV). Vysledky potvrdili, Ze uhlik v skimanych vzorkéch zvysuje hodnoty hyper-
jemnych magnetickych poli (But) a Curieho teplotu (7¢). Hodnoty Bus a Tc pri obsahu
0,12 hm.% C st totozné s hodnotami pre permanentné magnety bez obsahu Ti. Pridavok
0,12 hm.% C zlepsuje By, (BH)max a odolnost’ voéi kordzii, pricom koercitivna sila H.
klesa len malo. Je tiez uvedeny vplyv teploty starnutia na H., mikrotvrdost (HV) a sirku
¢iar (G) Mossbauerovho spektra. Predpoklad4 sa, ze mechanizmus zmien H, pocas starnu-
tia je limitovany uvolfiovanim vntutornych napéti hlavnych f4z a zmenami mikrogtruktiry
v nanooblastiach.

1. Introduction

It has been shown that many different elements can be substituted for the
rare earth, iron or boron constituents of the RoFe14B compound without alternat-
ing the 2 : 14 : 1 structure, which serves the purpose of improving some magnetic
properties, thermal stability and corrosion resistance of the compound [1-3]. It has
been found out that carbon only can be substituted for boron. The RyoFe;4,C com-
pounds are characterized by a slightly lower Curie temperature and magnetization
saturation; however, they display a higher level of magnetocrystalline anisotropy
Ha [4]. Tt must be stressed that the RoFe;4C compounds are much more difficult to
prepare than their RyFei4B counterparts [2]. Moreover, the RyFe;4C compounds
are in equilibrium with either ferromagnetic and/or very corrosive phases; there-
fore, the pure NdFeC material is useless here. This can be changed by an addition
of several elements to the NdFeC materials. To improve magnetic properties and
corrosion resistance by means of Nd-carbides, the investigation has been extended
to higher order systems. Favourable phase relations with respect to corrosion have
been observed in the quinary Nd-Fe-B-C cast alloy [5]. An addition of a correct
amount of Cu leads to a new phase relation between the hard magnetic phase and
NdyCuy, compounds. The intermetallics created this way are non-magnetic and
have a low melting point temperature.

Quite recently Lukin and Szymura [6] studied the effect of solid state reaction
of the Ndy4.60Thg.20FepaiTi1.24B6.40 alloy with carbon. It has been confirmed that
0.12 wt.% C increases the remanence, the maximum energy product, the Curie
temperature as well as the intrinsic corrosion, but it slightly reduces the intrinsic
coercivity. This paper is in a way a continuation of the previous work [6] as it
constitutes its vital accomplishment aiming at detecting the reasons for the change
of the characteristics of the sintered Ndi4.60Tbg.20FepaTi1.24Bg.40 + C. (z = 0.06,
0.12, 0.16 [wt.%]) permanent magnets.

2. Experimental details

Samples of nominal composition of Ndi4.60Tbg.20FepaiTii.204Bs.40 Were pre-
pared by means of conventional argon arc-melting of the constituents characterized
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by purity > 99.9 %. Ingots were sealed in an evacuated quartz tube protected with
Mo foil and annealed at 1473 K for seven days. In the Ndi4.60Tbg.20Fena Ti1.24B6.40
alloy, the oxygen, nitrogen, hydrogen and carbon concentrations were 110 ppm, 65
ppm, 12 ppm and 0.03 wt.%, respectively. The alloy powder was prepared by means
of ball milling of the Ndi4.60Tbg.20Fepa1Ti1.24B¢.40 ingots; this in turn was kept in
gasoline for protection against oxidation. The Ndj4.60Tbg.20Fenai Ti1.24B¢.40 powder
particles were from 2 to 5 pm in diameter. Then the Ndi4.60Tbg.20Fena1Ti1.24B6.40
alloy and powdered carbon (99.998 % of purity, powder size less than 1 pym) in va-
rious concentrations (0.06, 0.12, 0.16 wt.%) were mechanically mixed and pressed
into the cube shape under the pressure of 0.1 GPa in the magnetic field of 1.5 T
transverse to the pressing direction, and sintered at 1373 K in a vacuum furnace
at the pressure level of 4 x 1073 Pa for 2 hours, and then rapidly cooled to the
room temperature within 3 minutes. Since all the alloy powders had been dried
in a vacuum chamber, the amount of the residual carbon in the sintered magnets
(without C additional powders) after gasoline coating was determined to be very
low (about 0.08 wt.%), which was typical of a technological process. The samples
were isothermally annealed at different temperatures ranging from 600 to 1200 K
for 1 hour in pure Ar atmosphere. Identical cooling conditions were applied in the
case of different samples so as to avoid a relative variation of properties.

The densities of the tested permanent magnet samples, determined by means
of comparison of their weight in air and in toluene, were the same within the limits
of error set for the experimental method, and they equalled 7.50 + 0.06 g/cm?3.
The magnetic properties were estimated on the basis of demagnetization curves
measured with a hysteresis graph with the maximum magnetic field of 2.4 MA /m.
The Curie temperature (T¢) of permanent magnet samples was determined with
the accuracy of + 0.5 K by specific heat measurements conducted by means of the
Perkin-Elmer Differential Scanning Calorimeter.

Phases present in the annealed samples were studied by means of electron mi-
croscope scanning (SEM) and energy dispersive X-ray spectroscopy (EDAX). The
measurements of microhardness (HV) were carried out with the “Leitz” micro-
hardness test at: the grain matrix phase (HVg), the grain junction (HV,) and the
corners (HV,). All the observations (SEM) and examinations (EDAX and HV) of
thermally demagnetized permanent magnet samples were performed on a polished
surface located perpendicularly to the alignment direction (ease axis). The 5"Fe
Mossbauer spectra were recorded at room temperature by means of the constant
acceleration Mossbauer spectrometer in the transmission mode with the 0.5 GBq
57Co (Cr) source. The Méssbauer spectrometer was calibrated with the a-iron foil
20 pm thick.

3. Results and discussion

It is well known, that while the correct chemical composition of the NdFeB
type permanent magnets is vital for obtaining the optimal magnetic properties,
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their microstructure is important in determining their intrinsic coercivity and re-
manence [7], the corrosion resistance [8] and mechanical properties [9]. However,
various factors control the structure and chemical composition of individual phases.
Among these factors the post-sintering heat treatment is most important, espe-
cially for the intrinsic coercivity. The sintered Ndi4.60Tbg.20Fepa1Tii 24Bg.40 + C
permanent magnet samples ageing for 1 hour reach the minimum and maximum
of intrinsic coercivity (;H™" = 520 kA /m and ; H™** = 1080 kA /m) at respective
temperatures of 725 K and 1025 K, which confirms our earlier expectations [10].

The microhardness test of a permanent magnet sample, for instance
Ndi4.60Tho.20FepaTi1 24Be.a0 + 0.12 wt.% C, after the ageing leading to ; ™"
and ; H™?* have shown that for the low coercive condition in the central part of the
®-phase grains, it is homogenous and exhibits the values of 800 4 40. However, on
the grain junction (HV,) and on the corners (HV.) the microhardness is consider-
ably smaller; in relative units to the grain centre, the HV, and HV, were 0.72-0.89
and 0.75-0.95, respectively. In the permanent magnet samples with ; H*** the situ-
ation is different, i.e. the microhardness becomes fairly similar for HV, (0.77-0.85)
and for HV, (0.74-0.95) by contrast to the microhardness of HVg (0.75-0.93).
This seems to be connected with the stress relieving between the phases of the
permanent magnet occuring while ageing.

The effects of the addition of C on the magnetic properties (B, ;H. and
(BH )max) and the Curie temperature (T¢) of the sintered Ndy4.60Tbo.20Fepa1 Tii 24
Bg.4o + C, (z =0, 0.06, 0.12, 0.16 wt.%) annealed at 1025 K for 1 hour are listed in
Table 1. It can be seen that the properties of the tested permanent magnets change
significantly if carbon powder is introduced to the Ndj4.60Tbg.20Fepa1Ti1 24Bs.40 al-
loy. The increase of remanence (B;) of the maximum value of 1.31 T is achieved
in the permanent magnet sample with the addition of 0.12 wt.% C. An analogous
dependence is observed for maximum energy product (BH )pax and the Curie tem-
perature (T¢); Tc increases to 583 + 0.5 K, which corresponds to the value of T
for a permanent magnet without an addition of Ti. However, the intrinsic coercivity
(iH,) slowly decreases along with the increase of the content of C.

The grain size of the hard magnetic NdsFei4B phase and the relative position
of the non-magnetic phase versus the magnetic one have a crucial significance in
determining the hard magnetic properties of the sintered NdFeB type of permanent
magnets. Fairly recently, Pan et al. [11] have reported the experimental results of
the solid state reaction of the NdsFe 4B with carbon and discussed the phase evolu-
tion. The experimental results have revealed that the phase evolution of NdsFe 4B
+ C is highly sensitive to the carbon concentration and the sintering temperature.
Of the NdFeB + 0.2 wt.% C samples sintered at temperatures ranging from 923 to
1373 K, the main phase of the permanent magnets sintered at all temperatures is
the NdyFe 4B phase.
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Figure 1, as an example, gives representative SEM micrographs with the
atomic number contrast enhanced by backscattered imaging, the Ndy4.60Tbg.20Fepa
Ti1.24Bg.40 (Figs. la and 1b) and the Ndy4.60Tbo.20FepaTii.24B6.40 + 0.12 wt.% C
(Fig. 1c), sintered at 1373 K for 2 hours, in the ; H*** state. The microstructure
and grain size of less than 20 pym of the tested permanent magnet samples is compa-
rable to sintered materials. The sintered Ndi4.60Tbg.20FepaiTii.24Bg.40 permanent
magnet consists of four phases, i.e. the NdoFe 4B hard magnetic phase (®-phase),
the Nd-rich phase (n-phase), the TiBs-phase and, of the smallest amount, the
Nd; 1FeyBy-phase (n-phase) marked by A, B, T and C in Fig. la, respectively.
After the 0.12 wt.% C addition to a permanent magnet (Fig. 1c) one additional

Fig. 1. Backscattered electron SEM micrographs of the sintered Ndi4.60Tbo.20Febal-
Til,24B6.4() (a, b) and the Nd14‘soTbo.zoFebalTi1,24B6,40+0.].2 wt%C (C) permanent mag-
nets. Different observed areas are summarized in the text.
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phase (marked as D in Fig. 1c) is observed mainly along the grain boundaries
between the grains of the hard magnetic ®-phase which have the approximate
composition (in wt.%): 2.9 Nd, 4 Fe, 6.7 Ti, 11 B, 15.2 C. These phases and
TiBs-phases decouple the magnetically hard ¢ grains and exhibit a very good
corrosion resistance. The measurements of corrosion in maritime environment show
an improvement by an approximate factor at the level of two [6].

The matrix Nd2F€14B phase for the sintered Nd14_60Tb0_20F€ba1Til.24B6.40 per-
manent magnet samples in the ; H*** state contains 0.45 wt.% Ti. The Ti content
in this phase decreases with the increase of the amount of C in the permanent mag-
net samples; for the 0.12 wt.% C addition, the ®-phase has a concentration of Ti
approaching zero. On the other hand, the ®-phase does not display any detectable
amount of C.

In Table 2 we report the fitted hyperfine parameters of the Nd;Fe;4B phase
contribution to the Moéssbauer spectra of the sintered Ndq4.60 Thg.20Fepai Ti1.24Bg.40
+ C, (x =0, 0.06 and 0.12 wt.%) permanent magnet samples, for the purpose of
comparison to the sintered Ndi4.60Tbg.20Fepa1Tii 24Bs.40 permanent magnet. The
Mossbauer absorption spectra consist of sextets corresponding with six different
crystal sites occupied by the Fe atom. For a given site the value of the isomer shift,
the quadrupole shift and hyperfine magnetic fields symbolized respectively by 6,
2¢ and By, are reported in Table 2. For a given site the values of § and 2¢ are
similar, the experimental error taken into consideration, while the values of Bys
are different. The Bys values, except for 8js site, increase with C concentration in
all the Fe sites and for 0.12 wt.% C they are practically equal to the values for
the permanent magnet without Ti. Additionally, in Table 3 we report the value
of the line width G for the sintered Ndi4.60Tbg 20Fepa1Tii 24Bg.40 + 0.12 wt.% C
permanent magnet samples in ; H™" and ; H™** state. It can be seen that a higher

Table 2. Hyperfine parameters of the Nd2Fe14B contribution in Nd14.60 Tbo.20Feba1Be.40
and the Ndi4.60Tbo.20FepaTi1.24Be.a0 + Cz (x = 0, 0.06, 0.12 wt.%) permanent magnets

Intrinsic coercivity | 520 | 1080
iH: [kA/m]

The line width

G [m/s]

Fe atom sites

16k, 0.365 | 0.402
16ko 0.362 | 0.400
8j1 0.370 | 0.397
8j2 0.348 | 0.382
4e 0.369 | 0.400
4c 0.362 | 0.391
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value of ;H. of a permanent magnet sample corresponds to a higher value of
the line width. This seems to be connected with stress relieving internally the main
phases of the permanent magnet which takes place during the process of annealing.
Thus, it should be assumed that the observed changes of HV do not result from
the formation of mechanical stress during ageing [12, 13], but rather they concern
the changes of the microstructure in the nano-scale region [10, 14].

4. Conclusions

The Nd14.60Tbg.20Fepai Ti1.24B6.40 alloys were prepared by the induction melt-
ing technique. Carbon was introduced into the alloys upon a solid state reaction
(sintering at 1373 K for 2 hours). The addition of 0.12 wt.% C substantially in-
creased the remanence and maximum energy product, as well as the Curie tem-
perature, along with a slight decrease of the intrinsic coercivity. The corrosion
resistance was also improved, which might be due to the reduction of the content
of Ti in the hard magnetic phase practically to the zero level, and to the forma-
tion of non-magnetic grain boundary phases without forming non-magnetic grains.
Therefore, high performance and corrosion resistive permanent magnet materials
may be developed by the combining of small additions of Ti and C to (Nd, Tb)FeB
alloys.
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