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Abstract. The structure, phase transformation, and magnetic properties of mechanically alloyed
(MA) [PrisFess—,,C] (m = 9,10, 11) samples have been studied systematically,F&yC

can be formed within certain compositiem > 10) and temperature (from 750 to 900°C)
ranges. Isothermal annealing of {Efez4C14] at 750 °C for different lengths of time reveals

that the formation of RFe;4C is a nucleation and growth process; excessive prolongation of
the annealing time causes the decomposition gF&rC and PsFe ;C, into carbide andr-Fe.
Hexagonal RPie,C3 (a = 8.66 /f\, ¢ = 1040 A) and the fcc Pr-rich phase: = 5.2 A) are
formed in the alloys. The best magnetic properties are achieved feF7£C10] alloy annealed

at 900°C for 35 minutes, which contains fife;4C, ProFe7C, , a-Fe, PpFexCs, a Pr-rich phase,

and PpCs.

1. Introduction

Ternary borides having the tetragonal JRé 4B structure have been studied in great detail
because of their outstanding magnetic properties [1]. References [2-5] on the carbides
that are isostructural with N&e 4B showed that the carbides have some advantages over
the borides. Higher magnetocrystalline anisotropies at room temperature were found for
R,Fe4C [6]. Higher coercivities exist in castings of R—Fe—C alloys, without one having to
resort to complicated powder metallurgical processing [5].

One problem with understanding the carbides stems from the difficulty of preparing
single-phase materials, especially for the light rare-earth system [7]. Buschow made
Nd,Fe 4C by annealing the ingot in a temperature window between €3@&nd 890°C
for 21 days [8]. The production of pFe4C by Gueramianet al involved a process
of annealing at 1100 K for 1000 h, followed by a cooling to 700 K in 100 K steps
over a period of several months [9]. Both boron and copper addition can accelerate
the formation of RFe4C (R = Nd, Pr) [4, 10]. Manganese substitution was found to
increase the temperature limit for the formation oifRg M)14C (R = Ce, Pr, Nd) [11-13].
Some of the light rare-earth carbides with JRé 4B structure—for example, e 4C and
CeFe 4sC—can be obtained by annealing the melt-spun precursors without substitution [14].
Up to now, the magnetic properties for theRa4C-based alloys have been little reported.
On the other hand, mechanical alloying (MA) has been proved to be a powerful way of
synthesizing magnetic compounds such asRégiB [15], Nd,Fe 4C [16], Dy>Fe4C [17],
SmFeN [18], and SmCg [19]. In this paper we show that ffe 4C can also be prepared
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Figure 1. X-ray diffraction patterns of mechanically alloyed {E¥ess_,,C,] alloys annealed
at 900°C for 35 min ¢z = 9, 10, 11).

by MA and subsequent annealing. The relationship between the magnetic properties, phase
transformation, composition, annealing time, and temperature will be studied systematically.

2. Experimental details

For the experiments, 99.5%-pure Pr and Fe powders and 99.7%-pure carbon powder were
mixed to the desired composition, and sealed under argon in a cylindrical steel container.
The milling was performed in a high-energy ball mill designed in our laboratory, for 5 h.
After annealing in a vacuum furnace connected to a closed glove box, the Pr—-Fe—C powders
were embedded in epoxy resin to form bonded samples. The magnetic hysteresis curves
were measured using a pulsed-field magnetometer in fields up to 8 T. The magnetization
was related to the amounts of the magnetic powders, neglecting the dilution effect of the
resin, and assuming that the density of the Pr—Fe—C alloys was 7.6'Y dihe powders

were routinely analysed by x-ray diffraction and AC initial susceptibility measurement for
identification of the structures and Curie temperatures of the phases in the alloys. A
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Xac Versus temperature measurement was also performed to verify whether there is any
Pr,Fe;C, or PrFe4C present.

3. Results

3.1. MA[PrisFegs_,,C,,] annealed at 900C for 35 minutes

Figure 1 shows the x-ray diffraction patterns of mechanically alloyegfess_,,C,,] alloys
annealed at 900C for 35 minutes# = 9, 10, 11). Whenn = 9, the main phase of the
alloy is PpFe7C,. Its Curie temperature is 108, which is higher than that of pe;

(T. = 10 °C), suggesting that a certain amount of carbon is dissolved in the interstitial
sites of this rhombohedral compound. When= 10, the main phases are,Pe;,C and
Pr,Fe7C,, with Curie temperatures of 242ZC and 70°C respectively. In this case, one
may expect that less carbon is dissolved into the lattice gifdpy due to the formation of
Pr,Fe 4C, which depletes the carbon in the remainingHer7C,. Whenm = 11, PpFe4C

(T, = 242°C) anda-Fe become the main phases; ngHe;;C, can be observed by means

of either x,c versus temperature measurements or x-ray diffraction analysis. The amount
of PrFe4C increases with the increment of the carbon content, and that 6eR€,
decreases correspondingly. This indicates that the carbon content is a crucial factor in the
formation of PpFesC. A hexagonal phase, MEe,C3, with lattice parameters = 8.61 A

andc = 10.26 A, was reported for melt-spun carbon-rich Nd—Fe—-C samples [20]. A similar
hexagonal phase with lattice parameters 8.66 A andc = 10.40 A is observed by x-ray
diffraction analysis, Thus the composition of this phase is assumed to Bb&€s. In
mechanically alloyed Nd-Fe—C and Dy—Fe-C systems, fcc-structured Nd-rich and Dy-rich
phases with lattice parameters of 5.A5%nd 4.98A respectively are formed [16, 17]. A
similar fcc phase with a lattice parameter of RA2s formed in the Pr—Fe—C alloys, and

is assumed to be a Pr-rich phase. All of the Pr—Fe—C samples contain certain amounts of
Pr,FeCs, a-Fe, a Pr-rich phase, andJRx, the amount of-Fe increasing with the carbon
content. The increasing of the carbon content has the effects of facilitating the formation of
Pr,Fe 4C and increasing the amount @fFe. The former effect would be a benefit, whereas
the latter would be a drawback as regards achieving good magnetic properties.

3.2. MA[PrisFe74C11] annealed at different temperatures

The experimental results reveal thapPRe4,C can be formed within a temperature range of
800°C to 900°C upon annealing for 35 minutes. Only thelRe,C,-based alloy is obtained

if the MA [PrisFezsCq1] powders are annealed at a temperature beyond this range for 35
minutes. Figure 2 showg,c versus temperature for MA [RFe/4Cq4] alloy annealed at
750°C, 900°C, and 1000°C for 35 minutes. The temperature limit for the formation of
Pr,Fe4C is 900°C, which is much higher than that reported for ingot annealing or melt-
spun-precursor annealing. This means that mechanical alloying is powerful in the synthesis
of magnetic compounds, such asiR,C.

3.3. Isothermal annealing of MPPrisFe74C11] at 750°C

Figure 3 and figure 4, respectively, demonstrate x-ray diffraction patterng andersus
temperature curves for [RFe;4C;1] alloy annealed at 750C for 30 min, 6 h, and 12 h. Itis
shown clearly that the formation of ffie;4C is a nucleation and growth process ¥ 7C,

is formed quickly at the initial stage of the isothermal annealing. When the annealing
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Figure 2. xac versus temperature for mechanically alloyed;§Pe;4Ci1] alloys annealed at
750°C, 900°C, and 1000°C for 35 min.

time (¢,) is shorter than 35 min, no e 4C is observed by means of thermomagnetic
measurement and x-ray diffraction analysis. Whgn> 35 min, a trace of BFe4C
could be detected. Whery = 6 h, a large amount of PFe;C, was transformed into
Pr,Fe 4C. Whenz, < 6 h, the amounts of PFe4C anda-Fe increase simultaneously with
the extension of the annealing time. Whgn> 6 h, both the amount of B¥e4C and

that of PpFe;C, decrease, and that of-Fe increases indefinitely with further extension

of annealing time. Those results indicate that bot4FBuC and PsFe;C, are metastable
compounds during isothermal annealing. They decomposevitite, PsFe,Cs, and a Pr-

rich phase with excessive extension of the annealing time. The solid-state reactions taking
place during the isothermal annealing are rather complicated, involving (a) MA Pr—Fe—-C
powders transforming into BFe 7C,, (b) PrFe;C, reacting with carbide to form RFe4C,

and (c) PsFe;C, and PgFe4C decomposing inta-Fe, PgFe,Cs, and a Pr-rich phase. The
formation of PgFe4C is confined within a time range during isothermal annealing which
is determined partly by the thermodynamics of the system and partly by kinetic factors.

3.4. Magnetic properties

The magnetic properties are sensitive to the microstructural parameters of the alloy, such
as the distribution of phases, the chemical composition and crystal structure of the phases,
and the grain size distribution. ffe;4C is the only hard magnetic phase in the multiple-

phase alloys; its formation depends sensitively on the annealing temperature and the carbon
content, so the magnetic properties are correlated directly with the annealing temperature
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Figure 3. X-ray diffraction patterns of mechanically alloyed {B¥e;4Ci1] alloys annealed at
750°C for 30 min, 6 h, or 12 h.

and alloy composition. The largest intrinsic coercivity and the highest energy product are
achieved for [PrsFersCyo] alloy annealed at 900C for 35 min, for which the remanence,
intrinsic coercivity, and maximum energy product are 4.99 kG, 4.47 kOe, and 3.59 MG Oe,
respectively. When the annealing temperature is higher or lower than®08ss PsFe 4,C
is formed in the MA [P1sFe;sCyg] alloy, and thus a lower coercivity and a lower maximum
energy product are achieved.

Figure 5 demonstrates the hysteresis loops of MA (alf4C11] and (b) [PrsFe;sCig]
samples annealed at 900 for 35 min. Although more BFe4C is present in [ReFer4C14]
alloy than in [PisFe;sCyg] alloy, the magnetic properties of the latter are much better
than those of the former. In MA Nd—Fe—C samples, the main phase of theH&eCo]
alloy is NdbFe4C, while the main phases of the [IN#Fe;sCg] alloys are NdFe4,C and
Nd,Fe;C,, the latter having a larger coercivity than the former [16]. Neithesfég,C, nor
Pr,Fe 7C, show easy-axis anisotropy, but they do not accelerate the reverse magnetization
process in Pr/Nd—Fe-C alloys. On the contrary, their presence increases the coercivity of
the corresponding alloys compared with that of the,iNgl;C,-free alloys. A tentative
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Figure 4. xac versus temperature for mechanically alloyed;§Pe;4Ci1] alloys annealed at
750°C, for 30 min, 6 h, or 12 h.

explanation is given below.

There are many parallels between;Re 4B and NgFe 7z compounds, including the
layered arrangement and the presence of hexagonal transition metal nets surrounding rare-
earth atoms in each structure [21], and the fact that thefai{gms in NdFe 4B correspond
magnetically and crystallographically to the Fe (c) atoms iafégl;, [22]. It is reasonable to
believe that the above-mentioned parallels exist betwegi®gC and RFe7C, (R = Nd,

Pr) compounds. The lattice parameters o, Rel; (¢ = 8.57 A, ¢ = 1244 A) approach

those of NdFe4,C (@ = 8.83 A, c = 1203 A). Because the hard magnetic phas#&,C

grows out of RFe;C,, itis possible to assume thatiRe 4C is surrounded by #Fe 7C,, and

is crystallographically coherent with,Re;C,. Due to the lattice parameter and intrinsic
magnetic property differences, imperfections and stress exist in the interfaces, where the
domain walls are strongly pinned; thus higher coercivity is obtained in Pr/Nd—Fe—C alloys
with RoFe7C, and RFe4C as the main phases.

When more carbon is added, ,Pe;C, disappears, and this disappearance is
accompanied with the increase of the content of carbide eai@. It is reported that
the R carbides deplete the coercivity strongly [23]; therefore, the drastic disappearance of
magnetic properties in [4Fe4Cyi] alloy can be ascribed mainly to the increase in the
«-Fe and PiFe,Cs content.
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Figure 5. Hysteresis loops at room temperature of MA (a)fPer4C11] and (b) [PrsFersCio)
alloys annealed at 900C for 35 min.

4. Conclusions

By means of mechanical alloying and a subsequent solid-state reactjdig 4 can be
synthesized within certain composition and temperature ranges. The temperature limit for
the formation of PsFe4C is 900°C, which is much higher than that reported for ingot
annealing or melt-spun-precursor annealing. Isothermal annealinggfF@%C14] at 750°C

for different lengths of time reveals that the formation ofF4C is accomplished within

an appropriate time range. The solid-state reactions take place during this process, involving
(a) MA Pr—Fe-C powders transforming into,Pe;7C,, (b) PcFe 7C, reacting with carbide

to form PeFe4C, and (c) PsFe;C, and PgFe 4,C decomposing inta-Fe, PpFe,Cs, and a
Pr-rich phase. The best magnetic properties are achieved fgFHHC, o] alloys annealed

at 900°C for 35 minutes, which contain e 4C, PrFe;C,, a-Fe, PpFe,Cs, a Pr-rich
phase, and RP€;. The remanence, intrinsic coercivity, and maximum energy product of
[PrisFessCyg] alloy are 4.99 kG, 4.47 kOe and 3.59 MG Oe, respectively.

Acknowledgments

This work was supported by the National Natural Science Foundation of China, and the
Science and Technology Commission of Shenyang and Liaoning.



6300 Y C Sui et al
References

[1] Herbst J F, Croat J J, Pinkertd= E and Yelon W B 198#hys. RevB 294176
[2] de Boer F R, Verhoef R, Zhang Zhi-dong, de Mpbi B and Buschar K H J 1988J. Magn. Magn. Mater.
73263
[3] StadelmaieH H and Park H K 198T. Metallk.72 417
[4] Liu N C and StadelmareH H 1986 Mater. Lett.4 377
[5] Liu N C and StadelmareH H 1987J. Appl. Phys61 3574
[6] Liu W, Zhang Z D, Sun X K, Chuang Y C, YanF M and de Boer F R 1998olid State Commur6 1375
[7] de Mooi D B and Buschw K H J 1988J. Less-Common Me142 349
[8] Buschav K H J, deMooij D B and Denisse C J M 1988J. Less-Common. Met41L15
[9] Gueramian M, Bezinge A, Yvon K and Muller J 19&blid State Commurt4 639
[10] Jarg T S and StadelmaieH H 1990 Mater. Lett.9 483
[11] Jacobs T H, DenisseC J M andBuschav K H J 1989J. Less-Common Mel53L5
[12] Verhoef R, de Boer F R, Yang F M, Zhang Z D, de Mooij D B, and BusetoH J 1989J. Magn. Magn.
Mater. 80 37
[13] Buschav K H J, deMooij D B and Denisse C J M 1988J. Less-Common Met42 113
[14] Fuers C D and HerbsJ F 1991J. Appl. Phys69 7727
[15] Schultz L, Wecker J and Hellstern E 1987Appl. Phys61 3583
[16] SuiY C, Zhang Z D, Xiao Q F, Liu W, Zhao X G, Zhao T and Chgan C 1996J. Phys.: Condens. Matter
811231
[17] SuiY C, Zhang Z D, Xiao Q F, Liu W, Zhao X G, Zhao T and Chgari C 1997J. Magn. Magn. Mater.
at press
[18] Liu W, Wang Q, Sun X K, Zhao X G, Zhao T, ZhgrZ D and Chuag Y C 1994J. Magn. Magn. Mater.
131413
[19] Wecker J, Katter M and Schultz L 1991 Appl. Phys69 6058
[20] Coehoorn R, Duchateal P W B andDenisse C J M 1989J. Appl. Phys65 704
[21] Herbg J F 1991Rev. Mod. Phys53 819
[22] Herbst J F, CraaJ J and Yelon W B 1983. Appl. Phys57 4086
[23] Grieb B, Henig E-T, Martinek G, Stadelmaitl H and Petzow G 199(EEE Trans. Magn26 1367



