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THE TERBIUM-IRON PHASE DIAGRAM
M. P. Dariel,* J. T. Holthuis and M. R. Pickus
InorganiC‘Matérials Research Division, Lawrence Berkeley Laboratory and

Department of Materials Science and Engineering, College of Engineering;
' University of California, Berkeley, California 94720

E Summary

The terbium-iron phaée diagram ha; been detefminédvusingvmetallo-
graphié, X-rayvdiffraction, differential thermal anaiysis, and electron
.microprobe techhiques. The terminal solubilities of the two elemehﬁs
are extrémely restricted, of the order of 0.1 at.% for Tb in Fe. A
_eutectic reaqtion takes place at 28 at.7 Fe, 847°C. The four inter-
metallic compounds, TbFep, TbFe3, TbgFe23, ahd TbéFe17 melt non-congruently
éﬁ 1187, 1212, 1276, and 1312°C respeﬁtively. Tﬁe TboFeyy compouﬁd<
"appears in the rhpmboﬁedral Thzzni7 modification on the Tb-rich side apd
ﬁhe hexagoﬁaliTthil7 modification on the Fe-rich side of the stoichio-

metric composition.

* At leave from the Department of Material Engineering, Ben-Gurion

.'University of the Negev, Beer-Sheva and the Nuclear Research Center Negev.
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Introduction
The equilibrium phase diagrams of most rare-earth metal-iron binary

systems have been reported in the 1iterature.1_7 Notable exceptions are

- the bivalent rare-earth metals Eu and Yb and trivalent Tb. Some terbium-—-

iron intermetallic compounds and, in particular, the Laves phase TbFe,,

possess exceptionally interesting properties such as giant magnetostriction8

and huge AE effect.10 These compounds are therefore considered as being
potentially useful materials for various applications.>- In order to
facilitate ﬁhe developmgnt of technologically useful materials based on
these compounds, we undertook the determination of the Tb-Fe phase diagram
by means of standard metallographic, DTA, X-ray diffraction, and electron
microprobe analysis techniques.

The presence of four intermetallic cbmpouhds, namely TbFey, TbFes,
TbgFen3, and szFei7 has been previously reported.11 There is lack of
agreement, ﬁowever, concerning the existence of the TbgFess compound .
Kripyakevich gg_gl,;z and Ray11 report its presence; whereas, according

to Oesterreicher,_l3 TbgFey3 was not found either in cast or in heat-

treated alloys. Only by substituting some Al for Fe cbuld it be prepared.13

On the other hand, it proved practically impossible to prevent the formation

of TbgFes3 in élloys prepared by powder metallurgical techniques.14

Contradictory reports have also been given concerning the structure-type

13,15

of the TbéFe17 compound. In the course of the present study efforts

were made to clarify these issues.

Experimental Techniques

Alloy Preparation and Metallography

The alloys were prépared’by arc melting 99.997 pure iron and 99.97 pure
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céfbium (Reéearch Chemicals, Phoenix,.Arizona), on a ﬁaterfcooled coppér'
hearth under a zirconium gettered argon atmosphere. Each alloy button,
weighing s-io grams was turned over and remelted several times in order
‘to ensure a good homogeneity. |

For heat treatments up tof1100°C, the samples were wrapped in ﬁhin'
ﬁaﬁtalum foils and sealed in evacuated quartzvcapsﬁles, For higher
teﬁperature anneals, the quartz capsules were back-filled with a partial
pressure of argon.

The meﬁallographic preparation of the samples'épnsisted in standard
cold mounting,'grinding and polishing teéhnique;. .The.final polishing
sfage consisted_of vibratofy polishiug-with a Linde Y alumina water
suspension. . AIIZ nital solution was used for etching the polished
samplés. A 3% ferric chloridg sqlution was useful for revealing the grain
strqctureIOf iron-rich compounds. ﬁssentially, a similar, though '

particularly careful procedure was followed in order to reveal magﬁetic

ddmain patterns detectable by the Kerr effect.

ThermalvAhalysis

R The differenfial thermal analysis (DTA) runs were carried out on
5-7 gram samples in taht#lum crucibles for rare-earth-rich alloys. Béron
-v;nitride or recrystallized alumina crucibles weré used for the iron-rich
bféamples. The temperatures were measured with suitably she#thed Pt-Pt 10 Rh
thermdcouples.' A proteétive argon atmbsphefe'wasvused. The argon in a
'éiosed circuit was purified by passing it over Ti chips at 850fC and

‘- . through a liquid nitrogen trap.

X-Ray Diffraction and Electron Microprobe Analysis . -

For X-ray analysis a Pickart diffractometer was employed using Cu K



—lym

radiation in conjunction with an X-fay monochromaﬁor. The difféaction’
patterns were indexed with the help of an Xfray péWder diffracti;n patterﬁ
génerating comﬁutér program. Lattice patametefs were det%rmined‘using
Cohen's ieast—squares fit method. In several instances a MAC (MatefialS'
Analysis Company) electron microprobe was used for phase identificaﬁion

. and for checking the terminal solubility of terbium’iﬁ iron. Unfqrtunateiy,
the relative cléseﬁess of the relevant Tb lines, Tb Lal, and Tb Lgl_ to

the Fe lings'Ka and KB, respectively, detracted frﬁhvthe accuracy of the

solubility determinations.

Results and Discussion

On the basis of the DTA thermalvarrests and ﬁhe 1nf6rmation ﬁrovided
by the X-ray and micrographic analyses, the phase diagram shown in Fig. 1
was constructed. The invariant temperatures of thg eutecfic and of the
four peritectié reactions were determined from the thermal arrests
appearing on the heating curves. The possible error.fgp the eutectic

temperature is *3°C; for the peritectics, #5°C.

Terminal Solid‘Solubilities

The solubility of iron in terbium is below the detection limit of the
'gxperimental techniques employed in this study. The addition of iron to
terbium does not affect the temperature of the a(HCP) to B(BCC) trans-
formation in terbium (1318%2°C). From radieactive tracer diffusion
studies,16 it has been recently inferred tha;'a significant fraction of
. dissolved iron in the light rare-earth metals, Ce,'Pr,‘ana Nd is
located-on interstitial éites. v It would be interesting to check in'what‘
way does the laﬁthanide contraction in.the heavier rére—earth metals like

terbium, affect that tendency.
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The resulté of the DTA rums indicated that the temperafure of the

a <+ Y phase transformation in iron is slightly.increased, while that of

the vy + ¢ transition is decreased{by terbium additionms. This behavior

is similér to that observed in all other rare-earth iron systems, with

fhe exception of Er, for which there is conflicting e\'ri'c.lence;s'-6 The
rare-earth méﬁals, including terbium, agt,;therefore,'as BCC stabilizeré,
with a severely limited solubility. The lattice parémeter of a Tb satufated
-Sélid solutioﬁ,.quenched from 880°C is slightly incrgased to 2.8672+0.0002 K,
as compared to its value (2.8664 &) in pure ironm. Agsdming a_lineaf
dependen;é of ;he lattice parameter on Tb éoncentratién»ivegard's La&),

the solubiligy iimit wpuld be 0.07+0.03 at.”. Using electrén microprobe
‘ﬁeésprements, a value of 0.110.05 at.? Tb was found, roughly agreeing with
"the iattiqe parameter measurements. - No significanﬁ difference was observed

for Tb-saturated solid solutions quenched from the Y temperature interval.

-Thé Intermetallic Compounds

Simila: to all other rare-earth iron binary'systeﬁs from Gd onto Lu
(with the.exceftion of unknown Yb), four intermetallic compounds aré
':presentvin Ehe Tb-Fe system. Structural data concerning these compounds

is given in Tabie I.

TBFeZ and TbFe,

The eutectié'temperature between Tb and the first ironféontaining
coﬁpo;nd, TbFez,_i; situated.at 28%+0.5 at.% Fe and 847i3°C; Thé micro-
‘sttucture of a slowly (5°/min) cooled‘hypefeutectiq alloy (Fig. 2) reveals
‘primary beez‘dendrites, embedded in a Tb-TbFen éqtectic matri#; Dwight

and Kim.ball17 have recently shown that the TbFey compound is a rhombohedrally-
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distorted Laves-phase. The rhombohedral distortion altﬁéugh small
(oo = 59.6°, instead of 60° for a regular cubic C—15“§tructure) isAcleafly
apparent when checking the medium and high angle diffraction line profiles.
The rhombohedral distortion is a direct result of the'giant [111]-type |
magnetostriction present at room temﬁérature in TbFeé. |

The Laves phase TbFes melts non-congruently at 1187°C. .In this
réspect it is interesting to note that with increasing atomic number of
the rare earth Component, (R), the ratio of the atomic fadii components
rr/eFe gets cloéer to the ideal Laves phase ratio, 1.225. This is
feflected by the increasing stability of the RFe; phases. Thus, from
SmFey to HoFez; these compounds melt non-congruently at increasingly higher
temperatures. " From ErFes to LuFez they ﬁelt congruently at temperatures
above 1300°C. A similar trend is, by the way, also observed in the RCo2
sefies. |

The minority phase, in the two-phase TbFej-TbFe3 region, appears in
the form of elongated plateleté (Fig. 3). Slowly cooled alloys in this
two-phase region revealed the presence of a precipitgtion reaction taking
place within the TbFe) grains. In rapidly quenchedvsamples no such
precipitation could be detected. A definite orientation relationship is
app#rent between the iron-rich thin platelets,.forming 120°.aﬁg1es émong -
themselves, and the parent grains. The microstructure of a sample annealed
for 2 hr at 1100°C, followed by an 8 hr long anpeal.at 700°C, is shown

in Fig. 4. A phase boundary between a TbFej on the left side and a TbFez

grain on the right, runs along the figure. Noteworthy 1is that no precipitation

occurred in the TbFe, grain, in regions adjacent to the grain boundary,

presumably because the excess iron, instead of precipitating, diffused

4
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during the 1ow-temperatute anneal towards the:phese boondary. It follows
| that, similar to the Er-Fe system as observed by Meye_r,5 TbFey has a .
homogeneity'tange at elevated temperathres-extendingvtowards iron-ticn
_compositions. This composition interval is schematically shown by dashed
lines in Fig.'l.‘ Efforts were made to confirm such a homogeneity range
by competiné iattice patameters‘of alloys‘having compositions which bracket
that of TbFez. v No difference, within experimental errors, was obsefved.
fhe experimental errors on the lattice parameters'of the rhombohedrally-
distorted compounds are,_however much larger than for an ordinary cubic
laves phase. Similar lattice parameter measurements ‘'on both sides of “the
y 18

| stoichiometric TbFe3 composition did not confirm Gilmore and Wang

reported homogeneity range fot this compound.

:,TbeFeza
The X-ray patterns of arc-melted samples ofvcomposition ranging from
’5—90 at,z:Fejcontained only the diffraction lines corresponding to the
fTbFe3 and szFei7 phases. A lengthy anneal of 14 D at 1220°C of a
>.79.5'at.% Fe semple yielded, however, a mearly singledphase'TogFe23 structure.
“The melting point of this compodnd as shown by the thetmal arrest on its .
vheating curve, is situated at 1276 C. Noteworthy is that this sample did
" ‘not contain any detectable TbGFe23 phase upon relatively rapid (20°/min )t:
cooling subsequent to its melting. It_again required a lengthy high-
‘tempetatufe'anneal in order to ceuse the reappearance of TbFe23. Similar
difficulty in the nucleetion of this phase has been observed in the Dy—Fe2
'end Gd-Fe2 systems. Earlier omblished phase diagrsms'of this latter
s'ystem,l9 fsil'to'make mention of the presence of GdgFegsq. - ffhe lengthy

anneals required at relatively*elevated temperatures (>1106°C) would account
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for the recent report that this phase is absent in the Tb-Fe system.13

In agreement with Oesterreicher's findings,13 we also ;bserved that ternary
additions, oxygen in our case, greatly enhance the rate of‘nucleatign and |
growth of the TbgFep3 phase. Very slow éooiing at 1°/ﬁin through the
1400-1200°C temﬁerature interval yielded a microstructure which did clearly
show the peritectic nature of fhe compound formation, as shown in Fig. 5.

The lattice parémeters'of'Tb6Fe23 are in good agreement with those previously

reported by Ray.11

TboFey7
Contrary to the previous compound, TboFej7 single phase samples were

easily obtainéd, even though both compounds melt noq—congruently; ‘This
is illustrated in Fig. 6, for a 92 at.Z Fe sample showing pfimary Fe
'dendrites surrounded by the TbaFej1? matrix, Figure 7 shows the highly
twinned microstructure of a 89.5 At.% Fe sample, cbrresponding to the

: stoichiometric TboFe17 composition..

” Alloys_éf the rare-earth metals with approximately 89 at.Z of.transition
metals Fe, Co, or Ni have been reported to possess eithef a hexagonal ThyNijyy
or a rhombohedral ThyZnjy~type structure. Both structure types may be
| regarded as different stacking sequences of a basic strﬁctural layer
related to the CaCus-type sftucture. The.occurrénce of these various
structure typeé_has been discussed by Buéchow15 and by Givord g&_él.zo
It appears that with decreasing rare-earth size, theThN117—type strhctufe
is favored. Thus, one finds_thé ThoZn)7-type for the ligﬁt rare—earth

elements Ce to Gd, while the ThyNijy-type is present in Dy to Er-iron systems.

The atomic size of Tb places it at the borderline between these two groups.
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According t;o.Buschow.,15 thevcommon room temperatufe modificetion of TbFey7
is the ThpZnj7 structure type.  The ThoNij7 type cosld be found only in
splat cooled samples. ' Oesterreicher13 or: the oﬁhef_hand,-observed only the
Tthil7 type structure, both fq; the as cast and for samples given a.
proldnged'anneal at relatively low (700 and 880°C) temperature.

Our results indicate that both thelThZZn17 and the Th)pNij7 structure

types are present in the Tb-Fe system, The rhombohedral TheZnyy type was

‘found in all samples having a composition on the Tb—rich side of the szFe17
"composition, while the ThyNiy7 type was found on the iron-rich side. We

»believe that the strongly twinned structure shown in Fig. 7 represents a

ﬁixture,of the two structure types. The hexagonal structure type was
always and exclgsivelf observed in iron-rich TbyFej;7 samples, irreSpective_
of the anneeling temperature (1200°C, 8 hr; lOOO°C; 24 hr; 800°C, 72 hr).
On the other hasd, rapidly cooled Tb-rich samples yielded a mixtﬁre of the;
TﬁzZn17 and ThoNijq structure types. A two hour amnneal at 1200°C was
sufficient, hbveﬁer; to result in a purely‘rhombohedral ThpZny7 type structure;
These findings seem in qualitative agreement with Givord gg_gl.

analysis of the 2:17 compounds. Both the ThoZny 9 and the Th2N117 variants

are derived from the CaCus type structure by o:derly sdbétitution_of a pair

. of transition metal atoms for each third rare-earth atom. The ThoNiyy

. hexagonal variant retains, however, somerdisorderly substitutions and is,

N sherefofe,_mpre able to.accommodateexcess transitxnnsmetal'atoms and.alsov

._fends to be more stableiat elevated teﬁperatures. Whether the two
esfructuie variants at fqom temperature are equilibrium structures having

slightly different compositions, implying thereby a finite width in the

region cqrresponding to the 2:17 phase, has not been aseertained in the

present study.
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Finally;:we wish to mention that careful sample surface preparation
reveals the magnetié domain pattern By use of the Kerr effect. }n Fig. 8
the different domain width in three different terbium-iron interm;tallicv
compounds is shown. .This technique offers, potentially, a highly useful

tool for studying some aspects of the exceptional'magnetic anisotropy -

properties of the these compounds.

Acknowledgment

We wish to thank G. Gordon, Jr., J. Jacobsen, and M. Malekzadeh for .
their helpful cooperation.
This work was supported by the U. S. Energy Research and Development

- Administration.



o
<
£
Lo
£
&
<o
&
"
G
il

-11-

References

1. K. H. J. Buschow, J. Less-Common Metals 25 (1971) -131.

2.

10-
11.
12.

13.
15
16.

17.

18.

E. M. Sivitsky, V. F. Terekhova, R. S. Tdrchinbva;vi. A. Markova,

0. P. Nauﬁkin, V. E._Kolesnichenko and V. F. Sfroganova, Les Elements
des Terres Rares, p. 47.‘ﬁdit;ons du Centre National de la

Recherchq Scientifique, Paris (1970). .

A. S. Vﬁn'der Goot and K. J. Buschoﬁ, J. Less-Common Metals, 21
(1970) 151. | |

G. J. Roe and T. J. O'Keefe, Met. Trans., 1 (1970) 2565;

A. Meyer, J. Less-Common Metals, 18 (1969) 41.

K. H. J. Buschow and A. S. Van der Goat, Phys. Stafs. Solidi,'gi,
(1969) 515. |

V. E. Kolesnichenko, V. F. Térekhova, and E. M. Savitskii, Metalloved.'v

Isvet. Metal. Splavov 1972, Edited by M. E. Drits, "Nauka' Moscow,

U.S.S.R.

'N. Koon, A. Schindler, and F. Carter, Phys. Letts. 37A (1971) 413.

A. E. Clark and H. S. Belson, Phys. Rev., BS (1972) 3642.

H. Klimkér, M. Rosgn, M. P. Dﬁriel, and V. Atzmohy, Phys. Rev., Bl0
(1974) 2968. |

A. E. Ray, Proc. 7th Rare EaFth Res. Conf., Céronado, Calif. (1968)
p. 473. | |

P. I. Kripyakevich and D. P. Frankevich, Sov. Phys. Crystallography,

10 (1966) 468.

H. Oesterreicher, J. Less-Common Metals, 40 (1975) 207.

M. Malekzadeh, M. D. Dariel, and M. R. Pickus, to be published.

K. H. J. Buschow, J. Less-Common Metals, 11 (1966) 204.

M. D. Dariel, Acta Met. 23 (1975) 473. ‘
A. E. Dwight and C. W. Kimball, Acta Cryst., B30 (1974) 2791.

G. M. Gilmdré and F. E. Wang, Acta Cryst., 23 (1967) 177.



19,

20.

-12~

R. P. Elliott, "Constitution of Binary Alloys, First Supplement'
McGraw—Hi_ll, New York, N.Y., 1965, p. 414,
D. Givord, F. Givord, R. Lemaire, W. J. James, and J S. Shan,

J. Less-Common Metals, 29 (1972) 389.



Compound

'TbFez‘ _
- (room temperature)

TbFe,

. szFe17
(Tb-rich side)

‘TbyFey;
(Fe-rich side)

(a)

Results taken from

~ Structural Data for the Tb-Fe Intermetallic Compounds

TABLE I

Crystal Symmetry Space Group

Rhombohedral

Rhombohedral

Cubic

Rhombohedral

Hexagonal - ..

Ref. 17.

R3m

6 /mme
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Structure Type

Distorted MgCuog

PuNi3

ThgMn, 4

ThpZnyy

Th2N117

La;tice Parameters (&)

a = 5.1896

c = 12.8214

(hex. axes)

a = 5.139%0.001
¢ = 24.610%0.002

khex. axes)
12.085+0.002

¢ = 12.413%0.002

(hex. axes)

a = 8.472%0.004
c = 8.321:0.002

‘ET‘
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Figure Captions

The Tarbium--iron phase diagram.

Hypereutectic 52. at.% Fe alloy. Primary TbFej dendrites in a Tb-TbFep

[éutectic_ﬁatrix (x400).

Primary elbngated TbFej platelets in a TbFep matrix of a 68 at.% Fe
alloy phase contrast at (x600).

68 at.% alloy, annealed for 2 hr at 1100°C and subséquently for

8 hr at 700°C.  The TbFej grain lies on the left, TbFey on the

right. Iron-rich plate-like precipitates are present in the

TbFe, grain. Note their absegce in the region adjacent to the -
phase boundary (x400).

79.5 at.% Fe alloy slowly (1°/min) wooled through the 1400-1200°C

"_tt

‘ temperature range. Grain "a" is primary TbpFej7, surrounded by

peritectically formed TbgFe,3 (grains "e").  Final product of solid-

| ification TbFez (grain "i") (x1000).

92 ath Fe alloy. frimary Fe.den&rites embedded in a.szFel7
matrix (x100).

Strongly twinned 89.5 at.Z% Fevsample;”believed to represeﬁt a
mixture of the two, ThpZnjy and ThyNij7 type structure variants

of TboFeyj7 (x400). |

Magnetic domain pattern of the same area as in Fig. 5, revealed
throngh:the Kerr effect, illustrating ;he different domain width in

three different Tb~Fe intermetallic compounds. The arrow points

to an area where reverse magnetization domain spikes appear (x1000).
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Fig. 6



-2]~

XBB 755-3919



o

Fig. 8

XBB

755-3918



pyﬂ{?‘élﬂi)ﬁfgé“?

VAT

LEGAL NOTICE ' :

' Thzs report ‘was prepared as an account of Work sponsored by the
.‘.Umted States Government Neither the Un1ted States nor the Un1ted
e States Energy Research and- DeVelopment Adm1n1strat1on nor-any of .

any: legal liability or respons1b111ty for the accuracy, compléteness

,d1sclosed ol represents that its use would ‘not' 1nfrmge pr1vately -
- owned rzghts IS D _ SR

'4the1r employees nor. any of ‘their contractors, subcontractors, or
the1r employees makes any warranty, express.or 1mpl1ed orassumes |-

or usefulness of -any information, apparatus product or process . .




»,

i e,
TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
'UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





