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Solidification of Intermetallic Compounds at High-rate

Cooling of Melts
By J. ALTMANN and K. LUHBERG, Technische Universitdt Berlin

_Introduction and Methods

According to BEVER and ROBINSON(I)intermetallic compounds may be
characterlized by their bonding forces.These can be metallic, co=

valent or partially ionic or there are superpoesitions of them.
Fig.l describes the predo~
niveid minent bonding forces in the
compounds Manz(metallic);
MgBSba(ionic) arid InSb(co=
valent) and, between them,
characteristic transition
compounds. There are given
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i e . e the figures of the enthalpy
of formation and the entropy
fig.1l: Compound-triangle of fusion.

It seemed of special interest to investigate the behaviour of
some mostly intermetalllc compounds of'different bonding charace
teristics with high rate cooling from the mel$s. The cooling
method applied in these investigationg has been described by
K.LUHBERG and H.MULLERCQ).The molten alloy 1s shooten by high
pressure against a silverplate and reaches it, yet fluid. It may
solidify with a rate of nearly lo to lo degr.sec"l.Unfortunate-
ly it was not possible to measure the temperature because of not
knowing the emission coefficients of these alloys. The interme=
tallie compounds were molten as one-~phase alloy or as one of the
phases of blnary eutectic alloys. '

The tables I and II show the compositions of all compounds and
eutectic alloys.

The melts solidified as platelets of a thickness of 3o um, in
some spots of 5 pm. These were investigated by metallographic and
X~Ray methods. For the X«Ray probe the slowly cooled samples were
powdered, the rapidly cooled samples were X-rayed as such. For
the metallographic observation the rapidly coaled thin platelets
were fastened on a substrate, grinded, polished and etched.
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Table I One=phase compounds

Intermetallioc compound bonding forece defr.x s cal/g=atom.degr.

Cug Iny (HUME-ROTHERY) metallic 955
Cu 2ng (HUME~ROTHERY ) " 973
Cu, Mgn (fce LAVES) " 1092
Zn, Mg  (hoP LAVES) " 863 3,9
Ge Te predom.ionio 998
Sn Te " 1063
Pb Te " 1190
In Te me tallic=imic 969 4,5
In2 Te} " 940 4,1
In Bi " 383
In, Bl metalllc-imic = 362
covalent
Cu, In " 940
In Sb covalent 803 7,6
M Eutectlic alloys
System A~B At.Z B Eutectic phases T(eut) °c
Cu ~ Te 71 Cu Te + Te 3o
Al -~ Te 90 Al,Te; + Te (+Te,pr) 420
In - Te 89 In2’.l.‘e5 + Te 427
81 = Te 81 Sia,'l.\e3 + Te 409
Ge - Te 85 Ge Te + Te J75
Sn = Te 84 Sn Te + Te Ros
Pb « Te 85,5 Pb Te + Te(+PbTe,pr) 4o5
Sb « Te 89 SbyTe, + Te 424
Bl - Te 90,3 Bez'.l.'e3 + Te 413
Mg - Ge 86 Mg,Sb, + Sb 579
In - Sb 68,3 InSb + Sb 500
Cu - 8b 63 CuySb + Sb 526

Pb ~ Bi 56,3  PbyBi + Bi 125
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Results and Discussion:

One-phase intermetallic compounds

The slowly cooled as well as all rapidly cooled one~phase in-
termetallic compound crystallized with solidifying ahd every
one with 1ts own, wellknown structure: theeguilibrium phase had
been formed. In our opinion this means, that only the compounds,
with thelr structures refex®d here, are the stable phasés in
that composition range. The undercooling may not have been the
highest possible; but the mechanical shock in the moment when
the undercooled melt reaches the silver plate, may favour the
nucleation. In the same manner also pure elements bonded hy
metallic or covalent-metallic forces crystallize with their
structure also with highest cooling rates.

According to JACKSON and CHALMERS(j) the ratio of theaocon®da~-
tion coefficients of the atoms in the melt (Am) and in the crysmal
surface (Af) can be reduced to

Ln (A /A;) oc AS/R

with AS = entropy of fusion (cal.(gr.at.degr.)'l and R = gas=
constant.Let us assume Am =1, thén Af is the higher the lower
the entropy of fusion of an element i1s. For Cu : Af = 0,32 for
Ge : A, = 0,042, for AuZn : Ap = 0,12 and for InSb : A = 0,022,
Therefore the crystallization of a covalent bonded element as
Si or Ge may be hindered with highest cooling rates of the melt
much more than a normal metal.

But, indeed, there 1s no difference in the solidification of
metallic or covalent bonded elements or compounds. In both cases
the Jumping rate of one atom from the melt to the surface of
the crystal may be much higher than the cooling rate. Let us
assume, the distance of a jump be B8 = 2 R and the coefficient

of the self=diffusion in the melt be D = ‘4.10"5 cm2 sec-1 in
the supercooled melt; the Jjunping time 1s theén

T = 52/4 D & lo}lgeo.

If the critical rddius of a nucleus be rp = 10.168 cm and the
radius of the atom &e d = 1,5.10'80m, the number of atoms in the
critical nucleus 1s nearly N = 300 and the total time for buil-
ding up the critical nucleus by Jumping of the atoms one after
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‘the another 18 ¢t = ).lo-gsec, whereas the time,the melt being
in the critical range of supercooling ( T_ 2000),with a cod ing
rate of 1o° grd.sec™  1s t, = 2.10™sec.The ratio of t, to t,
may be nearly the same for elements or compounds.

Eutectic alloys

In every case the typical eutectic structure has formed with
slow cooling rate but with higher cooling rate, after super=
cooling one of the eutectic phases crystallises primarilyand the
spacing of the eutectic phases 1s smaller after réﬁid cooling as
very well known,

Only some eutectic melts with Te as the one phase solidified
without any crystal structure; they seem to be glassy as shuwn
by X-Ray investigation.(Fig.2a u.2b).
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The fracture of these samples was brittle. According to other
authors and to our own observations, the following eutectic
melts showed an anomalous behaviour with rapid, Si=Te also with

slow cooling:
Al - Te Ga - Te In -« Te S1 - Te Ge -Te

whereas all other eutectics with Te as the one phase (Cu-Te,
Sn-Te, Sb=Te, Pb=Te and Bi-Te) crystallised. So far as known,
there 18 no distinct difference between the bonding iharacters
in the compounds of Te with Cu, Sn, Pb, Al, Ga, In, $i and Ge.

KREBS(a) and his collaborators have suggested a correlation be~
tween glassy solidifacation of ternary melts of egSb « Te - GO
or A8 = Te = (e, and their electrical resistance. Melts solidie
fying glassy also with slow cooling are comparable to semicon-
ductors, those crystallizing are metallic. It seems further,that
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melts tending f£o form glasses have a higher viscosity = indeed,
the eutectic melt of the system 812 Tbj - Te 1is strongly vis=
cous and this melt solidifies glassy also with slow cooling
rate.,

These references are badly abbreviated, but the tendency

seems clear. In the opinion of KREBS et al,the anomalous beha=
viour may be caused by special bonding forces. It seems to be
essential for melts of metallic character, that the bonding
electrons are not directed (arranged by p ¢ = electrons). On
the other hand, if the electrons are unilaterally directed by
(sp)-bonding,the mobility of electrons is reduced and a glass
is formed.

It seems also to us, that the chemical or bonding character of
glassy solidifying melts may be changed by Al, Ga, In, 3i or
Ge in another manner than by Sn or Pb and so on. But beside
this in our opinion it seems necessary to keep in mind that
eutectic melts tend to form glasses. With crystallization the

. Te-atoms must separate from the (Te-=X) groups in the melt. If
the viscosity of the melts is very strong, the separating of the
Te=atoms 18 hindered and so the melt may solidify without
changing the arrangement of the atoms. For testing this it

seems important to measure the coefficient of diffusion of the

constituents in eutectic Tb-Tbxxy melts.
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DISCUSSION

It is true that intermetallic compounds melting
eongrugntly cannot be quenched into the amorphous
stafe. Some compounds, however, may crystallize into
a metastable crystal structure. This is the case of
Te,Au (monoclinic) which after quenching is simple
cubic with one atom per unit cell.
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