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Abstract—Cyclic thermal analysis is used to study the effect of overheating of the eutectic Ga=8¥mol % Sn
melt on the presolidification supercooling. It is found that, when the liquid eutectic is overheated above the
eutectic temperature (7, = 293.5 K) and is subsequently cooled, the dependence of the presolidification
supercooling on the overheating temperature exhibits monotonic ascending behavior,A/heimaxim@m super-
cooling after heating of the melt to 339 K is 26 K. The kinetic and thermodydamic parameters ‘of eutectic
solidification are calculated using the thermal analysis curves measured duringmelting
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INTRODUCTION

Low-melting gallium-based alloys, in particular
those with tin, are widely used in manufacturing semi-
conductor products and solar cells for light current
sources; in laser, superconducting, high-vacuum, and.
nuclear engineering; for the production of low-tem-
perature solders and glues; for the correction of pour-
ing defects in glass and ceramics industries; for manu-
facturing lubricants; and in stomatology [1&4].“Bhe
eutectic Ga—Sn alloy is used for manufactdring;metal-
lic mercury-free stamps [5]. Moreoves, thisQalloy
affects the phase formation in multicompenent sys-
tems [6]. The efficiency of applicationlef'eutectic alloy
is determined by its preparationfprocedure and solidi-
fication conditions. These conditions depend to a
large extent on the thermalfhistorygefithe liquid phase
[7]. In particular, depending onithe heating tempera-
ture of liquid, the solidification/of gallium [8] and tin
[9] during subsequént ceeling can occur in two ways,
namely, equilibrivm solidification (ES) without
supercoolingg”and “monequilibrium solidification
(NES)with (a certain (for each metal) supercooling.
Analodgousiregularities are likely to be expected for the
eufectic alloy, since the structure and properties of the
solidiphiase depend on the way of solidification.

According to the Ga—Sn phase diagram [10]
(Fig. 1), the eutectic temperature for the eutectic (E)
composition Ga—8.5 mol % Sn is T, = 293.5 K. The
hypoeutectic region is characterized by the existence
of a Ga-based o solid solution; the hypereutectic
region is represented by a tin-based 3 solid solution.
Thus, the eutectic alloy below the eutectic tempera-
ture is a mixture of oc and [ solid solutions.

EXPERIMENTAL

Cycligithermal analysis (CTA) [11] is used to study
the'effect ofjoverheating AT of the 91.5 mol % Ga—
8wymol % Sn eutectic melt (AT =T—- T, T> T,

above eutectic temperature 7, on supercooling AT,

(AL, =T, — T,;,, where T, is the minimum tem-
perature in the supercooling range at which solidifica-
tion starts).

Eutectic compositions 0.5 g in mass were prepared
by melting of special purity grade gallium and tin. The
components were heated in an alundum crucible to

505 K

92.5 [0
305K 293.5 K
(Ga) 1 1 1 1
Ga 20 40 60 Sn, mol %

Fig. 1. Ga—Sn phase diagram [10].
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Fig. 2. Schematic heating and cooling curves for the eutectic alloy, which indicate an increase in the supercooling with the pre®

liminary overheating; cb = ¢'b' = ¢"b" = 2.4 min.

555 K, i.e., above the melting temperature of tin
(505 K)) and gallium (305 K), and mixed to their com-
plete dissolution. Thermal cycling of all (five) samples
was performed under the same conditions using the
so-called gradient-free resistance furnace specially
designed for cyclic thermal analysis. The furnace with
a sample was located in a Veko cooling chamber at a
temperature of 249 K. The temperature was measured
with a chromel—alumel thermocouple using a UT325
digital thermometer interfaced with a computer. The
thermocouple was lowered directly into the melt
through a protective thin cylindrical quartz capsule.
The error of measuring the temperature was ~0.1 K.
Cyclic thermal analysis consisted in continuous
recording the temperature during cyclic heating and
cooling in the temperature (7)—time (T) coordinates
in a temperature range of 249—473 K, which covers
temperatures 100 K above and 45 K belowfeutectic
transformation temperature 7,. The loweftempera-
ture (249 K) was unchanged, whereas the uppentem-
perature was progressively increased by 2—=3,K relative
to that of the preceding cycle. Thetheatingdrate was
3—4 K/min. During cooling, thgffatnacey(and sample)
temperature was decreased Vat{aWrate of 6.0—
0.05 K/min in accordanceswith the exponential law
T= Tyexp(—ow), where [, is the temperature at the
onset of cooling and enis aconstant.

RESULTSAND DISCUSSION

In the coursg”ofA CTA of the Ga—8.5 mol % Sn
euteefic alloy,"a number of endo- and exothermic
effects and regularities were found near the eutectic
temperature.

Figure 2 shows some schematic heating—cooling

curves for'the eutectic alloy, which were plotted on
coordinates 77 and demonstrates that presolidifica-

tion supercooling A7, increases as melt overheating
AT increases.

During heating of a sample, the curves from points
a (a', a") to points d (d', d") demonstrate horizontal
portions bc' (b'c, b"c") at a temperature of 293.5 = 0.5 K,
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which corresponds to eutecticitemperature 7. It
should be noted that, in all€ycles, th&melting time T,
of the eutectic 0.5 g in mass was unehanged and equal
to 2.4 min.

An analysis of the,CTA curves (Figs. 2a—c) from
points d (d, d") to points k (k', k') allowed us to reveal

presolidificationy supercooling A7, near points e
(e', e") — AL, f") - WNo supercooling was observed only
after a slight ‘overheating of the melt to ~0.5 K. In this
casey quasi=equilibrium solidification at T takes place.
After overheating AT of the eutectic melt above T,
and‘subsequent cooling, an increase in supercooling

AT to 26 K was observed. In particular, an overheat-
ingof AT =9, 15, and 34 K corresponds to an super-

cooling of AT, =4, 13, and 26 K, respectively. The
subsequent overheating of liquid eutectic above 7,
from 34 to 100 K weakly affects average supercooling

<A Te_> , which is ~26 K. This supercooling can be con-

sidered as maximum AT _.. under our experimental

max
conditions.

Thus, after heating of the liquid eutectic to any
temperatures above 7 and subsequent cooling, solid-
ification always occurs with presolidification super-

cooling AT, and exhibits a nonequilibrium explosive
character at the initial stage. This is indicated by the
rapid increase in the temperature from the tempera-
ture corresponding to point f (", /') to 7 at a rate of
30—40 K/s. The subsequent solidification alog path gh
(g'h', g",h") is equilibrium at 7.

Figure 3 shows the general dependence of A7, on
AT?" for the eutectic alloy, which was plotted using
about 100 heating—cooling cycles. The averaged
supercooling scatter relative to average magnitudes for
all thermal cycles for five samples was =2 K.
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For comparison, Fig. 3 shows AT versus AT for
gallium and tin [8, 9]. The dependence for tin is
described by Heaviside function

AT™ = (AT )T - AT,
oo I, AT" > AT,
0, AT" < AT,

Ccr»

(1

AT =5K, AT =10K.
In Eq. (1), AT,; is the critical overheating of the tin
melt, after which the character of solidification
changes stepwise from ES to NES. After cooling of the

overheated melt from AT, Ct or higher temperatures,
nonequilibrium solidification with supercooling is
observed; in the case of underheating of the melt to

AT, and subsequent cooling, solidification is equilib-
rium without supercooling [9].

This dependence for gallium has the form

Ga
A T[ A Tmax (2)

T+ expl-aAT —b]’

where AT =34K,a=0.36 K-, and b = § K.

max
Finally, the aforementioned dependence for the
eutectic alloy has the form

E
AT, = Xt 3)
1+ exp[-c(AT* = d)]

where ATS

max

It is seen that the dependence of AT, #fon AT 48
continuous for the eutectic alloy (Eq. (3)) and'gallium
(Eq. (2)) and discontinuous (steplike) fortin.

In addition to the supercoolingy, the following
parameters were determined frefm the thermal curves
of the eutectic: the time of residence of the melt in the
supercooled state (T,), i.e.gthegtime required for tem-
perature to pass from poilt e to'point f (or ¢' — f* and
e" — f"); the time of rapidiincrease in the temperature
(T,) in the range offpoints / (", /") and g (¢, £"); and
the time calculated)from ‘the length of solidification
plateau gh (g'A'Tg%R") in Fig. 2 (T5).

Aceording\te'the cluster-coagulation solidification
model [7],, isitheftime of formation of crystal nuclei
and)crystal-like clusters in the supercooled melt; T, is
the time of coagulation of these structural elements,
which results in the formation of the initial fraction of
solid = m,/m in mass m,, where m is the mass of the
entire sample (in thermal analysis curves, this is the
time of a rapid increase in the temperature from 7.,
to 7, which is the evidence of a certain adiabatic pro-
cess in the supercooled melt; the mechanism of this
phenomenon is poorly understood); and T is the time
of solidification of the rest of sample 1 — 1. Thus, the

=26K,c=0.28 K!,andd=6.0 K.
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Fig. 3. Supercooling AT vs. overheating AT for the gal-
lium, tin, and Ga—8.5 mol % Sm(eutectic E) melts.

total time of solidification of thefentire sample can be
represented as thelsuma®y=.1, + T, + T;. Incubation
period T, increases aceording to an exponential law as
the cooling rate decreases and reaches, for example,
13 min for the curve in Fig. 2c. Time 71, varies depend-
ing on th€jcoolingyrate and the supercooling; for the
curve imFig:2¢, we have 7, = 1 s.

Based on.the curves given in Fig. 2, we can assume
that, ‘during solidification of the portion of sample of
mas§ym,in time T,, latent heat Q, = AH, gn, is released
and heats the entire sample from the temperature 7,
(pointsf, ', /") to T, (points g, g', g"). In this case, heat

0, =c,mAT, isused. Since T, < 1, T3, the heat losses
in time T, can be neglected. In this case, using the heat
balance equation Q, = Q,, we can calculate the frac-
tion N of eutectic E solidified in T, from the m -to-m
mass ratio,

n=m,/m=cEAT, [AH,, 4)

where c;: is the additive heat capacity of the eutectic
(398.64 J/(kg K)) and AH., is the enthalpy of eutectic
solidification (72.77 J/kg).

The calculations performed by Eq. (4), for exam-

ple, for AT, =4, 13, and 26 K give n = 0.025, 0.07,
and 0.14, respectively.

Obviously, T; is the time of subsequent isothermal
solidification of the rest of the melt (I — m). In all

cycles, it was almost the same (~2 min) and always
shorter than the melting time (2.4 min).

M at different supercoolings depends also on the
time of residence of the melt in the supercooled state
(t,). When accepting that 1 is the concentration of
crystal-like clusters and nuclei that form in the super-
cooled area in time 0 < ¢ < 1;, the Avrami—Kolmog-
orov equation 1 = 1 — exp(—Z¢") can be used for deter-
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Activities a.”*, a.", oy, ", coefficients of activity g, *,

Sn .G s _ . Ga ,Sn .G
g2", v, and y." and activation energies W%, W.", o.",

and (x)zn in the liquid eutectic and its enthalpy of melting
(kJ/mol)

Parameter at A T[Eax, K
Parameter
0 26
aeGa 0.93200 —
aeS“ 0.29960 —
g5® 1.0085 (1.0193) —
S“ 3.4823 (3.4950) —
ad? — 0.9735
ot — 0.2299
v5? — 2.7047 (2.1329)
Yo — 1.0639 (0.8202)
woe —3.63 -
wn —6.29 —
od? — —5.97
" — -14.4
AH, —7.07 (Sn) —5.59 (Ga)

mining nucleationbconstant Z and Avrami parameter
n. ThegAvrami parameter n = 1.25 was determined by
log#log transfosmation, plotting the dependence of
y =anIn(l/(1 — n)) on x = In¢, and using the slope
tan@=y(x) [1]. Under these conditions, the nucle-
ation comstant is Z= 7.4 x 1072,

Two components (Ga, Sn) participate in the eutec-
tic solidification; because of this, their activities in the
eutectic both at T, i.e., at the onset of equilibrium
solidification and in the supercooling range at 7, at
the onset of nonequilibrium explosive solidification,
should be calculated.
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The activities of gallium (a.'*) and tin (¢>") in the
liquid eutectic at the onset of equilibrium solidifica-
tion at eutectic temperature 7, (i.e., in the absence of
supercooling) were calculated by the Shreder equa-

tion [12]
Ga

Ga HL 1 1

a.t =ex =1 5
o 7). ©

sn AH (1 1

a, =e — 11, 6
o (7 "

where AH;* and AH;" are the enthalpies of melfing
of gallium (5.59 kJ/mol) and tin (7.079kJ/mol) [13]

and 7,°% and T," are the melting femperatures of gal-
lium and tin, respectively.

The activity coeffigientslof gablliumyg>* and tin g>"
under the same conditions’'wgre determined using the
ratios of the activities\to the,cemponent concentra-

tions in the eutecticl@s 2 X%"),

geGa _ aSa/XeGa ) gSn _ aSn/X:n ‘ (7)

The table gives,the activities and the coefficients of
activities ofithe components in the eutectic. To esti-
mate thelactivation energies of the components in the

€ €

euteetic (see'table) on the sides of gallium (WeGa) and

tin (Wesn), the following expressions were used [14]:

AH? (1 - TGJ +RT, InX*
Ga
VI/C = (1 i XGa)Z ’ (8)
Sn T Sn
AH? (1— ;nj+1eTe In X
Sn
we' = (1£X5n)2 ©)

Energies W.°" and W™ were used to check activity
coefficients g and g>" by the procedure described in
[14], in particular, by the expressions

g2" = exp[~(1 - X&)V WS RT,], (10)

(1)

The values of g and g>" obtained by Egs. (10)
and (11) (given in parentheses in the table) are close to
those determined by Eq. (7).

An analysis of the aforementioned parameters for
the supercooled metastable region at the onset of
eutectic solidification is of particular interest. Let the
activities in the eutectic at the metastability boundary

be o ®

g = exp[-(1- X"V’ W' RT,].

and a.", the activity coefficients be Yo and

13", and the energies of mixing be @) and ®.". As an
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example, we used the maximum supercooling of

eutectic alloy, AT, nfax = 26 K. To adapt Egs. (5), (6),
(8), and (9) to the calculation of the aforementioned
parameters for the metastability boundary of the
eutectic alloy, the metastability boundaries of gallium
and tin should be taken into account. Since gallium,
tin, and the Ga—8.5 mol % Sn eutectic alloy solidify
under the same conditions in the present study, the

corresponding boundary temperatures can be
obtained as follows: 702 = AT % — AT, TN =
AT — AT, and TS = T. — ATL,, where

ATS® =34 K, AT>" = 10K, and AT.... =26 K.

max max max

In this case, the Shreder logarithm [15] “operates”
and Egs. (5), (6), (8), and (9) are reduced to the fol-
lowing form:

Ga AH* (1 1
o =ex - ,
p{ R (Tn?; Trfﬂ

Sn AHEH 1 1
(xe =X - 5
p{ R (Tri:x Tmﬂ

_ -
AH? (1 - mTj +RT) InXS*
o = exp et
) (- X"’ ’
_ -
AH}" (1 - mTj +RTE, InXx>"
" = exp s
’ 1-x."’

The table also gives the values of Y7 gy>", 0058, and

®)". A comparison of these values shows that the a.*

and oceGa activities of gallium in @h€euteetic are higher

than the a."

conditions (at AT, Ifax: 0) and forthe'metastable region

(at AT, ]fax = 26 K). This can bg explained by the fact
that the eutectic gallium'¢encentration (91.5 mol %) is
higher than the tin concentration and that the majority
of the solid phas¢ in the eutectic melt at the moment
of solidificationf(ES} NES) is occupied by the o gal-
liund'solid solutiens the tin solubility in which is only
0.226 mal %.

As‘the same time, it is seen that the activity of gal-
lium oS &t AT,S, =26 K is higher than the a°* activ-
ityat AT,

max

and oczn activities of tift under equilibrium

= 0. For tin, inversely, the activities for the
supercooled region are lower than those at AT, Ifax =0

(aes > ocin ). In passing into the metastable region, the
activity of gallium in the eutectic is likely to increase
during incubation period T, suppressing the activity of
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tin. The more abrupt change of the activation energy
of tin (0)3" / Wesn =~ 2.29) as compared to that of the

activation energy of gallium (OJeGa / WeG'”1 ~ 1.64) in the
eutectic can be related to the fact that tin is less active
when crystals form in the eutectic. This can be indi-
cated by the similarity of the solidification curves of
gallium [8] and the eutectic Ga—91.5 mol % Sn alloy
and the explosive solidification of the alloy.

CONCLUSIONS

(1) The effect of overheating of theyGa—S8.5 mel' %
Sn eutectic melt on the presolidificatiomsupercooling
was studied by cyclic thermal anal¥Sis. [thwas found
that the dependence of the supercooling on the over-
heating exhibits monotonic_ascending/behavior. The
maximum supercooling is 26 K.

(2) The fraction ofithe Solid phase (1) at the onset
of nonequilibriufmsolidification was calculated; at an

supercooling of A7.0= 4, 13, and 26 K, it is 0.025,
0.07, and 0)14, respectively.

(3) The Aveiami parameter (n = 1.25) and the
nucleationfeonstant (Z = 7.4 x 10~2) were calculated
using theyAvrami—Kolmogorov equation.

(4) Thevactivities of gallium and tin in the liquid
@utectic' at the onset of equilibrium and nonequilib-
riumjexplosive solidification were calculated. It was
found that the activity of gallium is higher than that of
timunder all conditions.

REFERENCES

1. L. I. Glushkova and S. G. Konnikov, “Interaction of
components in paste Ga-based solders,” in Forming of
Metals and Welding (Leningrad Polytech. Institute,
Leningrad, 1969), Vol. 308, pp. 205—208.

2. V. S. Kazakov, “Development of gallium past solders
for low-temperature soldering of copper and titanium
alloys with ceramics”, Extended Abstract of Candidate’s
Dissertation in Engineering, Krasnoyarsk, 2007.

3. V. L. Krayukhin, “Composition of materials for prepa-
ration of strengthening pasts,” RF Patent 2345865,
2009.

4. S. P. Yatsenko, Gallium. Interaction with Metals
(Nauka, Moscow, 1974), pp. 26—28.

5. V. P. Chentsov, V. G. Shevchenko, A. G. Mozgovoi,
and M. A. Pokrasin, “Density and surface tension of
heavy liquid-metal coolants,” Perspektivnye Materi-
ally, No. 3, 46—52 (2011).

6. G. P. Brekharya, “Effect of cooling rate on the super-
cooling of metals and alloys and structure-formation,”
Candidate’s Dissertation in Engineering (Dneprope-
trovsk, 1976).

7. J. Y. Perepechko, Mater. Sci. Eng, 65 (1), 125—135
(1984).



442

8.

9.

10.

11.

ALEKSANDROV et al.

V. D. Aleksandrov and S. A. Frolova, “Effect of the
overheating of the gallium melt on its supercooling
during solidification,” Russian Metallurgy, No. 1, 16—
21 (2014).

V. D. Aleksndrov and S. A. Frolova, “Effect of time—
temperature treatment of liquid on the solidification of
Sn—Bi alloys,” Rasplavy, No. 3, 14—21 (2003).

Phase Diagrams of Binary Metallic Alloys: Handbook,
Ed. by N. P. Lyakishev (Mashinostroenie, Moscow,
1996, 1997, 2000).

V. D. Aleksandrov, V. A. Postnikov, S. A. Frolova, and
S. V. Prokof’ev, Ukraine Patent 83721, Byull. Izobret.,
No. 15, (2008).

RUSSIAN METALLURGY (METALLY) Vol. 2016

12. V. M. Glazov, Foundations of Physical Chemistry: Tuto-

13.

rial for Institution of Higher Education (Vyssh. Shkola,
Moscow, 1981).

Properties of Elements, Ed. by. E. M. Drits (Metallur-
giya, Moscow, 1985).

14. A. N. Krestovnikov and V. N. Vigdorovich, Chemical

15.

Thermodynamics (Metallurgiya, Moscow, 1974).
A. D. Drozdin, M. V. Dudorov, V. E. Roshchin,

melt,” Vestn. Yuzhno-Ural. Gos. Univ.,
(2012).

. Kolchugina

Translate

No. 5



		2016-08-30T11:11:08+0300
	Preflight Ticket Signature




