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THE ALLOYS OF GALTIUM AND INDIUM

INTRODUCTION

This problem wes undertaken for the purpose of
constructing the gellium-indium equilibrium diagram,
to investigate the =21lloys of gasllium snd indium, and
to recover the pure metsls from their s2lloys. Re-
covery of gallium was especislly important becsuse
of the scarcity and the high price of the metsl -~
three to six times #2s expensive as gold.(7b)

Thermal anslysis wss used to construct cooling
and hesting curves from which the phase diagrasm wss
determined. The data for the entire set of cooling
curves were obtsined by the use of mercury thermo-
meters.

The alloys were prepsred for subsequent micro-
scopic examination and photomicrography, after the
hesting snd cooling curves were determined.

The gallium-indium equilibrium disgrem is one
that shows complete solubility in the liquid state

and complete insolubility in the solid stote -~ the

eutectic re=ction.



THEORETICAL DISCUSSION

BINARY EQUILIBRIUM DIAGRAMS

The equilibrium diagrsm is a composite picture,
which is used to predict whet the normel internal
structure of an alloy will be in advance‘of its prepa-
retion. Both physical and chemical properties of an
alloy csn be predicted when the structure is known.

From the diagram it is possible to predict the amount

of eutectic or peritectic that the alloy will possess
after solidificstion, the amount of primary crystals,
the temperature of initial freezing, the composition,

of each phese, and the tempersture of complete solidifi-
cation.(3)

"The equilibrium disgram for binary slloy systems
is o temperature-composition plot in two dimensions; the
lines on this diagrem are the loci of 211 the critical
points of all the alloys in the system. The various lines
on a binary equilibrium system divide it into a number of
closed fields or regions; these must be either one-phase

or two-phase fields.n(6%)

THE EUTECTIC RErCTION(2,3)
The binary equilibrium dirgram determined in this
investigation represents those disgrsms of complete liquiad

i D



solubility and complete solid insolubility or the eutectie
reaction. Theoretically there is no such thing #s complete
insolubility. Either the solubility is so slight that it
cannot be shown on a disgram or the system has not been
investigeted in sufficient detail.

| Raoult's law states that the freezing point of = pure
substance will be lowered by the addition of a second sub-
stance (provided that the letter is soluble in the pure
substance while liquid and insoluble in it while solidi-
fied), the amount of lowering being proportionsl to the
molecular weight of the solute.

Fig. 1 illustrates the method used in reeding the
equilibrium disgram.

The abscisss represents the vsriation in composition
of the alloy. The ordinates represent the varistion of
temperature. The extreme left ordinate represents the
freezing point of the pure element A, snd the extreme
right ordinate represents the freezing point of the pure
element B.

Above the liquidus line there is only one phase --
the liquid state. The region below the liquidus is a
two-phase field containing one liquid and one crystalline
phase. The liquidus indicates the temperature at which
freezing begins for eesch alloy. At the eutectic tempersture
there are three phases (liquid, crystals A, and ecrystals B).

-3
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The region below the solidus is a two-phese field contezining
two crystalline phases.

An alloy "X® will be selected to illustrate the cooling
of an s2lloy (Fig. 1). Where the alloy X cuté the liquidus,
the crystalline phase has s composition of 100 per cent A.

At the tempersture t} pure A crystals will begin to precipi-
tete, which will lesve the liquid richer in B. No further
precipitation of A crystals will teke place until the temper-
ature has been lowered. As the temperature continues to
drop, the amount of crystaliine phase will graduzlly increase
by the continued precipitation of A crystals from the melt,
#nd the liquid phase gradually decresse in amount, constantly
becoming richer in B. At point "en the liquid is saturated
with both A 2nd B crystals. At this point, the crystals
of A snd B will precipitate alternately =t various points
in the remeining liquid until solidificestion is complete.
The temper=ture and composition of all three pheses -- melt,
A crystals, snd B crystals -- does not change during the
procese. The dissocintion of the eutectic liquid is known
as the eutectic reaction.(22)
Cooling
Liquid mem ————— vcrystals A # crystals B
Hesting

Since solidificetion for all slloys is completed at
this temperature, a horizontal line may be drewn scross the
entire disgrsm -~ the solidus line.

-



THERMAL ANALYSIS(4:6)
Thermal analysis is a method of observing phase changes

by the study of cooling curves. Most of the solubility limits
of the poscible binary phase diagrams havebeen obtained by

the method of thermal analysis, but there is a limit to the
use of thermal analysis to produce phase disgrams. The pur-
pose of thermsal analysis is to determine the exsct tempers-
ture at which trensformation takes place. When the temper-
ature of a cooling body is plotted against the time, = cooling
curve is obteined. The temperature is = continuous function
of time. The curve is continuous as long 2s no physical
trensformstion or sllotropic chsnges within the metal occur.

When heating at constant pressure, trasnsformation from
solid to liquid is accompsnied by an absorption of hest, and
upon cooling at constant pressure, trensformation is ac-
companied by an evolution of heat. The heat of fusion
evolved in cooling counterscts the cooling loss so that
the temperature remeins constant for » given time until the
phase change is complete. At this point there is a job or
inflection in the curve which is cslled a criticel point.
After the change is complete, cooling continues, and a smooth
curve is obtrined again. gupercooling or surfusion will
cruse the curve to dip just before the freezing points are
reached.

A hesting curve is similer to a cooling curve except

sy



that observntions are made =s the metzl is being hested.
Because of the hysteresis of the materisl, the critical
points will be slightly different from those obtained by
cooling curves.

Certain pure metals and alloys undergo allotropic
transformations in the solid state. These solid-state
transformetions mre sccompsnied by hest changes snd are
not slweys detectable by thermsl anslysis.

If the hest effects ere reletively smell =nd they do
not slter the curves sufficiently, other methods of detec-

tion may have to be employed.

COOLING cuURvEs(4)

If the hest effects at the transition points are too
smell to be detectable by the direct time-temperature cooling
Curves, other methods of plotting curves may be used (Fig. 2a).

The inverse-rsote cooling curve consists of plotting the
2bsolute time intervel required for a definite snd erbitrary
tempersture change against the temperature. The time must be
fccurately messured for these curves (Fig. 2b).

Minor transformstion points may be detected by the
differential method. This method consists of plotting the
tempersture of a given specimen against the temperature differ-
énce between the specimen and » neutral bo&y. The neutrel

body is s metal that does not undergo transformestion. The
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temperature difference will be smell except at the trans-
formetion points. At these points there is no interruption
in the temperrture of the neutrsl body, whereas there is o
drop in temperature of the specimen under investigation
(Fig. 2c¢).

In the derived differential method, the differentisl
curve is differentiated with respect to the temperature.
These valqes are plotted against the temperature. The only
difference in this method from the differential method is

in plotting the deta. Transformation points by this method

2re more spparent than by the differentisl method (Fig. 2d).

SUPERCOOLING (4%, 72)

When the liquid and solid states do not attain equi-
librium after being cooled to the true freezing point, super-
€ooling or surfusion results. The solution remsins liquid
when cooled below the true freezing point and is considered
to be in = metasteble state. Once freezing does begin, the
tempernture will rise very repidly, =s the hest evolved during
the resction is grester than that conducted awsy. The temper-
ature will rise to the true freezing point and level off, =nd
cooling continues in the normel way. The temperature mey not
Tise to the true freezing point if more than one phasse is
preseﬁt -- one phe=se that supercools and one phase that does

o I S
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not supercool. The =mount of supercooling cen be controlled
to some extent. Any condition that maximizes the formation

of nucleation points in the melt will minimize supercooling
in metals. gome conditions that minimize surfusion are low
rates of cooling, hesting to temperatures only slightly =bove
the melting point of the metsl, and stirring of the liquid
metal during solidification. At high temperatures there =re
only a relertively few centers ofnucleation which will serve
#8 nuclestion points during freezing, and the fesster the rate
of cooling the less chance there is for the formestion of these
nuclestion points. The amount of surfusion will be grester
when hested to high temperatures and cooled rapidly than

when heated just slightly sbove the melting point and cooled
slowly. Stirring of the metal during solidification probably

mekes these points of nucleation more effective.

OTHER METHODS OF DT TERMINING PHASE DIAGRANS(4,5)

Metrsllographic Method: This method is best suited for

determining trsnsformations in the solid state and especially
for determining the number of phases present.

X-ray Diffraction Method: Probsbly the best method for

determining phase tresnsformations in the solid state is by
X-rays. This method is one of the recently sdepted methods
useé@ in determining phase diegrams.

Dilatometry: The expension or contraction cecused in =

Coh Ly o
MONTANA SCHOOCL OF MINTS LIBRARY
BIIUTT



metal by changes in temperature or structure csn be detected
with 2 dilatometer. This method is sppliceble only when
determining solid-stste transformations.

Other methods of determining transformations in the

s0lid state are the electrical-resistivity method =nd the

magnetic method.

PROPERTIES OF GALTIOM(1,7)

G2llium was discovered in 1874 by Boisbszudran by
spectroscopic analysis. The nasme, gallium, was chosen in
honor of Boisbsudran's native country -- Gallia is the Latin

name for Frence.

Gallium, one of the rarest elements, is rated 47th in

2bundance in the esrth's crust. It is distributed very widely,

but in smsll qurntities. The waste muds from electrolytic
refining of various metals, especirlly zinc, ond the flue dust
from volatile metals contsin gallium.

Table I. Physical Properties

Atomic number . « « o« ¢ « o ¢ o o & 31
Atomic weight « o« « o ¢ o o« o o o o 69.72
Atomic refraction « « « ¢« o« « « « o 14.8
Boiling point « « + « « o « o o o » 1600-2400°C
OOlOTE S et s vl ol sra v et sgs® oin Rr0YIER
Electrical Resistivitye « « « o« » « 53.4 « 10™° ohm-cm
IROtODORL a v o s a o o ens atn-sre DI il
Melting point « o -« s e s7s s o o, 29.759C
Specific gravity -- solid « « « « « 5.91

-- liquid . . . . 6.08
Bpecififi s ¢ s o ainta s s-v wiarerrUT9
Crystal system. « « « o« o ¢« o o o o tetragonal
Valongeie o o isin. o v hih, s 0.0 6 82058

- 1]l =~



The outstanding or peculiar properties of gallium are
its tendency to supercool, the large difference between the

melting point and boiling point, its expsnsion of freezing,

its wetting behavior, snd its corrosive properties.
"Qualitative tests established that a 76 per cent
gallium -- 24 per cent indium alloy wets many substances,
including glezed porcelain, quertz, gless, nickel, carbon,
Plexiglns, ferric stesrste, snd Alundum. Little or no
wetting occurred on paraffin, lesd foil, or psper. It was
€eventually established that melting could be conducted in

& Pyrex tube, under a cover of distilled weter or paraffin,
without wetting of the glass."(7b)

"The corrosive property of gallium was strikingly brought
to the attention of the investigators when, in weighing a
small pellet of gallium, it melted on the lsboratory balance
pan. Although the melt wes removed immedi~tely, the psn wes
found to be severely pitted."(7)

Another interesting property of gallium is that when a
number of small globules of gallium or a thin film of gallium
is brought near hydrochloric acid, the gallium will contract
into a spherical mass.

Pure gallium will preserve its luster in eir snd in
boiling air-free weter, but will form sn oxide costing in
boiling water which contains dissolved air.

At present the commercisl applicetions of gallium sre

—12i—



few. @allium has been used in high-temperature thermometers,
metallic vepor lsmps, opticsl mirrors, snd dental amslgams.
"Recent quotations run from §2.50 to §7.50 per gram,

making gallium three to six times as expensive as gold."(7)

PROPERTIES OF Inprum(l)
Indium wes ~lso discovered by the spectroscope in 1863
by Reich and Richter. It wes nsmed sfter the color of its

spectral lines.

Table II. Physicel Properties

Atomie number . . s 3on o % ow =49

Atomic weight . . 114.76

Brinnel hardness « « « ¢« « « o 1

Boiling point . « . «. « « « . . grester than 1450°0¢
Color ¢« o « « o e« o » o« » « o« 8ilvery-white
Crystal system tetragonal
Isotopes. . . .« v etete arw- v 119,113

Melting point v « ¢ o« « « s &« »:155.6%9

Resistivity (20°C) =+« « + « « « 9 * 10-6 ohm-cm
Specific gravity. « « « « « « « 0.057 col/g

L]
.
.
L]
-
L
L

L] L .
L]
*
.
£
L]
L
.

Tensile strength. « . « . . 15,980 1b/eq in
valences. L4 . - - . - - . - - 3.2'1

Indium, like tin, emits a "cry" when bent. It is softer
than lesd =nd mey be drawn into a wire. At ordinary tempera-
tures, pure indium metal is not oxidized.

Indium diffuses very readily by low-tempersture heat
trestment. This diffusion may be considered =s an sctual
2lloying with the base metsl. Plsting snother metal with
i"d;um gre=stly increases the corrosion resistance of the

1Y



meta]l and incresses the resistance to chipping'or peeling.(la)
| Indium is used in silver-indium-lead bearing alloys for
high-power sircraft engines and in bearing elloys for internal
combustion engines. It is s1so used in dental slloys. The
tarnish resistance snd high reflectivity make indium useful

in the field of optics. Indium oxide can be used to color

glass from light to dark yellow.

EXPERIMENTAL WORK

Electrolytically pure gallium ond indium were used to
prepare the alloys. A small glazed-porcelain crucible, of
2bout 80 grams capecity, wes used for the preperation of the
alloys. The porcelain crucible wss imbedded in s larger clay
¢rucible, which wes fitted with an asbestos cover (Fig. 3).

A Bunsen burner was used to heat the alloys -- hot weter wes
used to hest the low-melting alloys. Air cooling was used
until thé critical point on the liquidus wes pasced, and then
the clay crucible wes transferred to a bath of ice and salt.
The salt was necessary to lower the temperature below zero
degrees Centigrade. Below zero degrees Centigrade, the glazed-
Porcelsin crucible wass trsnsferred directly to the ice-sslt
bath.

The deste for the heating =snd cooling curves were obtrined
by the use of mercury thermometers, which were cslibrated to

e
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reed to the closest 0.2°9¢0. Estimations to 0.1° were made.
About 30 grems of liquid gellium were added to = weighed-
porcelain crucible, and the crucible and contents were then
weighed again to determine the exact smount of g2llium.
Solid indium metal was then added to the liquid gallium metal
to bring the weight percentage up to the desired point. That
pert of the diagram from 50 pef cent indium to iOO per cent
indium was determined first. After the heating and cooling
curves for the 50 per cent indium - 50 per cent gallium slloy
were determined, additionel solid indium metsl wns added to
the crucible to bring the alloy composition up to the next
desired point. When the contents of the crucible became too
lerge to be conveniently handled, the ssmple was cut and calcu-
lations were adjusted. The other half of the disgrsm wss
determined from heating and cooling curves starting with 100
per cent gallium, arnd solid indium was pdded in the manner
previously described. Hesting and cooling curves were msde
for alloys conteining 1, 3, 5, 10, 15, 20, 22, 24, 21y °30,:35,
40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, and 98 per cent
indium. Derte for the cooling and heating curves =re given in
the eppendix snd the curves are shown in Fig. 4 to Fig. 14.
The equilibrium diagram constructed from the critical points
Obtained from the heating and cooling curves is shown in Fig. 15.
Atomic percentmges were celculated by the use of the following

formuls:

AT
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MICROSCOPIC 'EXAMINATION

After the hesting and cooling curves were_deﬁermined,
ssmples of the =lloys were tsken for microscopic exsmination
#end photomicrography.

The ssmples were prepared by pouring the liquid alloy
on a glese plate and then freezing the alloy with dry ice.

The ice backing ensbled handling of the slloy without melting.
Close control of temperature was necessary because if the
temperature is too high the alloy will melt and if the tempera-
ture is too low, frost will form on themlloy. The exemination
has to be cerried out quite rapidly, since hest from the
illuminstion will cause the =lloy to melt.

The liquid slloy will wet glese, but the metal in the
solid form éan be easily detached with a sharp knife blade.

The solid metsl is in = highly polished form, but it frequently
conteined =ir voids, which may have been partially due to
imperfections in the glsss plate.

The Bausch snd Lomb type of metasllogreph equipped with a
carbon-arc illuminating sourve wass used for visual exemination

.20 '



Fig. 16. Microstructure of pure gallium.

Fig. 17. MNicrostructure of 15§ Ga-85% In alloy.
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Microstructure of eutectic alloy.

Fig. 18.

Microstructure of 504 Ga=-504 In alloy.

Fig. 19.
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Fig. 20. Microstructure of 75¢ In-254 Ga.

Fig. 21. Microstructure of 954 In-5% Ga alloy.



and for the permanent recording of metallogrephic structures.
Microstructures of a number of slloys sre shown in Figs. 16 to

19. Etching of the ssmples wss tried, but unsuccessfully.

ELECTROLYTIC_RECOVERY OF GPLLIUM AND INDIUM

An important pert of the experimentsl work involved the
recovery of pure indium =nd gallium from their alloys. The
recovery of gallium was especislly important becruse of the
price and scarcity of the metal.

The gesllium-indium alloys cen be discolved in HCl, HNO73,
or aqua regia. The action is slow but can be made to take
place at a faster rate by hesting.

Indium will plste out of an s2cid solution bdbut gallium
will not; therefore, the indium cen be pl=ted out, lesving
the gallium in solution.

The acid solution wes electrolyzed between thin-sheet
indium certhodes and nickel snodes at 0.3 to 0.5 ampereé at

4 volts. The plated indium metal wses melted down and cast

in spproprisnte form.

After the indium was ple=ted out, the solution wes made
basic with KOH. Gallium hydroxide precipitates =t = pH of about
five ond is redissolved at = pH of about eight. A carbon
electrode was used s the =node, =nd = nickel wire was used
a8 the csthode. The solution was kept werm enough to keép

the gellium in liquid form so that it would drop off of the

nickel cathode into a smell crucible, which was placed in

g



the solution below the nickel electrode. pAbout five omperes

a2t five volts wes used to electrolyze the solution.

DISCUSSION AND COKNCLUSION

The critical points determined by the heating and cooling
curves show gallium snd indium to be completely soluble in
the liquid state =nd completely insoluble in the solid state.
Curves were not constructed for alloys containing less than
one per cent indium or two per cent gsllium; therefore, it
is possible that there might be » slight solubility of gellium
in indium or indium in gallium.

Irregulsrities in the cooling and hesting curves between
the critical points were due to the use of different rates
of cooling =nd hesting. Fig. 4 illustrates the general
procedure used in cooling and heating the alloys.

Supercooling caused considerable difficulty in determining
the criticsl points for the liquidus line in the region ﬁetween
85 per cent gallium and 76 per cent gerllium. In this renge
there are two phases that suvercool -- the solid gallium phase
snd the eutectic phese. The temperatures of the liquidus and
the solidus are very close in this region, which made it diffi-
cult to determine the exact point where the s=lloy began to
freeze. However, the hesting curve showed » definite point
for the solidus =»nd also at 2 slightly higher temperature
enother inflection in the curve, which wes taken as the criticel
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point for the liquidus.

The reason that the tempersture did not rise to the
freezing temperature of the eutectic efter supercooling,
with the exception of the eutectic alloy, was that pert of
the heat of fusion evolved wss sbsorbed by the solid indium
phase. §Stirring, which wss noticed to reduce supercooling,
wes difficult st temperatures below 15 degrees Centigrade,
since the solid indium phase has been precipitated st this
tempersture. With slloys containing a high percentsge.of
indium, the solid indium made it impossible to stir the mix-
ture below 15 degrees Centigrede. In these slloys the liquid
eutectic occupied the voids in a solid indium network.

The cooling curves ~lso show that indium superconls to
n slight extent, but this supercooling wes not large enough
to cruse any difficulties.

Superheating, which is the reverse phenomenon of super-
cooling, wes not noticesble in the gallium or ganllium-indium
elloys.

In general, for slloys containing more than 24 per cent
indium, the critical points of the hesting curves were used

to determine the solidus line snd the criticsl points of the

cooling curves were used to determine the liquidus line. Super-

cooling prevented the determination of the solidus on the

cooling curves. Probsbly the large diffusion power of indium

prevented any inflection on the heating curves for the liquidus.
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The iron-constantan thermocouple was suggested ss »
mesns for the anslysis, but it wes consideredc that thg analysis
could be more adequstely and conveniently cerried out with
mercury thermometers becruse of the low temperatures used,
the corrosive properties of gallium and the necessary pro-
tection that would be required for the thermocouple leads.

As has been previously mentioned, gallium wets glszed
porcelain and glass, but this property of gallium did not
interfere with the accurscy of our determinstions because
of the l~rge smaples used »nd the frequent stirring of the
melt.

Microscopic exemination and photomicrography were
difficult operations Because of the low-melting temperatures
of the alloys. Photomicrograsphs for the alloys are shown in
Figs. 16 to 21.. The method of preparing these photomicro-
graphs hes been discussed under the experimental fork for
this investigetion.

Much more experimentsl work will be required before it
will be possible to eccurstely interpret the structure of
these olloys from their photomicrogrsphs, slthough the eutec-
tic mixture =2nd the solid phases of gallium s#nd indium are
distingquishable. A suiteble method of etching these specimens
would help to bring out the structursl properties.

Further investigations to prevent supercooling of galliym-
indium »lloys would be a definite aid in sccurately deter-
mining critical points on the liquidus line.
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DATR FOR HEATING AND COOLING CURVES

(Only the data nesr criticsl points is listed)

Cooling Curves

Time Temp(°C)
4:07n 58.0
30 $7.0
50 56.5
5110 56.0
30 56.0
45 56.5
6'00m 56.6
15 56.6
30 56.73
473 56.0
Tr23m b
40 55.0
8132n 54 .0
59100" 0.0
78'00m -4.0
78129n -9.0
45 14.6
15t15» 6l1.3
30 6l.2
55 6l.1
17t15n 60.8
18'00w 60.6
55 60.0
20t165n 59.0
58t00n 0.0
60145n -5.0
64'30" -800
40 15.0

502 In-50% G=

95% In-45%¢ Ga

- 38 =

‘Heating curves

Time Temp(°C)
G100 15.2
15 15.3
30 15.4
45 15.5
11°'00n» 15.6
45 15.2
21'20n 15.8
23*30" 15.9
24'00n 16.5
07 17.0
12 17.5
18 18.0
30 19.0
57 21.0
25'13" 22.0
30 23.0
47 24.0
6'15* 15.0
45 15.5
11050501526
25 15.7
1700w 16.0
15 17.0
30 19.0
18'00» 22.0
10 23.0
20 24 .0
35 25.0



Cooling Curves

Time

7140n
45
8110n
30
40
9110w
27120m
28110"
22
40

11*'30»
12120n
50
14*10n
20
15'05n
45
16'30»
5210
53155
63'30"
45

6120n
55
1'35n
8115n
35
50
9!15n
55
11140n
51'45m
63'00"
72'00"
15

Heating Curves

604 In-40% Ga

Temp(©C)

64.8

79.0
78.0
77.0
76.0
76.2
76.0
75.7

75.0
74.0

0.0
-4.0
-12.6
14.2

65¢ In-35¢ Gs

704 In-307 Ge

=] -

Time Temp(°C)
7130w 15.6
55 s s B
17'45n 15.8
55 16.0
1830 17.0
38 18.0
55 20.0
19105n 21.0
15 22.0
25 230
6'30m 15.0
T'00n ¥ S Fae
20 156
45 b A I8 §
12120n 135
14t55n 15.9
15'10n 16.0
45 16.5
40 20.0
55 22.0
17115 24.0
25 25.0
5120 159
6'00" 15.7
1100w 15.8
12'00n 15.9
15 16.0
131'15m 19.0
25 20.0
45 22.0
e 230
14'05n 24 .0
o e TV
55 28.0
15t25n 30.0



75¢ In-25¢ Ga

Cooling Curves He=ting Curves
Time Temp(0C) Time  Temp(©°C)
575%5e 86.0 5140n 15.0
30 85.0 6130 15.5
55 84.0 7'00n 15.6
6120w 83.0 : il 15.7
50 82.0 111'40n 15.8
7t20» 8l.5 13'40 16.0
30 81.8 : 14'15» 16.5
8100w 8l.7 D 17.0
.gg 81.0 35 18.0
9 . 80.0 45 18.0
451 5n 0.0 15*'05» 21.0
46'15" =5.0 id 22.0
53t00" -13.0 25 23.0
50 12.0 35 24.0

80% In-204 Ga

31200 93,0 4100  12.0
55  92.0 15  13.0
41257 91,0 35  14.0
55  90.0 55  15.0
51257 89,0 5130m 15,7
6'00" 88.8 81157 15.8
45  88.6 . 9r30®  15.9
7115  88.0 11130"  16.2
8105"  87.5 12'05"  16.5
45  87.0 36 17.0
9150"  86.0 13'00*  20.0
42'40" 0.0 50  22.0
491007 -12.5 14145"  27.0
18  11.8 151200  29.0

85¢ In-15% G=

10'30» 98.0 2139 14.0
11'30w 97.0 30 15.0
» 30 97.8 45 15.7
1200 97.2 9130n 16.0

15 97.0 12'40» 17.0
591'30n 0.0 13'00n 19.0
64'00" -11l.- 13'20» 21.0

10 12.5 50 23.0

40 %



Cooling Curves

Time Temp (°C) Time Femp(°C)

90Z In-10% Ga

31050 112.0 4105  14.0

20 111.0 20 1 S0

35 110.0 3/ 15.7

25 110.2 8r20n 15.8

4110» 110.0 35 16.0

30 109.6 55 17.0

45125» 0.0 9tQ5n 18.0

47740 -11.2 - 20,0

50 6.2 35 21.0
95¢ In-5% Gao

3112m 129.0 5100n 13.0

27 128.0 20 14.0

45 127.5 40 15.0

50 127.7 6'00" 15.7

4'10m 127.3 1115w 15.8

25 127.0 8100n 16.2

5'10n 126.0 12 17.0

42100m 0.0 40 20.0

35 -5.0 9115n 23.0

50 -6.2 35 25.0

57 0.4 10140n 30.0
984 In-2% Ga

Qr52w 143.0 3105 12.0

100w 142.0 20 13.0

10 141.2 40 14.0

3 & 141.8 55 15.0

40 141.5 4120» 1349

55 141.0 30 15.7

2'40n 140.0 50 16.0

25110 0.0 5120" 18.0

28100 -13.0 37 19.0

10 -11.0 55 20.0

Heating Curves

= fy fi



Cooling Curves

Time

20120"
40

21'00"

23'20"

251530
<11 30"
29120

15'00"
50
16'40n
17'15n
18'40n
19100

13140n
14130
15'10n
15
30
16'45n
17135=
18'00"
19'15»
20'05»

Temp(©C)

7.4
26.5
26.4
26.3
26.1

26.0.

16.0
15.2
24 .7
24.8
24.9
24.8
24.7
24.6
24.5
24.0

14 In-99% Ga

3% In-97% Ge

5¢ In-95% Gga

- 42

Hesting Curves

Time Temp(°C)
3140n 14.0
4110n 3.95:0
40 15.7
5120n 17.0
16145» 28.0
50 28.2
17120 28.1
50 28.2
181'15n 28.3
19'00" 28.4
23100n 29.0
25155n 30.0
28110n 40.0
4110w 14.0
5105 15.0
35 15:%
55 1557
610w 15.9
25 16.0
14110n 23.0
50 295
15145n 26.0
16'35" 26.5
18140n 2led
4145 15.0
5t50» 15.4
6t15n e W
7100 15.9
8120 15.5
g155n 18.0
10t45n 19.0
11140n 20.0
12'50n 21.0
14t00n 22.0



Coonling Curves

Time

L EE00"
18'00n

35

45
19110
1920
20'40w

28145n
30'20"
31100
45
32%15=
34'00"
39t15%

14122n
51
15%13»
50
16'15n
17'00™
18'10n
20'35%
32'00"
37'20"
42'15»
47'10"

10'00"
12'00"
13120»
1520
16'20"

Temp(0C)

10.0

9.0
21.3
21.2
2l.1
21.0
205

i
~N ooV o
2 L] . . .

oCu~NOEO

16.5

12.1
12.5
13.0
14.0
15.0
15.3
15.5
15.6
15.5
15.4
15.0
14.0

104 In-904 ga

154 In-85% Ga

204 In-80% Ge

229 In-78% G=

o & S b

Heesting Curves

Time

41450
5130w
6135n
7110

45
91o5m

50
1020w

6'05"
55
8tl5e
10'00"
12'00"
15120%
14'00"

5142n

8105

9105w
10'27»
18'05»
21145"
24143n
27'05n
28124n
29'15"
3027"
31143n

4105"
600w
Tr125n
8145n
14.15n
18'00n
19140n
20155

Temp(°C)

15.0
15.3
15.5
15.6
15.7
15.8
15.9
16.0

15.4
15.5
15.6
15.7
15.8
15.9
1600

15.0
15.4
15.6
15.7
15.8
15.9
16.0
16.1
16.2
16.3
16.5
16.8

15.0
15.5
15.6
15.7
15.8
15.9

16.0
16.1



Cooling Curves

Heating Curves

Time Temn(°C)

247 In-76% Ga

300" 17.0

4110n 16.0

530w 15.0

7'50" 13.0

Q125w 12.0

1000w 11.0

12'20n 10.0

241Q0m -5.0

20 15.7
279 In-73%¢ Ga

7'10" 25.0

23 24.5

8110n 24 .0

gr25n 23.0

10415» 22.0

39100 =5.0

127 15,3
304 In-70% Ge

4303  30.0

20 29.5

30 29.4

40 29.3

46 29.2

56 29.0

5120 28.5

6100" 275

49'00n -4.0

15 15.0
354 In-65% Ga

1150 38.0

2'00  37.7

05 37.6

08 37.5

25 37.4

30 373

45 37.0

3103 36.5

55105 =7.0

18 14.8

—ry f Eo

Time Temn(°C)
2'35» 13.0
3105n 14.0
40 15.0
4'50" 15.6
540" 15.7
11100 15.8
15'50" 15.9
17130w 16.0
1755 . 16,
18110 16.2
21339 15,0
31350 15.5
55 15.6
5140 15.7
10t25* 15.8
45 16.1



40¢ In-60% Ga

Cooling Curves Heating Curves
Time Temp(°C) Temp Temp(OC) .
2110 46.0

18 45.5

30 45.0

40 44.8

45 44 .9

3135n 44 .5
4:02n 44 .0
59110 -10.0
601'00" 14.8

454 In-65¢ Ga

2121 51.0

30 55.0
40 50.3
25 52.0

414Q0m 9145
5t'05n 51.0
6150 -8.5
62110%: 14,7

iy | P
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