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ABSTRACT

A phase-equilibria study of the copper-rich portion of the copperwnsme
ganesew~indium gystem has been made, using thermal, microscopic,; and maegnetic
neasuremnents, The thermal data wss obtained from cooling curves in the
region of solidification, and melting-point contours are given. Microscopic
data on the high-temperature solid phases was obteined by annealing the
alloys at temperatures just below the solidus, then guenching and observing
them under the microscopes The magnetic work congisted of Curie point
measurenents on the alloys as originally prepared, after gquenching, and
after reannealing at 100°C. On the basis of these results, approxiuate
locations of theolictfs Bk+3s B/a+p’ phase boundsries are given. Ferro-
magnetisn has been found to exist over most of the composition diagranm,

An attempt has been made to apply a known method for the volumetrie
determinetion of zinc to the deterwination of indium. The procedure cone
gists of adding an excess of potassium iodide and potassium ferricyanide to
a buffered solution of indium, and titrating the liberated iodine with sode
ium thiosulfate, Within very restricted ranges of concentration, results
accurate to il% were obtained, but the method is not considered usable at

presents
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Introduction

Ferromagnetic alloys of the Heusler type have been known for about
fifty yearss (1) These alloys are interesting because none of their cons-
tituent metals are by themselves ferromagnetic., At the present time,
several alloy sgystems as well as some chemical gompounds sre known to
exhibit this phenomenon. (2) The most well known system discovered by
Heusler contained copper, manganese and aluminum, and since that time,
considerable work has been done on ite (3)(4)(5) In these alloys the
magnetism is found to exist in a single phase region, and more specifice
ally, in a region containing an ordered phase, or superlattice. (3)(8)(7)
Quite analogous results werc obtained with the system Cu~Mn~Sn, {3) this
being the only other alloy system which has been extensively investigated.
The present research concerns the alloys of copper, manganese and indinm
which have also been found to be ferromagnetic, (9)(10)(11)

At the beginming of the work, this system had not been reported in
the literature, +oinge in these alloys the magnetisw is intimately related
to the structure, it was deemed necessary tc throw some light on the phase
equilibria involved, before proceeding to the study of nagnetic properties.
As a result, although some msgnetic meacurements vere made, the work has
consisted prinecipalily of an attempt to locate certain of the phases and

their boundaries in this ternary system.

A, Briei Description
The principai source of deta consisted of tnermal amalyses in the form
of cooling curves. Alloys were repared by meliing logebher ithe desired

amounts of the pure metals under argon in a high frequency induction furnace,



Cooling curves were obtained by means of a thermocouple placed in the molten
alloy, and the curves were usually continued only through the region of so=
lidification. In the solid state, transitions are difficult to detect and
interpret, because both the heat effects and the rates are small, and theree
fore no systematic attempt was made to record these, Compositions of the
alloys were determined by chemical analvses,

The specimens were next annealed at temperatures just below the solidus
and guenched to preserve the structure in existence at those temperatures.
Information about theze structures was obtained by microscopic examination

of the quenched alloys.

Be The Analvses

Apparatuss In Fig. 1 is shown the apparatus used in the preparation
and cooling curve runse It is similer to that used by Ven Dusen & Dahl (12)
in the determination of the freezing points of cobalt and nickel, The fure
nace consisted of a 61 mm Pyrex tube, open at the top, and with & 35 mm side
arn for connection to the vacuum system and a source of inert atmosphere,.
The top of the tube was closed by sealing to it a PFyrex plate of 2-% mm
thickness with Apiezon sealing wax W,

The vacuum system consisted of a Cenco Magavwac forespump and an oil
diffusion pump in series. About six feet of 35 mm Pyrex tubing containing
one 12 mm stopcock in series connected thé oil pumo with the furmsce, At a
'point near the furnace tube, a line was run to a mercury manometer and to
sources of air, hydrogen, and argon. By prover manipulation of stopcocks,
any desired atmosphere could be produced in the furnace. The mercury manow

meter was used chiefly for the regulation of pressures nesr one atmosphere,



Heating was done by means of a Westinghouse 10 KW radio frecuency
generator, operating at a frequency of about 450 kilocycless Connected to
its output terminals was a work coil consisting of ten turns of /8% oude
copper tubing, which fitted snugly around the Pyrex furnace tube for a length
of about six inches, The burms of the coil were spaced slightly greater near
the center to obtain a more uniform field inside, Cooling water flowing
through the coil mot only kept the copper cool; but the Pyrex tube as well,

In Figs 2 are shown the conbents of the furnace, Several arrangements
were tried; two which were found sultsble are pictureds If the alloy was
to be heated directly by the R.F. fieldy the seteup in Fig. 28 was used.

The metals were coniained in an alundum crucible in which a ceramic thermo-
couple tube was placed, This tube was packed for a length of sbout one
centimeter with powdered magnesis and rested on the botitom of the crueibles
Enough metal was taken to give a depth of at lesst % cm. when molien. Alun-
dum discs served as erucible covers and as weights to prevent the molien
alloy from floating the hollow tubes The remainder of the spesce was filled
with powdered zircon or zirconie, excent for a small alundum tube which
extended from the top of the crucible to the surface of the powder. To
prevent convection currents in the air space sbove the contente & get of
asbestos or mica disks, with Pyrex spacers, was used,

In some cases it was found advisable to use the apparatus in Fig. &b
where only the inner Pyrex tube is chown. The essential difference in the
two arrangements is that in the latter a graphite or stesl crucible sur-
rounded the slundum oney so that the heat was generated'in the outer crucibles
4 cover of graphite or steel was also used, on top of which a zircon disc
wag placed for insulation.

Great difficulty was experienced in cbtaining crucibles of satisfactory
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size and material. No difficulty is encountered with copper or indium, but
manganess reacts with silica (8) and also forms a carbide, (3) so that
graphite and quartz cannot be used, Basic oxides such apg alumina snd megunesia
ars aatisfaeta&y (1%) and zirconie was also found suitable. However, zirconia
crucibles of the desired size aad shape were difficult to obtain. Therefore,
attempts were wmade to prepare zireonla crucibles &y slip-castinge (14)
sirconia powder was oblained from the Titaniwm Alloys Manuwlacturing Company
sad made into e slip or suspension with 272 sodium pyrophosphate. The slip
was poured into two-plece plaster of paris meolds which guickly extracted water
from the slipe. lpon pouring out the exceps glip, & smooth coating of zirconia
was leit on the walls ol the mold. 4s the delyiraition vrocses continued the
maps shrunk from the walls snd could be gently removed. The crucibles vere
then dried at temperatures of a few hundred degrees centigrade asnd used,
Facilities for sintering were unot availasble, and the crucibles were of limited
usey since they were guite britile and somevhat pprous. However a few alleoys
were prepared in them with suceesa,b

it was eventually discovered that alundum extraction crucibles, manu
factured by the Norton Abrasive Company were of about the desired size and
shape. The densest of these, powosily grade RA 84, dimensions 90 x 19 umm.,
wag Tound to work fairly satisfactorily, though the porosity caused the loss
of a few percent of the manganese and indium during bhe preparation and coolw
ing runs.

Thermocouple tubes were obtained from the Stupakoff Cersmic Company,
and were made of alumina and some gilica, The silica present did not agyeaf
to cause any trouble, perhaps because it was in combination with the alumina.
These tubes had an oulside diameter of 4,75 mm,, and & wall thickness of about

a5 miny
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Temperature measurements were made with 28-gauge chromelwalumel thermo=
coupless The two wires were melted together, threaded through 2 two~hole
porcelain thermocouple insulator, whilch fit Smlg}y down inside of the pro-
tection tube. The wires were led out of the furnace tube through two small
notches at the top where the RPyrex plate was waxed onto the tubey thence
to a cold junction and a cable terminal.

The measurement of the emf of the thermocouple was made in two ways.
One method was by means of & Leeds and Northrup type K potentiometer, using
a galvanomcter of 1681 megohms senmsitivity for the null indication. The
sensitivity of this instrument was reduced by shunting so that a movement
of one cms on the light seale corresponded to & temperature change of sbout
one degree centigrade. Later in the work, & Brown Continuous Balance Poten-
tiometer Recorder was obtalned; this instrument performed very satisfactorily
and eased considerably the job of running the cooling curves. A& 500-1200°C,
scale was used, and it was operated from the same thermocouples &s the potenw
tiometer, A selfwcompensating circuit which corrected for the room temperaw
ture was contained within the instrument. This feature necessitated removal
of the cold junction and making the entire thermocouple ecircuit of chromels
alumel wire, so that the effective cold junction would be on the terminal
block inside the case containing the compensator.

The Brown Potentiometer recorded the temperature on & moving chart,
resulting in automatic drawing of the cooling curve. 4 variety of chart speeds
was avallable, so that the shape of the curve 2ould be made optimum.

Couples 1 and 2 were calibrated by comparison with a platimm-10%
platinum-rhodium coupley, This couple had been previously calibrated by Don
Se Hartin, Jr.y using Burean of Standards zinc and lead, 99.8% pure antimony,
and bolling water. The comparison was carried out in the annealing furnace,
& description of which is given in & subsequent section. In order to insure

that the hot junctions were at the same temperature, they were inserted in
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gquarts tubes and bound together with copper sheet for about two inches on
either side of the junctions. S8imultaneous enf readings were taken of the
couples, the temperature in each case being allowed to come to & nearly
constant value before readings were mades, Four points were recorded in
this manner from 0° to about 900° C, In the case of couple No, 1, which
was used in cooling curve runs, two additional points were determined, one
at the freezing point of Bureau of Standards copper, @& second at the freez-
ing point of some 99.&*% pure entimonys The impurities were estimated not
to lower the freezing point more than sbout two degrees C., and since the
freezing curve wes very flat; the antimony was considered suiteble for &
dalibration points The copper freezing point was determined in the regular
cooling curve apparatusy while that of the antimony was done in a graphite
crucible in a simple electric furnacey using & layer of powdered graphite
for protection from exidation.

Couple No, 2 was used in the annealing furnace and was not calibrated
further, Couple No. 4 was used for a few cooling curve runs in the region
of 600°-700° C,, and was checked only at the antimomy point.

Conversion tables published by the National Bureau of Standards (15)(16)
were used in the comstruction of error curves for the couples. The conversion
table for chromel-alumel couples is reproduced in Table I, and in Table II is
shown the calibration data, An additional correction, mot indicated im the
table, was applied to teke care of an inconsistency among the potentiometers,
The high scale of the type K instrument was found to check to within one
degree Centigrade with the Brown indicator and was therefore uged as & standw-
ard, The low scale, in which the variable resistance was &8ll contained in
the slidewire, was then found to read low by 0,28 millivolt per 100 millivolts.

The student potentiometer had a constant error, on this basis, of ~1° G, on



TABLE I

Temperature-cmf Conversion Table for Chromel-alumel Thermocouples
(emf in millivolts)

oC,

Temp. O 10 20 30 40 50 60 70 80 20 100

0 0,00 0.40 0480 1420 1,61 2,02 2443 2.85 3,26 3,68 4,10
100 4410 4.51 4,92 5,33 5,73 6413 6453 6495 7435 T.75 8413
200 8,13 8,53 8.93 9.34 9,74 10,15 10.56 10,97 11,38 11.80 12,21
500 12,21 12,62 15,04 13,45 13,87 14,29 14,71 15,13 15,55 15,97 16,39
400 16439 16482 17.24 17,66 18,08 18,50 18.93 19,36 19,78 20.21 20.64
500 20464 21,07 21,49 21,92 22,34 22,77 25420 25,62 24,05 24,48 24,90
600 24490 25,33 25.75 26,18 26,60 27,03 27.45 27,87 28,29 28.72 29,14
700 29414 29,56 29,98 30,40 30,82 51,25 ZL.65 32,07 32,48 32,90 33,31
80O 33431 33,71 54,12 34,53 54,94 35,55 55,75 26,16 3656 36,96 37,36
900 37436 37476 38,16 78456 58,96 39435 39475 40,19 40,53 40,92 41,31

1000 41431 41,70 42,08 42,47 42,86 43,24 473,62 44,00 44,38 24.76 45,14

1100 45,14 45,52 45,89 46,27 46,64 42,01 47,38 47,75 48,12 48.48 48.85

1200 48,85 49,21 49,87 49.94 50429 50465 51,00 51.36 51,71 52,06 52,41

1300 52441 52,75 5%,10 53,45 53,79 54,17 54,47 54,81 55,15 55,48 55,81

1400 55.81



TABLE II

True enf Corrections for couple in (mv)
Temperature Equivalent  #1 72 #3 #4 Remarks
og, (mv)
82 3454 g 07 Compsarison
200 8428 weld  =ell Comparison
52744 13,54 -07 F,P, of NBE Lead
444 18,37 well =408 Comparison
680,5 # 26420 +.,06 +,10 F,P. of 99.8% Antimony
670 27.88 =01  $,13 Comparison
904 87437 +.15 $.40 Comparison
1085 % 44,49 *4 57 FoP. of 99.9% Copper

# Although these were not NBS samples, errors due to F.P, lowering should
be less than 2° C,
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the low scale and -4° U, on the high scale. A further correction was made

in the case of a few alloys which were run with the Brown potentiometer.

A chart error sometimes occurred, due to changes in temperature or humidity
which csused the chart and pointer to give different readings., These correcte
ions were applied to all results obtained on the notentiometers. The couples
thus calibrated should have an accuracy of at 1ea&t3t 8 .

The charts and scale of the Brown potentiometer had been prepared using
the seme conversion teble, and the instrument had a guaranteed accuracy of
¥,25¢, As mentioned abovey & comparison with the type K potentiometer showed
agreement to within at least one degree Centigrade over the whole range.

Haterialss Indium of purity 99.97% was cbtained in the form of smell
nellets from A, Ds Mackay and Company of New York and from the Indium Corpe
oration of America, #18 gauge copper wire was obtained from the Malin Wire
Company and was seid to assay greater then 99.,9% copper, The manganese was
obtained as small plates from A, D, Macksy and from Mr, C, W, Davis of the
U, 8, Bureau of Mines. Both lots were said te have a purity of 99.9% or
betters Melting points of the copper end of the manganese obtained from
Mackay were measured, using a Leeds aund Northrup optical pyrometer, The
pyrometer was calibrated by Leeds and Northrup and found to be accurate to
i 3° C,y but on the bagis of the measurement of melting pointe of two semples
of copper, which gave flat freezing curves and identical freezing temperatures,
was probably 2~3° C. low. The runs msde in the cooling curve apparatus, the
pyrometer being sighted down the thermocouple tube, The correction due to
the gless plate was determined by sighting on & 100 watt bulb first through
the plate and then without the plate. Very flat freezing curves wers obtained
for both metels, the copper freezing at an observed vslue of 1080° C, and

the senganeas ab 12h2°!3' Pure copper melts et 1085° ¢, (17) and 99.99%
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pure manganese abt sbout 1242° C, (12) It has been estimated (17) that the
melting point of copper may be lowered as much as ,1° C. by .01% impurities,
g0 that .19 impurity could cause a 1° C, lowerings The freezing point of
mangenese is sometimes rseised by lmpurities so it is not possible to estimate
as easily the effect of lmpurities. However, on the basic of the close
asgreement with known values of the welting pointe, the metals were considered
to be sufficlently pure for further work,

Preparation and cgoling runs: The alloys werc prepared at first by
weighing out the desired cuwantities of metel to 10 milligrsms and placing
them in the crucible. 4 total of 50 grams was used for each preparation.
Analyses showed that manganese and indium were being lost during the rums,
in gunantitises of the order of onec or two atom percent of the totals Subsee
queat weighings were therefore done to 0.1 grem on & pan balance, and the
exact composition obtained later by chemical analysis. The sample wag gealed
into the furnsce and the whole system was evacusted with the forepump for
about half an hour. Argon, obieined from the Linde Air Products Company,
with a reported purity of 99.8%, was let in st & pressure of one atmosphere,
and heating was begun. Hydrogen and nitrogen could not be used, since both
react with mangsnese, (18) Helium wag used for awhile, but it was thought
that argon would be less eazslly absorbed in the melt,

It wae found to be desirable to heat the metals above the melting point
of the manganese for about & half hour to ensure wixing, rather than to rely
on salution of the mangenese in the copner-indium melt. A4t first the system
of Pig., 2a was used, but owing to the fact that heat is genersted non~uniformly
in the various sized particles, some manganese would usually become wedged

in the upper cooler pertion of the crucible and remain unmelted, In addition,
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the &lloys would turn out with an external film of greenish substance, pre-
gsumebly en oxide of mangenese. According tc Mellor, (19) the oxide ¥nQ is
emerald green, and in certain proportions, mixtures of Mn( and Alg0z are the
seme colors {20) It thus appears that traces of oxygen were responsible for
the film. The coating apoeared to be merely a gurface one and could easily
be ground off.

In an attempt to prevent this film, the crucibles were heated to 1000° C,
in hydrogen and then pumpsd on to remove any oxygen adsorbed on the walls.
They were cooled in argon, immediately fiiled with metal and replaced in the
system. This procedure dld not seen to have any effect and was jiven ups
Pumping with the ald of the oil éiffasion.pump for several hiours, or overnight,
gave an improvement, but a bstier scheme was soughte The trouble was apparently
due to the mangsnese, since copper-indium binary alloys, and also the pure
wetals, were always clean-appesring upon removal from the systemns

Melting of the metals was subsequeatly carried out using the scheme of
Pig, b, Her:s the graphite or iron crucible served to meintaln a more even
tempersture around the whele crucible sad the alloys were easily melied.
Especially in the case of gre-hite, no troubls was encountered with surface
oxidation, and the alloys could be prepared guite ¢lean in appesrance, The
oxides of manganese have higher heals of formstion than oxides of copper,
hydrogen, irom or carbony; however, the graphite apparently orevented the traces
of oxygen fromipaching the metais, and so prevented the formatioa of the mane
ganess oxide,.

This new arrangement was therefore a greal improvement but had the disew
advantage that mixing was not compleis, even aftsr a half hour of hsating
at 12500-1300° C, and 2 or 3 hours above 1100° C, When heated directly by

the RJF, field, eddy currents ars set up, which mix the metals thoroughly,



P

This phenomenon has been noticed before (21) and can be observed by melting
a2 setsl in a cruclble without a cover. To obitein homogeneous alloys using
the graphife end steel cylinders, the first mellt was crushed, mixed, and
reielted a second time, This procedure gave good resulbts except in the cace
of some of the softer alloys wiich could not be crushed, and had to be sawed
or brolen vp into smellexr pieces.

The cooling curves were then run using the external graphite crucible
rather than the steel one, slace steel was known to show thermsl effects
in the vieinity of its Ourie voint {about 785° C,) aﬁ& posgibly also at
other temperatures.

Using this last method, the first melting was done at about 12509~1300°
Cs for 15-20 minutes, then at 1100° €, for ebout two hours. The second melt-
ing was done at 1100° C, for about half an hour, after which the alloy was
allowed to cool slowlys

In the presence of an ztmosphere, the lieat losses were so great that
the cooling rate was much too fast to obtain good curves. In a vacuum the
cooling rete was s&tisfaﬁtory, but the danger of losing mangenese by disw
tillation prevented the use of this procedura‘ It wag found that by redue-
ing sufficiently the power ocutput of the R.F. generator, any desired cooling
rate could be easily obtalned, and this procedure was used throughout the
experiments. Line voltage fluctuations would be ezpected to give difficulty
but did not do so« The varistions in generator output were long term onesg,
and over the course of a half hour or sn hour were go small as to be unobserv-
able, To make sure of this, however, and also to make certain that complete
mixing had occurred, two or more cooling runs were made, and the sample heated
for an hour or so in the meantime, At the beginning of the runs, the cooling

rate wes adjusted to about 10° or 12° ¢, per minute, although rates as high as
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25° ¢, per mimute and as low as 7° C, per mimute were used. In some cases,
two successive runs on the same alloy were made with different cooling rates,
in order to determine whether the rates were sufficiently slow, With rates
of the order of those mentioned above, no significant difference was ever
observeds Another check on the rates was afforded by the calibration run
on copper. Few alloys melted as high as 800° C., yet copper, melting at
1083° C.y gave a freezing curve vhich was culte flst and had sherp breaks at
both ends of the plateauns The sharpness of the breaks ¢sn be taken as an
indication of the quality of thermal contact belween couple and pamples
Nesrly all samples gave sharp breaks at the beginaning of precipitation of
6 phase, though the endings were usually uneertein, due to reasons to be
discussged in a later sectiona

The effect of the R.F, field on the thermocouple does not need to be
congidered since the junction and part of the lead wives are shielded by
the ssmple itselfs The hest is generated in & thin layer in the outer cipre
cumference of the alloy or of the graphite crueible, if cne is useds Some
heat may be generated in the lesd-in wires above thetop of the crueible, but
this should have only the effect of supplying some of the heat losses through
these wiress

During the runs in which the potentiometer wae used Vo record temper-
ature, simultansous readings of & stopwaich and the potenticmelter were rew
cordeds After gome experience with the procedure, readings couid eesily be
taken every 15 seconds, a speed which, upon plotting the data, was seen to
be ample to determine the position and duration of breaks in the curve.
“hen the Brown recorder was used, the curves were then drawn automatically,
After the cooling runs were finisned, the slloy was remelied and the R.F,
generetor turned ofi, Thus, cooling through the sclicificatien region would

be accomplished quickly and segregation =ould not be as likely to occur, In
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the cooling run of A9, the Leeds and Northrup student potentiometer was
used, the high scale of which ran only as high as 40 millivolis. The
first break was slightly off scale and was obtained by following the
deflection of the null indicating gelvanometer., The tempersture at which
the break occurred was quite definite and was near enough to 40 millivolts
to allow a zood estimate to be made,

Analysis of datat The curves are shown in Figs. 12 to 20, inclusive,
Only one for each alloy is pictured and it will be noticed that beginning
with 447, vhere use of the Brown potentiometer was begun, the abscissae
run from right to left. There are two distinet types of curves, each rew
presenting distinet processes, and there are a few more, the significance
of which is not entirely clear. Alloys 9, 10, 11, 40, 19, and 47 have
curves which show the existence of & single phese just below the melting
points There is an initial break, representing the liquidus, and an end-
point representing the solidus. The solidus points are probably low for
two reasons. In the first place, it is probable that the licuid and solid
phases were not in equilibrjumduring the whole period of solidification,
This effect is discussed further in the se¢tion on the metallographic work,
The second resson is that towards the end of the solidification process,
there ic a larger temperature difference between sample and surroundings
which tends to draw heat out of the sample more rapidly, and there is also
a smaeller amount of sample left to give out heat, Therefore at end=-points
of curvesg, a tailing off is usually noticed. The zolidus temperatures was
gelected as the inflection point in this teil and this was cuite possibly
only & lower limit, The curve for alloy 53, for exauple, shows this more
repid cooling immediately at the end of the solidification and a subsequent

slowing up as soon as the steady-state was restored,
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Most other alloys showed not onmly an initial break but also a second
one, plus one or two end-points, showing where precipitation of a species
gstopped, Occasionally super-cooling occurred; see for example Figs. 15
and 17, A42 and AS52, This was usually not a serious problem, and an
extrapolation to the ligquid cooling curve was easily made,

In order to determine the general form of warious types of curves, two
alloys each in the binary systems of mangsnese and of indium with copper
were prepared and cooling runs msde., The phase diagrams of these systems
have been worked out (22) (23) and are shown in Figs, 6 and 7, The cool-
ing curves could therefore be correlated with the actual transformations,
Both copper-manganese alloys were homogeneous in the solid phases Thelr
cooling curves are shown in Fig. 12 (49 and 410), and the data obtained
from them is given in Table III, Reasonably good agreement is noted be-
tween the temperatures of thermal arrests snd liguidus and solidus temper-
atures cbtained from the diagram. A54 was approximately a eutectic comp-
peition in the coprer-indium system and its cooling curve is shown in Fig,
18, AR29, Fige 14, showed & peritectic itransformation, including the ine
variant temperature. In these two alloys, the temperatures of thermal
arrests were lower than those given in the diagram. The previously re-
ported temperature of the eutectic was 679° C, and that of the peritectic
was 715° C, (23) In the present work, values of 661° C, and 705° C. were
obtained, Hume-Rothery (32) gives & wvalue of about 710° C. for the perie
tectic reaction, a value which he obtained by microscopic methods.

Reactions gimilar to peritectics and eutectics can occur in a ternary
system, the difference being that in the ternary systenm lthe temperature

of three-phase equilibrium is not invarient and the cooling curve will show
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a second break, but no plateau, If the composition iz such thet no ternary
eutectic is nearby, the curve will next have one or twoe end-points, depend-
ing upon the type of transformation teking place., If a two-phase region
exists at lower temperatures, such as does in eutectics and partially in
peritectics, only one end-point cccurs. If the gystem goes over to & single
solid phase, characteristic of peritectic reactions, a second end-point must
ocour, Experimentally it was found impossible to determine the number of
end-points from the cooling curve, since the tailing~off effect sometines
obscured one. However, the nature of the underlying solid phase could be
determined microscopically from the guenched alloy.

Many of the secondary breaks and scme of the primary breaks were
followed by flat portions of the curve, which sloped off graduslly. Since
the temperatures of these breaks on various curves did not coincide, it was
decided that these were not evidences of ternary euteeticss Instead they
were thought to be regions of univarisnt 5-phase equilibria in which the
temperature difference between the begimming snd end of the region was come
paratively smalls

Occasionally smaller breaks were observed below the point at which
solidification appeared to have ceaseds These were probably solid state
transitions and no attempt was mede to systematically study then.

Table III contains the temperatures of the thermal effects and in
Fig, 8 are ghown contours of the ligquidus points. 4 physical model of the
composition-temperature diagram was made by drilling holes in a flat board
and inserting vegs of such lengths that the top of the peg indicated the
liguidus temperature, Other breaks were indicated by rings drawn around the

pegs at appropriate heights. The liguidus surface is found to slope dowmward
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TABLE IIL

Temperatures of Thermal Arrests

(Degrees Centigrade)

Breaks End Points
Solid Selid
Alloy Prim, _Secy Tert, State #1 g2 m
9 280 928
10 830 568
1L 870 348
15 746 7585 708
i7 801 788 748
15 700 589 246
20 849 GRS 608
as 818 55867
2 SO0 511
28 572 509
24 553 508
25 547 512
26 532 501
27 521 501
23 719 708 885
82 865 2886 678
%3 826 695 682
36 797 704 630
8 752 711 693
3 D83 GHR
40 687 &5
41 G679 827 842
42 Bel 599
43 850 5
44 590 510 ?
45 750 789 705
45 737 892 688
47 717 660
48 560 837 819
49 808 513
50 578 518
5 7R7 710 €688
52 5435 G ell
5%} 785 700 877
54 661
&5 c17 8792
58 758 g91 870
57 REG GBRE ELe
58 607 5772
EQ 661 588 €33 830
o [ad o]
& 0 656 fgg
62 861 847 g a1
83 1020% 9b5* oL
64 851 i
65 636 611 858
66 705 520 517

# uncorrected
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from the copper corner and nc valleys are observed in this surface. Vhen
the region of theﬁ -phase is reached, however, the slope becomes much ﬁmre
gradual, &s is spparent on reference to the contour nsap,

The correlation of the cooling curve data will be made in & succeeding
section, together with the data of other parts of the research.

Physical & rance of cygs The alloys containing lesser eamounts
of indium were somewhat soft as prepared, could be crushed only with diffie
culty or not at all, and were silver colored; sometimes with a slightly
yellowish tinge, With increasing indium content, the alloys became quite
brittle, especially in the vicinity of atomic composition about 60Cul5Hn25In,
Some of the gpecimens in the region of alloy 55 showed & pinkish color which
may have been due to a copper~rich phase present. Alloys with more than
ebout 20 atom % indium were very soft and greyish, and could be easily
gcratched with the fingernail. With the exception of the binary alloys and
alloy 32, all were ferromagnetic to some extent, This was determined quali-
tatively by the strength of attraction to a small Alnico magnet. The alloys
most strongly attracted were those in the vicinity of the stomie composition
50Cu2sin25In, though little difference was noticed at composition differing
by 10 atomic percent.

Cy. . Chen Analyse

Genersl Discussiont Analyses of the first few alloys showed that men—
ganese and indium were being lost systematicallys The losses were attributed
to absorption in the crucibles, since they appeared greyish after a run,
although some metal may have been lost by evaporation. For this reasong all

of the alleoys were analyzed to determine their exaect composition and also
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to test the homogencity of the alloy, Two samples were removed by chipping
or drilling from near the top aiid bottom of each alloy and were analyzed
according to the gsheme below, In many cases, the two results agreed to .2 or
«3% of the total. In many others, differences of up to 1 or 2¢ of the total
were noted, When greater differences were encountered, the specimens wes
either remelted or a new one prepared.

It must be emphasized here that slthough in some cases & high degree
of homogeneity was not attained, the results sre not necessarily invalidated,
For in this sort of problem, phase boundaries snd other equilibrium lines
and surfaces can rerely be located with one or two alloys, but must await
the combined results of many preparations, IEven then, the locations are
approximate. Thus; the contribution of each iudividual point to the final
result, though importent, mey be only & relatively small part. It was
noticed that alloys which were later found to be unacceptable on this basis,
gave cooling curves which were practically identical in form with those of
the homogeneous alloys

Procedures In most cases, only manganese and copper were determined
in the specimens., In a few cases, indium was determined, and the results
gave 100% total to within several tenths of a percent. The component metals
were very pure at the start, and the only impurity which was likely to be
introduced was a small amount of oxide from residual air in the systeu.
This was spparently a surface layer and could be removed meechanically or by
washing in acids The indium analysis was therefore omitted and the amount
determined by difference,

The separations and determinations are taken from YA System of Chemical
Analysis" by Swift (see bibliography) and the procedure is as followsg

4 200 to BO0 milligram sample was dissolved in 20 ee, of 16 normal nitrie
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acid, heated to boiling and KC10; added until the vigorous reaction ceased.
The solution was boiled for a few minutes to expel all the €10, and then
filtered through an asbestos filter. The precipitate was washed three times
with hot water end then redissolved in a solution of 10 ¢c. of 12 normal HCL
and 3 grams of KI in 40 cc. of water. Iodine was liberated seccording to

the reaction

o o "'); i
M0,y + 51+ " — 20 + MaT 4 I,

snd was titrated with standard O.1 normal Nag5.0y solution, using a starch
end-point, The filtrate and washings were neutralized with ammonia and made
just acid. Three grams of KI were added and the liberated lodine was titrated
with 041 normal Nazsaoz, using starch indicator. 2,5 grams of KSCN were added
just vefore the end-point, The KSCN is said to remove the adsorbed lodine
from the precipitate of cuprous iodide, {24) giving a sharper end-point and
more accuratz results,

In the event tha' indium was to be determined, the filtrate from the
manganese separation was made alkaline with ammonile and digested on a hot
plate for an hour. The precipitate of indium hydroxide showed s great tende
ency to carry dom copper, and it wes therefore necessary to dissolve and
reprecipitate the indium. The precipitaté was then filtered through & pre-
vioualy weighed and ignited asbestos filter and heated to about 800° C, to
constant weight., The formula of the oxide is IngOx. (25)

Another variation of the indium determination was to filter the pre-
eipitate of cuprous iodide and precipitate the indium from the filitrates
Apparently some copper was carried down here, Judging from the color of the

precipitate, though its concentration in the filtrate was very small,



Difficullties in the snalyses: A volumetric method for indium wasg
located {26) in which a titration with potassimm ferrocyanide was per
formed, using diphenylbenzidine as an oxidation indicator. This wes found
to be very satisfactory, due to & fading end-point and an unpronounced
color change. The copper titration was very unsatisfactory, and no trouble
wag experienced. In the case of manganese, it wes found that determinstions
of manganese carried out on the same amounts of pure metal and on reduced
gtandard permangsnate (about 50 milligrems) geve results consistently low
by sbout one percent. Use of the Volhard end bismuthete methods (27) re=
sulted in no improvement, Inasmuch ez the manganese geldom ran more then
B0% by weight of the total, the error would usually be less than 0.3%, and
it was decided to sccept thls accnracy.

The results of the anslyses are shown in Table IV. Due to the uncertainty
in the manganese determinetion and inhomogeneities in the alloys, these com=
positions are probably no more sccurste than 0.,5% of the totel., Those which

are known to be less accurate are so designated,

D, _Heat Trestment of the Alloys

Brief Descriptiont One of the primsry objects of this resesrch was to

determine the equilibrium phases just below the solidus temperatures. The
alloys as nrepared were cooled to room temperature over a period of about two
hourg, and their structures were presumably different from the high temperw
ature ones. Therefore the alloys were heated al temperatures just below the
solidus in order to develop the desired structures, end then quenched in

order to preserve them.



Alloy  Copper

4

9
10
11
15
17
19
20
21
22
2%
24
25
26
27
29
32
38
36
38
39
40
41
42
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TABLE IV

Chemical Analysis of Alloys

Atomic Percent

5744
84,6

6843

6545
6540
57.1
59,0
5349
5241
4740
43,0
40.1
37.0
5844
27.6
80,1
84.0
77.2
7344
7745
69,6
7140
6549
57.6

Thelfollowing alloys were analyzed for all constituentss

Ho®3R E

2L.5

5ed
1.7
33,1
24,9
37.2
25,9
2549
24,0
28,7
21.0
19,1
1740
15,1
12,9

5.9
13,4
17.8

5.1

542
12,0
18,0
VL

Q

Manganese  Indium

Atomic Percent
Manganese  Indium

Alloy _Copper

5 O § 43 64,0 10,7
- 44 52,0 1449
- 45 64.1 275
1.4 46 74.6 17,9
10.1 47 53,8 3248
5.6 48 50.0 3040
15.1 # 49 4544 2840
20.2 80 44,4 21,0
28.9 51 6649 2243
20453 52 59.0 18,0
3640 53 7047 15.8
40t3 it 54 7507 e
46,0 ¢ 157 5340 2348
Bla5 #i# 56 7543 946
59,5 e 57 5846 2248
19,9 68 50,2 24.2
101 59 59,0 20.8
9.4 ® 680 3546 4449
848 81 62.9 9.8
17.4 62 6247 17.2
25.2 83 14.3 85,0
17.0 *# 64 6346 13,7
1641 88 546 19.2
25.2 66 18,0 3242

Weight Percent

Copper __ Manganese

47.7
6849
5443
86.2
71e4

Indiun  Total
19.5 8341 100,53
- 31.6 10048
10.1 34,8 99.2
1344 -- 99.6
28.2 -- 9946

i No analysis; composition as weighed out initially

% compositions uncertain by ¢ 1% due to inhomogeneity

## compositions uncertain by ¢ 2-3% due to inhomogeneity

25,5
33,1
8ad
75 *
13,6
2040 *
26,0
3446
10,8
22,0
13.5
26,31
2%44
1541
2146
25,6
20,2
19,5
20,8
20,1
20,0 #
22,6
25,2
49.8
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Appargtust The anncaling furnace ig shown in Fig., 3. A guartz tube
surrounded by an electric combustion furnace and insuleted for some distance
at elther end by cans of asbestos comprised the epperatus. The bottom wae
removable for quenching, and the top, through which the sample and thermo-
couple were loaded, was cleged by a Pyrex disk, waxed on with Apiezon sealw
ing wex W, Comecetion to the vacuum pump, mercury manometer and argon tank
wes afforded by the side arm near the top of the guartsz tube.

An alundum cylinder which rested on a copper dise supported by chromel
wire provided the sample holder. The copper wes covered by a layer of powe
dered megnesia to prevent contact with the sample. The chromel wire was
threaded through a porcelain ineulator and was supported by & steel rod in
the vacuum inlet, Upon removal of the rod, the sample could be quickly
dropped into the quenching bathe

Temperature was measured by couple #2, which was led in through two
notches in the quartz tube at its top, and which extended down almost to the
surface of the sample. The couple was commected to the contrel circult of
the Brown potentiometer,; which controlled the heating cireuit of the furnace,
In this memmer any desired temperature could be mainteined., In Fig. %e ie
shown @ diagram of the heating circult. The control circuit in the Browm
inatrument was simply 2 single pole double throw méreury gwitch which was
activated mechanically by the indicator mochanlem whenever the temperature
pagsed through the desired point, With oroper initial setting of the Variae
and resistor, the temperature could be maintsined constant to within one degree
.centigrade. Due to the semi~open ends, however, a large tempersature gradient
existed in the furnace. It was determined that over the region oecupied by

the sample and couple, the waristion was less than ten degrees centbigrade,.
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The temperature selected for the znnealing was elways sufiicieantly far away
from the solidus so that no meliing could oecurs

Procedures The sample to be annealed was crushed ito granules a milli-
meter or so in diauweter, or eise &8 small a8 possible,; placed in the container,
and hung in the furnace., The thermocouple was suspended by its own lead wires
from the entrance at the top of the guarts tube. Evacuation of the system was
begun and continued for about half an hour, when argon was let in at & pres—
sure of one atwosphere, The course of the temperature-~time curve was observed
on the Brown indicator only until it wes certain that the correct Variac set-
ting had Geen made,

A11 alloys were annealed in the furnace at least twenty-four hours. It
was thought thel since temperatures near the melting point were used, diffus-
ion and marrangement processes snould occur fairly repidlys To determine
whether this peried was sufficlently long for eguilibrium to ogcur, two al-
loys were annesled for varying perlods. Samples of A4 were anusaled for 24
and 48 hourg; ARC were annealed for 24 hours and 6 days; subsequent micro-
scopic examination showed 1ittle or no difference in the structure of the
samples.

At the end of the period of amnealing, the gemples were allowed to drop
into €00 or 700 cc, of cool distilled water, which was being vigorously stirreds
The container alweys came apsrt and scatiered its contente throughout the
quench bath, thus insuring complete and rapid quenchlng. A Iilm of oxide
always appeared on the samplies after the guench, snd was probably due to the
reaction with water., The coating was removed by washing in diluie hydrochlorie

acid, rinsing in distilled water and acetone, and allowing the sauple to dry.



By He ographic Studies

APrgggggtion of Specimenss Before an actual examination of a specimen
could be mede, it had to be properly mounted and prepared. The alloys were
mounted in transparent lucite disecs half an inch thiek and one inch in dise
uneter, Luclite powder, specimen, and label, were placed in & steel cylinder,
heated to 150% €., compressed to 3500 pounds per scuars inch, and chilled
with tap water. The lucite pellet could then be forced vut of the eylinder
end grouad dovm to the surface of the metel on an emery wheel, Further
grinding was done esuccesslvely on 280, 320, and 400 grades of Aloxite paper,
whlch was kept wet during the operation. The specimen wss thoroughly rinsed
between two successive coperations te prevent larger grit psrticles from
belng mixed with the next smaller size, HRotation of the dircetion of motion
by 90° on each successive paper provided e method of determining vhen suffi-

cient grinding had been done, since then the gcratches from the preceding
paper were reuoveds

Further polishing wes done on two motor-driven wax wheels, using suspen-
sions of #500 and #600 emery powmder im liguid soep as the abrasive. Progress
of these pollshing operations was observed under = microscope using a nagnle
fication of 75 times. Usually sufficient polishing could be accomplished
on the #6800 emery wheel, leaving only & few serstches of any size on the
specimen, In mery cases, however, final nolishing wesg done on & cloth covered
wheel, using levigated elumina and distilled water,

The metallic surface nor eppeared smoot: but uniform, although occasion-
elly & structure wes feintly viszibie at this point. To develop the structure

the alloy was etched, uegually in elther 10% ammonium persulfate or in & so-

intion containing potassium dichromate, sodium chloride, and sulfuric scid
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in distilled water, Other solutions were used, such as ferric chloride in
dilute hydrochloric acid, ammoniacal copper ammonium chloride, nitric asecid,
and ammoniacal hydrogen peroxide, but the first two seemed to give the best
results, The procedure was to immerse the specimen in the solution; for
persulfate, an immersion time of 30 seconds to two minutes ususlly sufficed,
and for the dichromate, 5 to 10 ceconds,.

The shading and contrast ceused by both dichromate and persulfate were
about the same. In cases where the dichromate attacked the metal, & fine
structure wes visible at magnifications of 1000 timee, but thece were not
visible using persulfate, and may have been due to uneven attack by the ro-
agents OSee for exemple Figs. 2% and 24, A435 and A52, Persulfate, however,
had the adﬁaniage of giving contrast in homogeneous zppearing slloys; that
is, differently oriented grains of a single phase were attacked at different
retes; giving a good contrast and permitting grain boundaries to be observeds
Bee, for exemple Fig. 24, 456,

Exemination of Specimenst Examinastion of the etched surface could now

be made, either wisually or photographicelly. Photomierographs of most of
the quenched alloys were made, in addition to some of the unannealed ones,
Only a few photographs were taken of homogeneous alloys for illustrative pure
poses, since all were quite zimilar in appearance. The photographs werse taken
in a Bausch and Lomb Metallograph, using a green "B" filter and commerdial
ortho film, Printing was done on Kodak velox paper. A magnification of 75
times was found to be most satisfactory, and was used in most photographs,
though both higher and lower magnifications were usedes

Apalysis of datat Photographs of the alloys are shown in Figs, 21 to

268, inclusive, Their significance in relation to the phase egquilibria will be

discussed later, bul some of the salient charscteristics of the struetures should
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be pointed out &t this time,

Singlé phase structures were recognized through one of two featuress
either there wag an even etching over the whole surface of the alloy, or else
contrast wae observed, but the grains were large and the boundaries wers more
or legs straight lines. In the latter case no overall pattern in the specinmen
wasg observed; that is, any one grein did not appear to bear any relationship
to any other grain. Exsmples of this type of structure are shown in Fig. 24,
ABL ;nd A58, A4l ghowed this type of siruature, though the grain size was such
smaller than that of any other ssmple,

All other alloys appeared to contain just two phages, although in some
cases, three may have been presents The chief identifiring mark in the two
phase alloys waz the appearance of a dendrite or "Chrigtmas tree" structure.
This is caused by growth of the primary erystal in a particular direction and
subsequent growth of Paidewarms™ or "branches™ on the main erystal. Hmemples
are shown in Figs. 22 and 26, A%3 and A4, This probably indicates & non-equi-
libriwa eondition during the solidification process. Since the solid phase
should change composition during solidification, it would be expected that the
crystals would redissolve and others of different composition would precipitate.
This does not seem to have occurred in these cases, and unless diffusion was
very rapid, the dendrite probably has a variable composition. However, in the
annealed alloys, these forms wers not often visible, although the remnants of
them could be seens For example in Fig, 2%, A45, a regular arrangement of the
light areas is noticed, indicating the position where a dendrite existed, end
had been broken up on amnealing. This feature usually made 1t possidble to disw
tinguish the primary crystal from the matrix, or from whatever the secondary

precipitation product wase
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One other type of structure was observed. Alloys 22 and 50 contained
many cracks and holes after [inal polishing, and etching had little effect on
the structures. The slloys were falrly ceft to begin with, altbough the
cracks were probably the sites of a much softer phase which wag removed during
polishing.

Determination of the appropriate location of phase boundsries was aided
in the case of two-phsse alloys be estimating relative percentages of the two
areas in a photogreph, This ratio should give the reletive distences of the

alloy composition from nearby phase boundaries.
oint 8

Apparatuss Curie points were determined in the apparatus shown in
Fige 4¢ This method is essentially the same one used by Ewing (43) in his
early researches on mugnetism. The furnace consisted of a copper tube one
inch in diameter and 24 inches long, on which resistance wire was wound from
one end to the other and then back upon itself, This winding produced no
resultant magnetic field., Asbestos lagging served 2s insulation for the tube
and windings The furnace was 32 iaches long 2nd hed & small opening in one
end to admit a thermocouple and was complietely open ol the other end to admit
the samples An asbestos plug was used to seal up this end while the furnace
was in use.

A megnetizing solenoid, four feet long and gix inches in diemeter, with
four layers of #18 cotton covered wire, provided the megnetizing field., A
balanéiag coil, 12 iaches long and 15 inches in dismeter provided a field to
counteract the solenoid field at the magnetometer. The magnetometer was merely
an instrument containing a small bar magnet 2 cm. x 4 mme x 1 ma., suspended

on & ten inch fiber in the horizontal plane of both coilss On the suspenzion
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were attached also an aluminum vane for eir damping, and a gmell mirror. The
whole suspension system wag enclosed to prevent interference by air curreabs
and a window wag provided in front of the mirror, At & distance of six feet
from the magnetometer was & lamp and scale, The light was focused Ly a cone
densing lens in front of the bulb and reflected by the msgnetometer mirror tack
to the sceles

Samples in the form of Pyrex tubes filled with crushed or powdered alloys
were used,s These wer: usually six to ¢ ght millimeters in disueter and about
20 centimeters longs By experiment it was determined that the variation in
temperature of the inside of the furnsce over this length was about 2° €, at
the highest temperatures employed. A calculation of the megnetic field showed
that it was constent to betier then 0,1% over this same regions

The solenoid end balancing coil were placed on an eagte-vest lins. The
coils were parallel and thelr respective distances from the megnetcmeter adje
usted so that with no semple in the large coil and the D. O megnetizing curw
rent on, no deflectlon of the light beam was observed, Fig. 5b shows the
circuit disgram of this apparatus. Since the megnetic fleld due to the sample
measured at a point on its transverse axis is parallel to the longitudinal axisg
of the sample, the magnetometer is acted upon by two fields at right angles
to one another. The earth's field, though subject to a diurmsl variation, could
be congidered essentially comstant over a period of an hour, which was sbout
'the length of time neeied {0 run an experiment, Therefore the deflection of
the light beam was a meagure of the intensity of magnetism of the semple,

Some trouble waes encountered with stray external fields and pleces of
nearby iron, All movable iron was removed as far as possible,from the spparaw-
tus end all other iron, such as doors and other ecuipment, was not touched

during an experiments In spite of these precautions, the 1light beam occasionally
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oscillated over a range of soveral millimeters. However, since many points
were taken during a run, and since the totel deflection of & magnetized speeci-
men was usually 10 or 20 centimeters or more, this difficulty did not sericusly
hinder the work,

Couple #% was used in thi:- work and was esnclosed in & 6 mn, Pyrex tube
and inserted into the furnace, so that the hot Junction was close to the center
of the sample, A cold junction was usged sad the enf read on a Leeds end Northrup
Student Potentiometer, The couple was calibrated et only one pointy nemely,
the freezing point of Ue S. Buresu of Standards leeds 4 resistence furnsce
was used to heat the lesd, The Pyrex tube containing the couple was immersed
in the molten lead which wes conteined in a graphite crucible and covered with
powdered graphite. Zmf readings were teken on the type X potentiometer and
plotted to obiain the freezing curve.

Procedure: In meking a run, the colls were properly adjusted to balance
gach other and & reading of the light beam msde, The sample was put in the
furnace and heatilng begun, Usually = heeting rate of about 5° €, ver minute
wes useds The Do O, megnetizing current wae adjusted to 2,10 amperes tefore
each reading so thwet the aagnetic "ield would be constant, This current pro=
duced a field of 82 gauss inside the solenoids Simultancous resdings of
thermocouple eaf and light beam deflection were recordesd until the Qarie point
was reached, The sample was removed, a null reading tsken, and the semple
returnsd to the furnace, 4 sel of reedings wss then taken while the gpecimen
cooled at about the same rete (5° Cs per minute).

In the case of alloys which gave no deflection, the pyrex tube contain-
ing the alloy wes dipped in liquid air for 5 to 10 minutes, andreplaced in the
furnace, On several occasions this treatment,produced a deflection which soon
disappeared, showing that the sample possessed a (urie point below room tempere

ature. HNo attempt was made to measure these temperatures.
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Heasurements were made of Curle points of the alloys =g prepared aznd
cooled in the fursace and also after quenching. 4 third set of neasurements
was mede on the quenched alloys after they had been hested for 200 %o 300
hours at 100° C. In Table V arc recorded these results, together with the
heat treatwents used, The reasons for this treatment will be discussed laters
Ansiveis of datex In general, the forms of the plots of light beam de=
flection versus temperature were similer to those in Fig. 27, ¥From such a
curve, the ferrvomegnetic Curie point 0y (28) is determined by extrapolation
from the point of maximum slope to the temperaiure axiss This method of obﬁainw
ing @f involves a slight error, for the following reason. According to the
Weiss theory of fervomagnetismy, (£8) (41) the curve of temperaturs versus
intrinsic magnetiem, or intensity of magnetization in the absence of an exiernal
field, should cut the temperaturs axls st a definite angle, This temperaiure
ghould coineide with the paremsgretic Curie point, which is determined from
susceptibility tempersturs ma&surementbat higher temperatures. The Welss
theory predicts that at sufficilently high temperature, ell substances become

paramsgnetic and obey a law of the form
X = C
= "T-6

where A is the susceptibility per mole, T is the sbsolute temperature, and C

and O are constants and depend on the substance under considerstion. Further-
more, at the temperature T = 8, where the denominator in the above expression
vaniches, the substance becomes ferromegnetic. By mesns of experimental deter-
mination of X as a function of T at higher temnereturss the value of @ may be
determined and i3 known as the neramegnetic curie tempersture, A third chenow
menon which is predicted to oceur at this temperature is @ pesk in the speeific

heat curve., A&ctually s tailing off of the magnetization-temperature curve is
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TABLE ¥
Curie Temperatures and Heab Treatmants

Curie Temp. Initial Curiec Temp, Reane Curie Temp,
Unannealed Annesling Freshly Cuenched nealing Heannealed

Tempe Time Rising Falling Time at Rising Falling

Alloy 9C, _Hours Temy,  Temp, 100° ¢, Temp. _ Temps
4 5350 4
11 279
5 269 £59F 24 None #80 & Ry Ta
17 277 704 24 <R.T. 150 144
15 4G GR8 24 135 139 290 151 142
20 208 582 24 181 177 280 198 179
21 26 558 24 261 259 230 LH2%F 25%
P 276 505 8 days 255 240 R72 264
€5 280
ek ed & 268
33 228 655 29 ? RaT, 250 7 BR.Ts
o6 P GEE 24 ReT, 170 R.T,
Z5 * 879 24 None 380 {RT,
ko3¢ 206 838 46 Hone 280 None
40 203 8583 24 None 280 {R.T.
41 aed & 135 b38 40 2058 200 550 212 20%
42 270 582 35 {R.T, 280 {R.T.
43 i ale 4% None 200 None
44 280
45 273 870 24 None 330 115
47 244 853 25 171 159 290 177 160
48 201 2385 350 23
43 294 507 e 285 281 240 Z88
o3 507 2R 258 268 £40 278
5l 259 87% o7 {R,T, 28D 117
52 72 & 285 537 24 163 181 388 203 183
53 £54 $15% z5 £ R.T, 550 10
55 2608 565 3 44 247 260 260 245
58 130 353 24 None 250 750
B 230 a0R P24 198 198 260 210 203
58 258 Z61 83 283 b4 200 264 263
59 90 & RET 802 260 172 167 260 18% 167
60 288
8l 8¢ & 202 5388 4 None 250 < ReTs
82 110 & 212 633 24 ReTe 240 122
8% PALES
64 65 G812 24 Hone 220 None
85 RE85 e P 24 132 1858 180 247 239
886 288

#  Alloy wes magnetic, but too weak to give sufficient indication in Curie
apparatus

®¥%  After further ammealing at 3500 §, for % days, this alloy had & Curie
point af 286° C,

#  Alloy was megnetic, but imsufficient sample prevented Carie point detore
mination

R.,T. shbands for Room Tempersture
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observed snd the paramegnetic Curie point, 8ps 1s usually found at a temper~
ature 15° - 20° C, higher than ©.. (28) The specific heat anomaly appears at
the temperature of maximwa slope of the curve, In the aboence of an externsl
field, the determination of Of tempersture appearing in the Welsc theory gives
a vaine slightly lower then the temperature determined in the presence of an
external field. (230) Stoner (30) gives an approximation for the difference
caused by a field, In the case of the relsotively weak fields of about 80 gauss
used here, the difference would be zbout 2° for iron and 1° for nickel, The
nagnitude of the correction for thege alloys is noet known, bult iy presumsbly
of the same order of magnitude, and iz thereforsmglected.

The Curie noint curves toox various fermg, as gphown in Fig. 7. These
include a temperaturs hysteresis, warying size of tails, and deouble Curie

points, and #ill be discussed in the following section.

Discussion of lesults

A. Phase Foujlibri

As & preliminary note, it should be slated thet the designaticns of the
varions phases sre those used in the descriptien of {the corresnonding phases
in the binary copner-indium system, which have been applied by previous workerss
The ol-phase has the cublic-closest-packing ctructure of jmre copper, while the
B-phase has a body-centered cubic structures (£2) Although the binary (-phase
does not occur suite at an electront stom rotico of 212, Hume-Rothery considers
it a @ =-type phase, (72) displaced slightly from its predicted position due to
the influence of the large size of the indium atoms. The binary y‘nphase is
not cbtainable by queaching, though its low~temperature forz (8) has thelf -~brass
strneture typical of the Hume-Rothery )" ~-phssesz, (46) A4s for the design:ation

'3
8 s this is the conventional one for 6 —-structures which are prdered,
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ﬂ[&-ﬂ-@ m&ﬁ[&tﬁ boundariesy The copper-indium (23) and copper-man-

ganese (22) binary phase diagrams are shown in Figs, 6 and 7. It will be
noted that in the copper-rich portion of the copper-mangenese gystem, a
conbinunous solid solution exists in the region of the solidus, In the copper-
indium systemy however, several phases occur, and the «and @-phases are ree
| lated by a peritectic transformation. A4s discussed earlier, such & reaction
will exhibil on its cooling curve an initial break corresponding to crystalw
lization of the X crystal, and a plateau at the peritectic temperature, If
the composition is such thst the solid phase will be a mixture of of and ﬁ
erystals, then the cooling curve will show just the end-point of the plateau,
If the overall composition is such thet the solid phase is pure 3, then a
second end-point will occur &t the temperature at which the reection licuid
=8 is complete, It has been already cointed out that when such & transform-
ation 18 extended into & ternary system, the peritectic zjeaction no longer
oceurs at a constant tewperaturey due to the extra degree of freedom possessed
by the ternary system. That this type of transformstion occurs in this systen
can be recognized from a combination of thermal and microscopic data.

Alloys 9, 10; and 11 all show the same type of cooling curve. This is
the familiar one of & break and end-point, characteristic of the crossing of
solidus and licuidus lines sbove & homogeneous phases By inspection of the
cooling curves it may be seen that Alloys 15, 17, 45, El, 36, 46, 33, 53, 32,
56, and 38 show two breaks and at least one end-poinmts Reference to the
composition key in Fig, 9 will also show that these constitute the copperw
rich alloys of this investigstion. It was not possible to determine by
inspection whether one or two end-points appeared on most of these curves,

probably because the tailing off effect obscured the first one. The structure
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of the underlying solid phases was obtained, however, from the metallegraphie
worke Alleys 38, 33, 36, 45, and 17 consisted of two phases, while 23, 358,

58, 53, and 51 were homogeneous. The homogencous alloys appeared essentielly
identical under the microscope, and only photographs of alloys 51 and 56 were
taken, The ol~phase shows up as the lighter color in the two-phase alloys,

and by estimating the relative amount of the two areas, an approximate location
of the high temperature phase boundaries was mades These boundaries are shown
in Fig., 9 as broken lines., It should be emphasized that these lines do not
represent an isothermal seetion, bul are the projection on an isothermal plane
of the boundaries at the solidus temperatures.

The solid line starting at the copper-indinm binory side at 21 percent
indium represents the extension of point A in the binary diagram. The location
of this line is obtained by ah ebsé%vatien of the secondary breaks in the coolw
ing curves, and is the locus of the liquid composition at the temperature where
the reactionOf 1iquid—ve begins. It will be notliced that in the sequence
of alloys 17, 45, 15, 51, 53, 56, 88, and 29, these temperatures drop %o a
minimum and rise agalin, reaching e weximum at 38, then dropping again at 28,
Alloys 32, 3%, 36, and 46 have their secondary break in the vicinity of the
minimum. The type of equilibrium exigting in the neighborhood of ALS is
illustrated in Fig. 10a, where en isothermal section corresponding te about
720° €, is shown, and in Fig, 10b, where & vertical section corresponding to
about 20 atom percent manganese is shown,

As we consider alloys with composition approaching the ninimum mentioned
above, the size of the three phase trisngle in Fig., 10 becomes smaller and a
situation analsgous to a binary minimun melting point resulis, such as appesrs
in the copper-manganese systems At the minimum, the pointe F and C will fall

on the lines AB and DF respectively, and the system will be invariant. On the
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other gide of the minimum, the three phase triangle will again appeér, but
in Pigs 102, the point ¢ and the ﬁ region will be below AB. The presence
of the maximun at A38 is uncertain, since only one alloy was prepered in
this regions While the curve could conceivably have both & minimum and a
maximumy & discrepancy might arise due to uncertainty in the temperature
measurements

It should be pointed out here that the microscopic and thermal data
do not entirely supplement each other, The thermal data gives information
at the temperatures of solidification, while the microscopic data obtained
is at the annealing temperature, some ten or twenty degrees lower. However,
this temperature interval is relatively small and should make 1little differw
ence in the approximate location of the phase boundaries.

(B -phase region: The next set of alloys are the homogenecus ones:

L7, 19, L1, 62, 6L, and L0« L7, 19, LO, and 6L showed typical single-phase
cooling curves and were homogeneous under the microscope, showing that at
these compositions the p- phase is stable up to the melting point. Alloys

41 and 62 were homogensous when quenched, though the grain size of ALl was
mach smaller than that of other samples. However, a2 glance at the cooling
curves of these two alloys shows the presence of more than one break. The
compositions of these alloys are relatively far away from the peritectic
region and the temperstures appear to be to¢ low to have any connection with
its In the event a second peritectic region was present on the indiumerich
side of these alloys, this behavior might be observed. 4s a result, two
possibilities arise. The first is that a two-phase region exists roughly
along the dotted line in Figs 9. This line would divide the proposed B-
region into two parts, and would account for the breaks in the cooling curves
of alloys 41 and 62, A minimum exists in the peritectic line between the
o--and (3-phases in Fige 8 (broken line), so that ancther peritectic line might
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run from this minimum towerds the compositions of alloys Ll .and 62. There
is some other substantiating evidence for this to be found in the magnetic
datas There is also, however, some opposing evidence, the first of which

ig that there is a continuwus string of homogeneous alloys along the copperw
rich side of the Efphasea In the event that a twoephase region existed aleng
the dotted liney it would necessitate having a break in this string, although
& narrow region of inhomogeneity might have escaped detections It will be
noticed thaet the microphotographs of homogeneous alloys and others in the

oC+ (3 region which contain areas of B ~phase are quite similar in appearance
on both sides of the dotted line. This would probably not be the case if

the two regions were dlfferent types of phases, For this reason a second
hypothesis is proposeds This is that the B reglon exists as shown by the
broken lines in Figs 9 and thet the second eand succeeding thermel arrests
exhibited by elloys L1 and 62 are due to some sort of second~order transition,
possibly an orderedisorder type, in this regions The dotted line in Fig. 9
is the proposed approximate locatlon of this trensition, and is drawn prin=
cipally on the basis of the magnetic data. .

The cooling curve of ALl may then be interpreted as containing the
liguidus and solidus points of a homogeneous phase, followed by two more
bresks, which are presumably those due to the proposed transition, In 462
the occurrence of the transition is coincident with solidification. Thsré.
nmay or may not be a latent heat associated with this transition. In the
case of a true second order type, there is only a specific heat anomaly, bub
even this would probably show up on the cooling curves as some sort of there
mal effect. Additional material bearing on this point will be presented in

the appropriate sections to follow.



-‘-3 8-

B/ B+r voundary: Nearly all the other alloys showed two phase struc-

ture., The binary copper=indium eutectic at 25.8% copper presumably extends
for some distance into the ternary system. ABL is of the approximate binary
eubectic composition, and photographs of it in the as-prepared condition

are shown in Fig. 26. By inspection of the photographs of Alloys 39 and 61
and a consideration of their compositions, it appears that the B ~phase shows
up as the dark area in this region. AlL3 contains about a 50«50 division of
light and derk areas, and its cooling curve shows only one break, followed
by a flat portion, This indicabes that this alloy was of the eutectic compo=
sition and therefore that the eubectic line must run close by on the copper-
rich side or else through this composition. A39 shows the same type of curve
but considerably more of the lighter area in the annealed condition. A close
examination of the original cooling curve indicates that a second break,

more in the nature of a jog, may be present near the e;ld of the solidifi=
cation., Apparently A39 is close to the Y/(3+[ boundery. This boundary was
not drawn farther since it is at the edge of the area studied here, and a
determination of the remainder of this boundary must await further work in

this region,

(3 / 3 +f3! boundary:s The remainder of the alloys are nearly all two-

phase ones. 420 and AL8 have cooling curves containing two breaks, but AlLS
is homogeneous as quenched. It appears, therefore, that a second peritectic
reaction occurs in this region and the broken line in Fige. 9 indicates the
boundary here. Both thermal and microscopic resulbs indicate that alloys

57, 59, 52, L2, L4 and 65 are twoephase alloys. Photographs of 842 are not
shown, but its appearance was identical to that of A52. A third break appears
on the curve of A59 and may be due to the same sort of thing occurring in
alloys L1 and 62. Since the photogrephs of alloys 59, 52 and 42 contain

very little light area, the boundary between the (8 ~phase and this second

two-phase region (see Fig. 9) must run close to these compositions and
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in the indicated direction. It is difficult to see where another phase
boundary, such as wmight run along the dotted line, would connect to this
regions

Alloys 21, 55 and 58 have cooling curves with identical forms, the
initial breaks occurring within © degrees C. of each other. Reference to
the microphotographs shows that A5S is definitely a two<phase alloy. A2l
contains little or no second phase, while A58 contains a small bubt definite
amount of & second phase. The shape of the cooling curves of these alloys
is difficull to explain., Since A2l is nearly homogeneous, its curve could
be merely a simple solid solution type. However, with the data available,
it is impossible to ascertain the nature of the equilibria present in this
reglon of the composition diagrams One further point should be mentioned,
however. Hume~Rothery and his cosworkers (1l) have prepared an alloy of the
composition CuslinsIn equal to 51.5:2L.5:24.0, and have found it to be homo-
geneous and to have the crystal structure shown in Fig. lla. This super-
lattice is the same one which is present in the other Heuslerw-type alloys,
and the composition is just on the copper-poor side of A21l, an alloy which
is nearly homogeneous. It may be, therefore, that a narrow single-phase
region exists in the region between A2l and A58, and may extend in other
directions., This bil of evidence favors the second alternative for the
G ~phase boundaries. The superlattice of Fig. lla exists in the region
near CuplinIn, and the region near the binary copper=indium system is an
extension of the binary B-phase, both of these having bodywcentered cubic
structures. It would be somewhat surprising to find the intervening phase,
namely the area containing Al9, to have a different type of structure.
Since the one two-phase region containing alloys 57, 59 and L is apparent
from the photographs, the dismissal of the dotted line as a true phase

boundary is called for, This means that this transition must be due to
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some sort of second order effect, such as a specific heat anomaly or a new
type of ordering.

Indiumerich Alloys: Cooling curves for alloys 22, 23, 2L, 50 and 49 were

all of a similar appearance, as can be seen by reference to Figs. 13 and 17.
The end points were all at about the same temperature, bubt the primary breaks
decreased with increasing indium content. Three other alloys, 25, 26, and
27, were prepared, but due to inhomogeneity they are not to be relied upon
for meaningful resulis. The overall compositions of top and bottom of these
alloys varied by 3«6 percent; however the cooling curves shown in Figs. 13
and 1l were reasonably clear-cut and the difficuliy may be due to segrega=-
tion during cooling,.

The microphotographs of alloys 49, 50, and 22 ‘have been described.
The region is one of two phasesj one of these is soft, probably rich in
indium, and is easily ground away. It may be a liquid phase at the quenche-
ing temperature., This 19.8"0 possibility is strongly indicated by an inspec=
tion of the copper-indium binary diagram, where the region from 4O atom
percent indium on consists at higher temperatures of a solid phase in equilibe
ria with 2 liguid. Alloy 58 may belong in this group. The photograph shows
the presence of a few holes stich as exist in ALY, though the thermal arrest
in the viecinity of 510°C. was either sbsent or a very small one,.

Alloys 60, 63, 66, and L} were prepared principally as guideposts for
for future work, ALl shows a break in its cooling curve at 5109., the
same temperature as the end-points in the nearby soft alloys. All, however,
was brittle like those in the vieinity of ah2. Alloy 66 was very soft, and
resembled A22 through A28, while A60 and A63 were similar to alloys in the

region of A20 and A2l.
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B. Magnetic Resulls

#iscellaneous Phenomena: In using the results of the Curie point runs,

the most important item is the actuel Curie temperature, @p. Some of the
other features of these curves are interesting and will be briefly mentioned.

The size of the tail on the curve varies somewhat; though no corre=
lation with composition was noticeds W8el (31) has discussed this "teil”
effect and considers it to be due to varistion in “domaintsize. Welss!
theory predicts that below the Curle tempersture a substance will be spone
taneously megnetized, a phenomenon which is not observed experinentally.

To circunvent this difficulty the existence of "domains®, or small regions
completely magnetized bubt randomly oriented, was postulated, so that in the
absence of an external fleld no resultant magretism is predieted, A ree-
view of Néel's work has been given by Bates (LL).

The existence of two Curie points in some unannealed alloys is explaine
able as dus to the presencé of two separate megnetic phasess Hore will be
said sboul these 2lloyse

4 temperature hysteresis effect is slso present but the cause of it is
not certain, Usually the temperature gbtained in cooling the specimen was
lower than that obtained in heating. In A52, freshly quenched, the reverse
was noticed, but on reannealing the normal order vesppeared. As & matter of
consistency, the recorded Curie points were zlways obtained from the heating
curvese

In some cases, such as Flg. 27, AL7, a slight increase in deflection was
noticed just before the Curie point was reached., This may be due to the
onset of ordering in the alloy at these temperatures.

Previous works It is generally believed that magnetism in Heuslerw

type 2lloys is due to the presence of order in the crysbal lattice of the
. B-phase. The Cu-ln=Al alloys have been extensively investigated, and an
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ordered phase has been shown to be present in the magnetic specimens (3)
(6) (7). This ordered structure or superlattice is shown in Fige 1lla.

The same repult was obteined in the Cu-in-Sn gystem by Carapella and Hulie
gren (8), Tig. 115 showss their results on the limits of the({B-phase at
hizh tomperatures. Ordering was observed in part Of'ﬂﬁke region by means
of x-rey determinations, and is indicated in the figures

It has been shown that this same structure is present in the Cu~in-~In
system (10) (11) in the region of the composition CutiniIn % 231:). The
composition studied by Hume«Rothery was given in the preceding sectlou.

The results of this present research indicste that this structure, or at
least some sort of ordered crystal, appesr over & much wider range of compow
gition.

In theory no very clear relation seems to exlst between Curie point and
order or between Curie point and magnetizetion at saturations The latter
gives a value of the elementary magnetic moment ¥Yesponsible for the magnew
tism and is of direct inbterest. However, since the magnetic alloys of this
type are always ordered, and especially since by themselves none of the three
metals is magnetic, one mey assume thal some sort of interaction is necese
sary in the alloy, in order for magnebism to occurs In a disordered crystal,
no one atom bears any particular relationship to any other, and consequently
1ittle regular inberaction will occur. In an ordersd crystel, however,
any interaction between two kinds of atoms is repeated, so that if any tenw
dency toward megnelism should exist it will be stronger when the crystal is
ordered. It appeers that the height of the Curie lemperature may be considered,
qualitatively at least, 10 be an indication of how much thermal energy is
needed to destroy this interaction and therefore to be also an indication of

how much order exlsts in the specimen., If this is the case, higher Curie
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temperatures will indicabte more highly ordered alloys.

It should be pointed out that the specimen with the highest gurie
temperatures were found, qualitatively speaking, to be the most strongly
magnetic,

Evidence of Local and Long~Range Order: In Figs. 28 and 29 ave shown

contours of the Qurie points as determined on the freshlyw-quenched alloys
and on the pame alloys after amnealing at 100°C, The highest Curie points
are in the region of the CuglinIn composition and do not change greatly dup~
ing the treatment at 100°C, However, the alloys containing lerger smounts
of copper showed large increases in their Curie points » suggesting that some
ordering occurred. Both contour maps also show that the highest Curie
points are roughly on the line of equal manganese and mdium concentration.
It will be noticed that a sharp drop in Curie temperatures occurs on the
indiunerich side of the dotted transition line, while on the opposite side
little or no decrease occurs in the Curie temperature.

A distinction should be made here between long range order, which implies
the formation of a superlattice like that of Fige. 1la which comprises the
whole alloy, and short range or local order, in which a copper abtom will
have a greater probability of having manganese and indium atoms as neighbors
than the atomic proportions would indicate, but no regularly ordered struce
ture is present. Long range order is usually present only in a restricted
range of composition, since fairly definite ratios of atoms are necessary,
while local order is possible over a much wider range.

Now, the B =phase in the copper-indium system has been shown to have an
unordered body-centered cubic type of lattice (32). The proposed homo=
geneous 3 region in this ternary system may be therefore assumed te have
the same structure. Since the superlattice is known to exist in the neighe

borhood of Cu2ﬁ1ﬂn, the intermediate two-phase region must consist of this
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superlattice, which we shall designate B¢, in equilibrium with the unordered
alloy . This type of situation has been known to exist, for example, in
the copper~beryllium alloys (33), so there is some precedent for its. It
might be supposed at first that two such similar structures would not show
up as two distinct phases; bub some other results tend to confirm this
hypothesis. In the first place, inspection of the P ~phase area in Fig. 9
shows an indentation due to the @ +@( region at the equi-linIn compositions
This may mean that along the CudinIn line the presence of equal numbers of
iin and In atoms makes the superlatiice slightly more steble and the unordered
(-3 slightly less so« Thig situation also seems to fit the facts regarding
the effects of ammealing at 100° C. In general the alloys in which the {3¢
structure is stable up to the melting point, and in which, consequently,
fairly complete order already exists, did not show much increase of curie
point on amnealing. Those outside this region, however, showed large ine
creases. This effect is sbtributable to local ordering effects, although it
is possible that a low=temperature transition producing @ ! might occur
rapidly enough at 100° C. to produce some effect. This local ordering effect
was much more pronounced on the manganese side of the dobted line in the
contour maps. The location of the line was made such that those alloys
which showed large Curie point increases on reannealing would be above the
line. As to the exact nature of this proposed transition, nothing much

can be said, However, some general remarks may apply. The alloy L1 and
also the dotted line fall nearly along the line of equal manganese and in-
dium content, This may merely mean thait beyond this point the manganese
atons get too far apert for interaction and resuliing magnetism. It could
also mean that a ratio of at least one-to-one of manganese and indium atoms

was necessary for the occurrence of magnetism. It is worth repeating that
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in the Cu~ln-Sn system the B ~phase was found to be ordered (see Fig. 1lb),
the division between ordered and unordered regions being similar to that
proposed here., However, that situation was somewhat different, in that the
e—pha.se contained both the point CuslinSn and the superlattice of Fig. lla,
while in this Cu-lMn-In system the e—phase does not contain the Cupiinln
composition and presumably, therefore, not the superlattice,

In the copper-indium binary system, the ﬁ?-phase is seen to be stable
only above 57L° C., thereafter decomposing eutectoidally into ef and S .
It might be expected that the (3—phase will exhibit a similar decomposition
in the ternary system. Some evidence for this exists in the contour map of
Curie points of the unannealed alloys, shown in Fig. 30. These alloys were
cooled to room temperature over a period of about two hours., Here again the
Curie points of alloys in the region of CuplinIn are about the same as those of
the quenched alloys, indicating that the (3' structure may be stable down to
room temperature, Two Curie temperatures are exhibited by alloys L1, &1, 62, 52,
and 59. Presumably this is a result of partial decomposition of the ﬁ!—phase
into B' , the (3 showing the lower temperature. The sitriking thing here, how-
ever, is the fact that all of the alloys have much higher Curie temperatures
than the quenched specimens., This fact was discovered also by Valentiner, who
prepared some indium-poor alloys on the composition section joining pure
In with the composition Cugling and the result was ascribed by him to the
existence of the superlattice at these compositions. The additional data
obtained here would seem to support the conclusion, It will be noticed that
alloys 11, 17, L5, 51 and 15 have Curie temperatures of roughly the same
magnitude as the alloys in the region of alloys 21, 55 and 58, Also, the
microphotograph of AlS5 in the unannealed state shows definitely that the
alloy is not homogeneous., Probably the (3—phase decomposes al lower temper—
atures to c(‘and.@?'. This does not entirely explain the situation, since

alloys L7 and 17 have Curie points lower than alloys on either side. It



i

may be that these two specimens have composibions near the center of a
eutectoid trough, and decomposition might be very slow or might not cccur
at the low eutectoid temperatures« Perhaps sufficient local ordering of
the unstable B@phase may then ogeur on slow cooling to give the high value
of the Curie pointe

Ce Further Remarks

The results of this research appesr to be most valuable when considered
as a preliminary study of this system, both for the purpose of gaining a
general picture of the existing relations, and for the purpose of directing
future studies upon the system. One study proposed is the determination of
saturation magnetization values from which the moment of the elementary
magnetic group or particle can be cbtained and also the correlation with
the Curie points. Another study is an xe-ray determination of the struc-
tures of the alloys to confirm the presence of (3 and B t phages and to
determine the exact structures in the region studied. Further detailed
phase equilibria work is needed in bhe vieinity of the composition CuplinIn
to determine exactly the extent of the (' phase. A further interesting
point is found in the fact that the manganese~indium system has been sug»
gested to be ferromagnetic (3h). In view of this and the fact that alloys
60, 63, and 66 are ferrcmagnetic, it would be expected that other phases

or compounds in this Cu=lneIn ternary system are also magnetic,
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Introduction.
During the course of the chemieal analyses which were performed

during the work onm the copper-manganese-indium alloys, it was found
that no reliable volumetric method for the determination of indium was
known, One volumetric method was found, but it gave poor results (26).
A gravimetric method is known (25), tut was tedious and time-consuming,
and partly for this reason, the determination of indium was omitted from
the analyses of these alloys. It was decided to explore the literature
of the chemistry of indium to see whether sume of its reactions and pro-
perties would be suitable as a basis for a volumetric method of deterni-
nation, Three possibilities were uncovered, one of which gave promise of
being quite satisfsetory, and due to time limitations, somewhat incom-
plete, The data, however, might form the basis of a further attack on
the problem,

Previously Reported Methods: The earliest method known for the de-
termination of indium was the gravimetric one previously referred %o.
A volumetric method has been reported (26,35) based on the titration of
indium with ferrocyanide. Indium forms an insoluble compound with ferro~
cyanide, the formula of which is IngK [Pe(CN)g],. (36). Thus st the end-
point an oxidation-reduction indicator may be used, provided some ferri-
cyanide was originally present to oxidise the indicator. Aeccording to both
references, the titration must be done in 60% or stronger acetic acid,
Sample results, using the method, were given by Hope, Ross and Skelly (26)
but only to about one percent, Attempts to use the method in the alloy
analyses showed the method to be unsatisfactory, since the end-point faded

rapidly and the color change was not sharp..
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A potentiometric method was devised by Bray and Kivehmaan (%),
in which results accurate to .1-.2% were claimed. Potassium ferrocyanide
was the titrating agent and titrating solutions of very low icnic strength

wers necessary iu order to get & sharp voltage drop at the end-point.

Indium Iodate: The solubility of indium iodate, In(104)3, in water
has been determined by Insslin and Dreyer (37) and is 0.53 grams per liter
in a neutral solution at 20°C., The solubility increases quite rapidly if
nitric acid is added to the solution., Using this figure for the solubility,
the solubility product is calculated to be 1,3 x 10"11. and if the concen-
tration of the lodate were made, say 0.1 formal, the concentration of indium
in the solution, providing no complexing occurs, is calculated to be 1.5 x
10~3 milligrams per liter. In 0.2 formel nitric acid solutions, the solu-
bility is given as 1.3 grams per liter and the corresponding indium con-
centration in 0.1 formal iodate is 2,6 x 1077 milligrans per liter.

’ It would appear that by adding an excess of a soluble iodate to a
neutral or weakly acid indlum selution, quantitative precipitation of indium
© ghould ececur, and furthermore that the vprecipitate mizht be redisselved and
titrated ilodometrically.

4 series of experiments were performed to determine whether the indium
could be precipitated quantitatively and whether the precipitate was of con~
stant composition,

0.5 formal solutions of 1{103 and Hate3 were prepared by disselving the
Bekers O, P, reagents in distilled water. Two indium solutions, approxi-
mately 0.1 formal, were prepared by dissolving weighed amounts of 99.97%
pure indivm metal in slight excess of nitric acid and diluting to 250 cc.



The nitric acid consentrations were 0,1 formal and 0,1 formal respectively
in golutions No, 1 and ¥o. 2, 10 ce, of indium solution were pipetted oub
for each experiment, and a known excess of iodate added, The precipitate
wag filtered, washed with cold water, redissolved in a solution containing
5 cc, of 6 normal H2850y and 3 grems of KI in 35 co. of Hp0, Titrations

vers made with a 0.5 normal solution of NapSp03, previously standardized
against potassium dichromate, Oompleteness of precipitation was teated

for by making the filtrate alkaline with ammonia, Absence of cloudiness

was taken Yo indicate complete removal of the indiwm, The results are shown
in Table VI.

1t was thought that aleohol might &Mreaéa the solubility of the indium
fodate, and in experiments 10 and 11 5 ce. and 4 co, respsctively of denatured
alockol were added to the solution before the addition of the indium, no pre~
cipitate oscurring until the indium was added. o

In experiments 1 through 9, the precipitates were filtered immediately,
Precipitates in 10 and 11 stood overnight, those in 12 through 17 about one
hour, and 18 through 20 about three days.

In view of the extremely varied results and the lnconsistencles among
identical experiments, 1little can e gaid in the nature of a correlation. 1In
those cases where pmcvipltation wag complete, however, the ratios of greater
then three indicate that complexing may have occurred, since the theoretical
ratio of 103 In™* 45 311, The experiments on this method were therefore
discontinued,

Indiunm Oxalate: Moeller (38) has studied the reactions betwsen indium
ion and various soluble oxalates, He hss found that in the case of sodium,

potasgsium or ammonium oxalates, a precipitate was formed in which the



cc. KIO

Experi- Solutioh Total

ment Added

TABLE VI

Results of Experiments With Indium Iodate

Completeness Iodate concen=-

of

tration after

Volume Precipitation Precipitation

moles 103 in ppt.
ratio, -
moles ™" taken

1 10
2 10
3 10
L 25
5 25
6 25

7 25

8 25
9 25
10 25 %
11 25 %
12 30
13 35
1y 4o
15 20 %
16 25 %
17 L5 %
18 15
19 20
20 25

% NalO3 used

40

50

60
Lo
50
60
50
50
50
60
60
50
50
50
50
50
55
50
50

50

Incomplete
Incomplete
Incomplete
Complete
Complete
Complete
Complete
Complete
Complete
Incomplete
Incomplete
Incomplete

?

?
Incomplete
Incomplete
Incomplete
Incomplete
Incomplete

Incomplete

0.1f
.08
.07
«29
«23
«19
+23
«23
«23
#19
«19
«28
«33
.38
» 20
«23
«39
«13
#18
«23

3.78
3.38
3.05
3.78
3439
3.06
3420
3.32
3.38
2,62
2.95
2,29
2,22
2435
2,23
2.40
2465
2,68
2,92
2,90
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oxalate-indium ratio was 2:1 and that in the case of oxalic acid, the
ratio was 1.5:1. No solubility data was given, but it was indicated
that the compounds were slightly soluble in water,

Some experiments were performed to test the suitability of an
insolublé indium oxalate for an analytical precipitation, Both oxalic
acid and potassium oxalate were used, in excesses of 3 to 1 and 5 to 1,
The precipitates were crystalline and showed a tendency to form supers

saturated solutions. In no case was the indium precipitated completely.

The Ferricyanide-~lodide Method

Description of the analogous method for zinc: A volumetric

determination of zinc, based upon the addition of excesses of potassium
ferricyanide and potassium iodide, and iodometric titration of the
liberated iodine, has been developed by Maun and Swift. (39) Briefly
the method consists of buffering the zinc ‘solution at a pH of a_bout.

3, adding the iodide and ferricyanide, allowing the solution to stand
a few mimites, and then titrating with a standard Ha25203 solubion,

The main reaction is:
re(CH)e + 310 + WY & ™ %
&re(CN)g + 3I + 3Zn — I3 znsK JFe(CN)4l,

The result mist be increased by a factor of 1.9%, but if the variables
are controlled Lo a reasonable degree, results accurate to 0.1 « 0.2%
can be obtained.

The method is based on the fact that ferricyanide ion will not
oxidize iodide ion appreciably, and only slowly even then. Addition
of a metal ion such as zinc, which forms an insoluble ferrocyanide, but

not a ferricyanide, effectively raises the oxidation potential of the
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couple, and iodide will be oxidized until the zine has been completely
preclpitated.

Indium behaves analogously with respect to these reactions and it was
thought that the method might be applied to indium, to give a rapid precise
volumetric determination.

Solutionss Buffering was done by a phthalatewbiphthalate buffer. A
saturated solution of potassium biphthalate was prepared by allowing an
excess of the salt to stand in one liter of water for several hours, after
which the solution was decanted and used.

0.10 formal solutions of potassium ferricyanide were prepared by dise
solving the appfopriate quantity of salt in water and storing the solution in
a black _1acquared bottle, kept in the dark.

Standard 0.1 formal indium solutions were prepared by weighing out
calculated amounts of the 99.97% pure metal, dissolving it in acid, and
diluting to one liter. Nitric acid was used at first, but on account of the
possibility of oxidation by iodide by nitrate, sulfuric acid was later used.
The amount of acid used was such that the final concentration was aboutl
0.1 normal.

The sodium thiosulfate solutions were made up to be about 0,05 normal
according to the method of Swift,(2l) and standardized against potassium
dichromate.

Preliminary Experiments: At least two possible sources of error exist.

One is the oxidation of lodide ion by oxygen of the air, and the second is
oxidation of iodide by ferricyanide. Both of these effects are minimized

by Maun and Swift by buffering the solution to be titrated at a pH of abeut‘
3, since the potentials of both reacticns are lowered by decreasing the
acidity. The same buffef ﬁas used here, since the precipitation of hydroxide

at a pi of 3.4(L42) prevents the use of higher pH values. In order to obtain

an idea of the rate of this reaction, two experiments were run in the same



buffer containing potassium iodate and starch solution. &6 cee of 1.0
normel sulfuric acid and 25 cc of saturated potassium biphthalate were
diluted to 250 ce. The iodide concentrations were respectively 0.05

and 0,10 in the two experiments. After ten hours in the dark, no color
was observed in the first and 0403 ces of 0.05 normel thicsulfate were
needed to decolorize the second, Although the rate of oxidation here was
slow, catalysis may occur in the actusl *hi‘bratiens,‘ so that not too much
welght should be attached to these results.

More meaningful is the second set of experiments, in which the rate of
oxidation of iodide by ferrieyanide is observed: Buffered solutions, 0.05
and 0.10 formzl in KI aﬁle.OOl; and 0,001 formal in KyFe(CN)g were prepared
and starch added. No color was formed immediately or in 6 minutes, but at
the end of 15 minqtes s 0,02 cc of 0,05 normal thiosulfate was needed to
decolorize the first and 0.0L cec., for the second. Thus if the solution to
be titrated is permitted to sband more than 10 to 15 minutes an apprecisble
error may be introduced from this source, Maun and Swift recommend that the
time of standing be five minutes. The end=point was found to fade fairly
rapidly in all titrations performed here, presumsbly due to this oxidation,

but the color change was guite definite and held for one or two minutes,

Procedures It was decided to vary three quantitiess the concentrations
of KI and K3Fe(CN) 6 and the time of standing prior to titration. A set of
three concentrations each of the two salts was used as shown in Table VII.
The numbers within the squares will be used to designate the corresponding
regults. The time factor was varied by perferm‘.ng- titrations after allowing
suceessively O, 5, 10, and 15 minutes to elapse after mixing. In some

cases longer periods were used.
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TABLE VII

Concentration Scheme for Preliminary Experiments

Conc, of
00110¢ Qf ) 00005 f' .0010 f. .005 fl
KI
0L T, 1 2 3
+05 £, 4 5 8
210 £ 7 8 2

Humbers 1 through 9 are experiment numbers



10 cey of indium solution were pipetted with a calibrated pipet inte
a 500 c¢. Erlenmeyer flask. 25 cc. of the phthalate solution, 6 cce of 1.0
normal stoh and 100 to 150 cc. of distilled water were addede. The proper
amount of XKI was added and finally a measured volume of Ker(CN)éa Suf=
ficient water had been previously added to make a total volume of 250 ccs
The solubions were swirled and put in the dark for the required time, after
which they were titrated with 0,05 normal NagSg03 from a calibrated buret,
using starch indicatore. Usually from 15 to 20 ce. of thiosulfate were
needed.,

During the first few titrations, the ferricyanide was run in from a
buret, and the results were several percent lowe After this was noted, the
ferricyanide was measured out and added all at once. The results were then
in the neighborhood of the actusl values, and no other variations were tried.

Two identical titrations were always made and the results averaged.

In case poor agreement between the two was obtained, more titrations were
made and an average calculated.

In one titration, pH readings were taken with a Beckman pH meter. The
results are as followss (total wolume 250 ce,)

pi of buffer 2.83
pH of buffer after adding indium solution 2.60
pH Jjust before titration 2.7h
pH at end-point 2478

Results: The results of this set of experiments are shown in Table VIIZ.
It will be seen that there is little agreement shown here, although in some
cases, the change of one variable does not cause a large change in the resulis.
Experiment Number 5, which contained the intermediate amounts of both

KsFe(CN)é and KI; seemed to show as little change as any, and it was decided
to investigate other compositions in this region., To do this, the KI
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TAPLE VIII

Results of Preliminary Ixperiments
«999 millimoles IntH+ teken in all experiments

Conce Conce Time of Millimoles
Experiment I~ Fe(CN)GE Standing In found
7l L1 £, « 008 0 -
01 £, »J005 5 244
.01 1, 0005 104 <349
01 £ +0005 15 248
QO.l. fQ 00005 120 094:5
e 01 T, 001 0 =
O £, 001 5 343
0L £, 001 10 2960
tgl fc QOOl 3.5 .958
$01 feo «001 120 + 967
#3 01 f. +005 0 971
01 T, «0085 5% +985
Ol £, #0005 i1 «994
01 £, 2005 16 »996
01 £, «005 30 1.013
201 £ +208 120 1,008
W 05 £, +0008 O +960
05 £, «0005 5 « 364
05 f. «0005 103 «984
05 fe «0005 15 »988
05 f, 20005 120 1.085
#5 +05 £, »001 0 « 971
«08 f. +001 5 +970
«05 fo 001 10 «994
«05 £, <001 15% 1.007
+05 Ta #0001 30 1,015
05 £, + 001 120 1,038
#6 +05 £o « 205 0 992
05 £, +005 5 1,008
05 £, +005 10 1.058
«05 £, +005 15: 1,038
+05 £, «005 120 1,078
#7 «10 £ +0005 0 #9072
10 £, »0005 8 <981
«10 £, «0005 10 1,028
«10 £f. « 2005 15 1.0086
o 10 +000F 30 _1.018
#3 10 £, 001 0 2976
o10 fo «001 53 «996
10 £, 001 10 1,009
#9 10 £. <005 0 -
«10 £, «005 5 1.034
«10 £, « 005 105 1.041

«10 £ +005 15 1,053
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concentration was mainbained at 04,05 formal, while the ferricyanide concen=
tration and the reaction time were varied: These resulls are shown in
Table IX and indicate the existence of a small region in which reasonably
constant values in the neighborhood of the correet result are obtaineda

The effect of change of KI concentration was determined in Series II,
III, and IV of experiments: The EI concentration was kept at 0.07h formal
in Series II, and 0,028 formal in Series III, and 0,057 formal in Series IV.
The results of these ewperiments are shown in Table V.

As mentioned previously, there seems to be a small region of cencentréw
tions in which reasonsbly constent results were cbtaineds In Series I,
Table IV, the concenmtrations 5B, 5D, and SF show variations of about one
percent or lesss About the same variation is observed for concentration B,
D and ¥ in Series II and IV, which contained KI at a higher concentration,
In series iII, where the KI concentration was only 0,028 formal, low results
were obtained in the only two experiments performed. In general, it may be
stated that one factor, possibly two, may be varied simultaneously without
affecting too greatly the results, but no mores This necessarily restricts
the allowable range of the varisbles,

It should.be repeated that the results in the tables are the average
of two or more titrations. These individual resulis quite often agreed to
0.1% but more often disagreed by several tenths of a percent, Even when
several titrations were made, the resulis were inconsistent on the order of
one~half 1o one percent.

In sumary, then, for quantities of indium, in the vicinily of one milli-
mole, or 115 milligrams, results accurate to about one percent have been
obtained. The iodide concentration has been kept between 0.05 and 0,075
formal, the ferricyanide between 0.002 and 0.003 formsl, the reaction time

between five and fifteen minutes, and the volume of solution constant at

250 CCe -
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TABLE IX

Resvlts of Series I, II, III and IV Experimente

Serdes I
Concentration of KI 5 .05 £,

4998 g;;%%ggles_;gf++ taken
millinmolses In found in each experiment

Txperiment 2 74 #5 #50 FEh b FB fiF  Fek {56 6

ce QlG Lo

ExFe(CH)g

E;_zz_:e\ 943 20,511,3 12 13 14 315 16 17 18 20.5
5 minutes «985 4,992 4297 4995 ,999 994 1,006

10 mimites .984 ,994 ,989 1,003 1,000 ,.992 ,998 1,003 1,028
15 minutes 988 1,007 +992 1,003 1,002 1,002 1,012 1,018 1,039

Series I
Concentration oi KI = ,074 £,

* 998 millinoles In""' taken
«9299 millimoles In teken

Experiment # )
#50 #8A #5D #5B  #5F  #5E
Time
5 mimmtes «389 .084 ,.885 1,008
10 minutes «985 1.005¢1,007%14002%1,007+1,010
Series III
Concentration of KI = ,028 f,
2999 millimoles In'" taken
Experiment #
#5A  #5D
Time
10 minutes «375 980
Series IV
Concentration of KI+§+.057 £
«999 millimoles In taken
Experiment #

#5A  #5D  #BB  #SF #5R
m )

10 minutes +993 4998 L9895 1,004 1,012
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Discussions In its present state, this application of iodometry to
the determination of indium cannot be considered of very great value,
principally for two reasonse The first is that the quantities of indium
are usually unknown and therefore the exact quantities of reagents to be
added will be unknown. Unless the indium concentration were approximately
knovm, several titrations wmight be needed in order to determine it. The
second reason is that the effect of other ions on the equilibria is unknown,
Usually indium is separated as the sulfide or hydroxide and redissolved in
acid, so that no interfering ions would be present. However, at least one,
an alkall oxr ammoniwt ion would be introduced in adjusting the acid concen=-
tration prior to titration, The effect of these ions should be known,

The cause of the inherent inaccuracies here is not known. There are two
possibilities, however. One is that adsorption on the surface of the pre~
cipitaete of potassium indium ferrocyanide may occur. Adsorption of either
indium or ferrocyanide ions would give rise to errors. If this were the case,
a possible remedy would be to add some preferentially adsorbed ion 1o the
solution, IHere again, however, the effect of the ion on the equilibria
would have to be studied, and since most ferrocyanides are insoluble, added
complications would arise. The second possibility is that in a complicated
compound such as the precipitate is, smell amounts of other similar compounds
may be precipitated; that is, ones having a different ratio of indium to
ferrocyanides, The surprising accuracy of the results in the zinc titration
can possibly be ascribed to a saturated solid solution of the compound
ZngFe(CN)g in the compound Zn3K2}§?e(CN)51 5 «(LO) A similar situation may
occur here, but with much wider solid solution range. It will be recalled
that Bray and Kischman, in their potentiometric determination, found that

the solution had to be of low ionic strength, otherwise sharp endepoints were
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not obtained. It would be difficult to decrease greatly the ionic strength
in this procedure, but by using larger volumes, or scaling the quantities
down for deteruinations of say 10 milligrams of indium, some improvement

might be realizeds
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A Thermocouple leads E Cooling water
E Pyrex plate ' F Inner pyrex tube
C 35 mm pyrex tubing ' G 51 mm pyrex Turnace tube
D Vacuum & gas conncction H Copper.heating coil

J Transite support

™g. 1. External view of induction furnace and connections,
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H  Thermocouple protection tube

Pyrex spacers J Alundum crucible

Alundum tube K Alloy

Pyrex furnace tube L Magnesia packing

Inner pyrex tube ¥ Zircon disc
Zircon or zirconia powder N Zircon tube

Alundum covers Q

(99

teel or graphite cover
P Steel or graohite crucible

Fig. 2. OUections of induction furnace,



A ——N

Detail of Sample
and Support

=om g

(]

oo

—(Xx

Chromel support wire

Thermocouple insulator

Thermojunction

Porcelain protection tube
Alundum cylinder
Alloy

Magnesla packing

P

2

Cd%per disc

Steel trigger rod
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Microphotographs of Annealed and Quenched Alloys,
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Fig, 26, Microphotographs of Unannealed Alloys,.
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PROPOSITIONS

1. The principle of the orthicon telewision tube could be applied
to electron diffraction work, enabling intensity variations of the
scattering pattern to be converted to electrical quantities.

Rose & Iams, RCA Rev. L, 186, (1939)

2. Electrolytic capacitors of increased capacity might be made by
forming the dielectric film on a titanium or titanium~barium surface.
It is possible that the film might be compose& of the high dielectric
constant materials TiO, or BaTiOB.

Bunting, Shelton & Creamer, J. Res. Nat. Bur. Stds. 38, 337, (1947)
Wainer, Trans. Am, Electrochem. Soc. 89, 331, (19L6)

3¢ Curie temperatures of ferromagnetic substances could be meas-
ured by a method which uses the specimen as the coré of a coil in an
oscillating electrical circuit, When the Qurie point is reached, the
decrease of magnetic permeability of the sample from a large value to
one, the paramagnetic value, could be observed by recording the values
of any one of a number of electrical quantities in the oscillating
eircuit,

. Results of various workers on the electrolytic reduction of
pentavalent columbium in sulfuric acid solutions are difficult to ine
interpret, especially in regard to the linking of the various colors
to the oxidation states involved. Assumption of a series of mixed
oxidation states may account for the facts. Experiments are proposed
which should help clarify the situation,

Golibersuch & Young, J.A.C.S. Tl, 2h02, (1949)

Kiehl & Hart, J.A.C.S. 50, 1608, (1928)

Kiehl, Fox & Hardt, J.A.C.S. 59, 2395, (1937)

5. Wada & Ishii have found that indium is extracted quantitative=
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ly from l«5 N HBr solutions by ether. This could be made the basis of
a volumetric determination of indium,

Wada & Ishii, Sci. Papers Inst. Phys. & Chem Rsch. of Tokyo 3k
787, (29%6)

6. The solubility of indium lodate din nitric ecid solutions
rises to a sharp meximum at about 5 N acid, then decreases to a very
low value in 1L N acid. ”

a. The initial increasse 1s explainable on the basis of the forma=
tion of undissoclated iodic acid, but the subsequent decrease must due
to some other cause.

b, It is proposed that the solid phase in this seconé region is
either pure indium nitrate or a double sall containing both iodate and
nitrate.

c. One test of this proposal would be to determine the solubility
of indium nitrate in nitric acid solutions.,

Ensslin, Zeit. f. Anorg. & Allgem. Chemie 250, 199, (1942)

7+ In the Cu-In, Cu-Al and Cu-Ga equilibrium diagrams, the siruc-
tures of the Y phases are as yet undetermined, since they cannot be
retained by quenching, although their low-temperature modifications
are known in each case to have the Y brass type of structure.

as It is proposed that, due to the apparent speed with which
these transitions take place, they are not polymorphic transitions,
but possibly an order-disorder type.

be The high~temperature x-ray method of Mume~Rothery & Reynolds
could be used to determine these structures.

Am, Soc, Metals Handbook, 1948 ed.

Hansen, “Aufbau der Zweistofflegierungen®, Springer, Berlin

Laves & Wallbaum, Zeit, f. Angew. Mineral. L, 17, (1942)
Hume-Rothery & Reynolds, Proc. Roy. Soc. A167, 25, (1938)
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8¢ The following data are known for some of the Heusler-type
alloys, all having the same body-centered cubic superlatticet
Alley Curie Bohr megnetons Internuclear Ratios
point per Mn atom separation of internucl. sep'n,
¥n atoms (R) diam, ¥n 3d shell
Cu inAl  450° €. LOL 419 2.4k
CufimIn 264° G.  L.OL 1r438 2.56
GuzlmSn w— l.{'. 1’4 ,-[o 36 24 55
It will be noted that the values in column 3 are the same for the Al

and In alloys, while the curie point of the latter is considerably the
lower.

g, It would be interesting to obtain similar data for Cu,linGa
and CuyMinB, providing the same type of structure exists in these alloys,
and to see whether the same statements can be applied to all four
alloys.

b, Another suggested set of experiments would be to determine
the same quantities for analogous alloys, using as the third element
- 51, Ge and Pb, or Be, ¥g,Zn or Cd, Some of thesevalloys are already
 known to be ferromagnetic, and the point to be examined here is whether
the Lth group elements all\increase the apparent magnetic moment of
the mangenese atom, and whether the 2nd group clements decrease it,

Slater, Phys. Rev: 36, 57, (1930)

Coles, Hume-Rothery & Myers, Proc. Roy. Soc. Al96, 125, (19L9)

Heusler, Ann. d, Phys, 19, 155, (193L

Carapella & Hultgren, Metals Technology, T. P. 1405, (Oct. 19L1)

Presemt Thesis

9. An explanation of the large increase in acid strength of
benzole acid produced by ortho-substituted halogens has been given by
Jenkins, by attributing it to the direct effect of the dipole field,
Hydrogen bonding doeé not appear to play a part, although in view of
the geometry of the molecules, il seems rather surprising that it

does.mot. An examination of the infra-red spectra of these molecul es



should throw some light on this question.

Jenkins, J. Chem, Soc. (1939), 64O

10.a. It is proposed that an improved modification of the well-
known crossword puzzle could be constructed using triangular co—ordih-
ate paper of the type used in ternary equilibrium work, thus providing
tri-directional freedom of motion.

b, It is proposed that anadditional qualifying examination, to
be conducted by a suitably qualified faculty committee, be given in-
coming graduate students in chemistry to determine their aptitude in the
field of baseball,





