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IHTRODUCTION

The study of the system iron-tin at the University of
Manitoba was begun in the fall of 1946 by John H. Wood, at the
request of Dr, C, H, Wright, research director of the Consol-
idatedrlMining and Smelting Company of Cenada, who was interested
in the solubility of irom inm liquid tin in connection with the
tin smelting operations of %he>company at Kiwberley, B. C, Wéod
madé a thorough survey of tihe litersture on the system, and
determined the solability curve forkiron in tin Irom 232° to

200°% ¢c. (1),

This curve, however, was kﬂown.to continue %o temperaturés
somewnat above 11009, while at still higher temperatures (and
higher iron content) there was a region where conditions had wnot
yet been determined., The presence of a miscibility gap was |

suspected but neither proved nor disproved,

Thus it was comsidered highly desirable to conﬁinue

work on the system, with a view to completing the liguidus curve,

and settling the question of the miscibility gap. The work may

thus be considered a continuation of that begun by Wood,

>







PEEVIOUS INVESTIGATIONS

A considerable amount of experimental work has been
~done on this system., A review of this work was made by‘%Oedg

for thils reason, only those data referring to the parts of the
'diagram invesﬁigated in the present problem (i.e. the composition

of liquids on the tin-rich side of the diagram) will be reviewed

here,

The ©irst constitutional diagram for the iron-tin

system was that published by Isaac and Tammenn (2) in 1907 (see

'Eigure 1). It was determined by microscogic and magnetometric
study. Their diegram showed a miscibility gep at 11409 and
stretehing from 50 to 89% tin, and a steep liguidus curve frbm 
89 to 100% tin. They made no attempt to irace the miscibility
gap, but stated that it exists because they obsexrved the presence
of two layers in cooled samples., The only figures they give for

the liguidus curve are:

% Iron Temperature °C,

1050
968
833

These points cannot be considered to be very accurate, since
thermal analysis is not very sensitive in determining a steep
curve,

Reinecken {3) also investigated the system.
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by thermal analysis and microscopic examination of rapidly

cooled samples, They gave only two velues on the liquidus curve:

Iron Temperature °C,
5.47 1076

2.45 989

It is noteworthy that the latter temperature varies by more than
150° from that of Isaac and Tammann, for nearly the same
percentage of iron. Wever and Reinecken concluded from their
experiments that limited miscibility in the liguid state does
not exist, The results of their first set of thermal analyses
show a gradual fall from 1132° to 1122% of the temperature of
beginning of crystailizaﬁioﬂ,ffrom,b5 to 85% tinm, but this
might easily be due to experimenﬁal error, since a halt point
as low as 1123° was observed at 41.77% tin, compared to 1130°C.
at 38.17% tin,k Bbth of these points, theoretically, are on’the
same horizontai line, Thus it é@pears that:these results, in
common with those of Isaac and Tammann, are subjedt to error
because of supercooling, | | |
Wever and Beineoken report a second group of thermal

analyses in which samples Wer@fwgll stirred just betfore the

cooling curve was taken, These gave temperatures of 1132° at

50% tin, 1134° at 60%, 1134° at 70%, snd 1136% at 80%., Taese

figures certainly show no drop at higher concentrations of tin.
Moreover, Wever and Reinecken show photographs of the two layers
which, they say, form by settling out of the solid., (They

assumed the existence of a compound Fe,Sn, which was stable

3
between 890° and 11369, but later x-ray work (4) has shown that
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~this compound doeg not exist, and it is not incliuded in present

day disgrams.) They remsrk on the sharpness of the line of

separation,

The denial of the existence of two liguid layers was
really based on rapid quenching experiments. For instence, one
semple containing 70% tin was heated at 14000, well stirred,
then "slowly" cooled to 11609, képt at that temperature for 15
minutes, and then quenched in water, The lower part of the sam@le
was richer in iron than the top, but no distinct layers were
observed., This would suggest that the rspid cooling prevented
the solid from settling out, but it mey be that fifteen minutes

was not long enough for the two layers to separate out.

Ruer. and Kuschmaunn (5) challenged this point of view.
They showed a photomicrogreaph of the bdundary between the two
layers, and stated that such a clear-cut boundary could never be
caused by liquétion, Their picture showed droplets oi the bottom
layer suspended in the top layer, the presence of which, they

sald, was certain proof of the existence of two liquid layers.

Idwards and Preece (6) were the next to investigate
the system. Ty thermsl snslysis they obtained s horizontal line
at 1110%, Their points, however, varied\from 1095° to 1120%
and the method was such that the samples may have been contam-

inated with carbon.

An experiment was carried out to try to show whether

two layers were actually present in the liquid state. A sample

containing 59,5% tin, and covered with gresphite, was heated in a

a
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long, narrow crucible at 13%20% for one and a half hours, then at

1220% for two hours, A 1little of the top portion was then poured

off into water, and the rest of tie sample poured in a long strip

onto a sheet of iron, <The last portion to come out of the
crucible was considered representative of the bottom layer, it
any. Analysis showed 70% tin at the top and 56% at the bottom,
Gdweards and Preece considered tinis to be conclusive evidence for
the existence of a miscibility gap, but they did not pursue tae

guestion Turther.,

Further work has been concerned mainly with the
structure and'odmposition of solid forms, and need not be
considered nere, However, thie dats obtained in the most recent
work, that of Wood, are given in the section under experimental

results,
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NSIDERATION OF THE PROBLEM

As seen from the previous section, the problem has two
parts - the determination of the liguidus curve from 900° up,
kand investigation of the miscibility gep. These ; are
somewhat esimilar in that they both involve ihe composition of
11@uid solutions. In view of the few scattered results of the
brevious investigators, thermal znalysis could not be expected
to be satisfactory Tor the liguidus curve, wnile they did not ob-
tain any noticesble heat ef'f'ects indicating separation into two

layers.,

In view of this, VWood adopted én isothermal method,
He lheated iron wire in contact with tin until equilibrium was
established, and then quenched tie sample in cold weater, An
analysis near the top of the sample gaVeAthe composition of the

liquid,

A word might be said about quenching, WVhen a liguid
solution is cooled we do not obtain in general a solid solution
of the same oompositioh, Tor instance, in cooling a solution
con%aining from 60 to 97% tin, the first solid fo separate from

the solution is a solid solutionrcontaining from 15 to

Other solid phases will form as the tempereture Talls; the

will be practically pure tin, forming at 2320, The;more,ra@i
the'cooling, the smaller will be the crystals of solid that
crystallize out, If the cooling is rapid enough, the crystals
Tormed Tirst will not have had time to settle out é@préciably
before the whole mass is solid. It mey be also that the solids

first formed (solid solution) which are not thermodynemically
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stable at room temperature, may be found because the rapid cooling
does not allow a transformation into tue stable solid forms to -

OCCUr,

Lthough the structure of the quenched ssmple
in no wey resembles that of the liquid solution, the composition,
vﬁaen‘determiﬁed~hyaanalysiS°of a portion taken hy a drill ldrge enough to

_ give a representative sample, is the same.

Thnis method could also be used to show the boundary of & -
miscibility gep, since, if tihe solids do not separate eut, there
will be an sbrupt change of composition at tie interface beﬁﬁeen
the lsyers., WNeedless to say, one must be sure oi heating iong
enough before quenching, and of quenching rapidly enough, to

obtaln the reguired result.

Anotier metihod of obtaining the composition of a liguid
solution is to draw off & portion while the semple is maintained
at the required temperature. This has an advantage in that it

avoids any doubt as to the rapidity of cooling.,

The method of Alexejeff (7) is suiteble for an

investigation of a system having two liquid layers., Here g series

of" samples of vearying compositicn would be heated to the same

temperature, and then quenched., Some would show two lsyers, while
others would not. Thus the boundary of the region of +two solutions
would be determined. This is simple but requires the use of many

samples to obteiln ounly a few points.

In view of the conflicting reports of Issac and Tammann

and Ldwards and Preece on the one hand, snd of Wever and

Helnecken on the other, the first thing to ascertain was, whether




two layers were present at any points in the temperature -

composition area, It might be found whether tie two layers
observed in chilled samples were due to separation of solid, by

to

~guenching a samplé from a moderate temperature {(say 12009
obtain two lgyers, and tien qguenchling one of similserx composition
from a higher temperature, after stirring it up. Assuming tihat
the rates of cooling are the seme; tien 1T two layers are not
iound in‘the second sample, the ides of Wever eand KHeinecken

would appear to be mistaken, while the presence of two lgyers in

botll semples would suppoxrt their view,

The metiiod of taking portions from the not sample should
be useful here also. Portious takentfrom.the top and bottom of
the liquid would not only indicate whether there was a difference
in composition, but also give the composition of each layer. This
should be & definite answer to Wever and Reinecken's theory, since
it allows no opportunity for the settling out of solids, but it

has certain practical difficulties whichh will be discussed later.







The eXber‘mental metﬂods followed a > the lines

/'Suggeﬁted in the previous section, The method of cing portioms
*r01 the hot semples was used successfu L1y fo lig i dus curve,
It proved unsuccessful in investigating the miscibility gap,

ﬁhat the method of Alexejeff had to be used theré‘

A e
MATERTATS USH DR

The tin used in 211 the work was obtained from the
Vulcan Detinning Works in Seweren, N. J. This was termed
"Commercial® tin, batch /7%, and an is supplied with it

was as follows:

00207
trace
aoozww_
trace

Sn (by difference) 99,9957

Hor thne determination of the liquidus curve, Ilerck
iron wire (at least 99,8%) éndvcemco wire (at least 99.7%) were
used, The Hérék wire was very fine, while the bemco wire was

leavier and came in tbreeminch lengths, For the 1ﬁV6531b@tion
T the miscibility gep, Wewco research ?fOH, obtained through
te‘Ca adian Vestinghouse Company, was used, o batch analysis
was available, but the purity of the ifon was guaranteed to be
at least 99.95%. This iroun came in rods 15 cm, long and b nm,

dismeter,




APPARATUS:

The metnod of measuriﬁg aﬂd controlling tiie temperature
.was the same as that used by Wood in his work on this systen,
lemperatures were measured with a platinum - platinum~10%~rhodiqm
thermocouple, This was protected from injury by a sillimenite
tube, The cold junction was a large beaker of water kept at a
temperature of 31,7, and the voltage of the thermocouple was
measured with a Leeds and Northrup Type K-1 potentiometer, aznd a
Leeds and Northrup Type P wall galvanometer of sensitivity 00,0015

micro-ampere per millimeter, This gave an uncerteinty in e.m.f,

readings of less than 5 microvolts, corresponding to about 0,5°.

The thermocouple was calibrated using the following
poimtsﬁ |

Sn Freezing Point 231,9°C.

Po ' i 027 .4

419 .4

AL (99.95%) v " 659,9

Well Uelting Point 800 .4

Ag Freezing Point 960,.5

The veriation of the é,m;f, of a stenderd Pt - Pt-10%-R

with tempevatuve :

thermocouplerwas plotted on a large scale using the data given in
"Temperature - Its Meazsurement and Control in Science and
Industry™ (8), The calibration point e.m.f.'s were plotted on
tne same greph, to allow the shape of the standard Qurveyto be

used as a guide in drawing the calibration curve,

The calibration did not change -noticeably withn time,
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It was not necessary to calibrate eszc 1 ing all the points,
because if one point ¥ inied nstai ne cothers would also,
o suitable substance we evailable for calibrating at a hlgi
temperature, but since the curve Varied very little from the

stendard - about one degree at the lowest calibration point and

. b ) A : . . t.
two degrees at the highest - the extrapolation wasnot likelyaresult

all- appreciable sxror.

The method of temperature control, in brief, consisted
in.ppposing ite thermocouple voltage by a volt age esqual to that
which the thermocouple should generate wihen tie hot junction was
at the desired temperature, and using the off-balance current
wien the hot junction was not at the desired temperature to
deflect a galvanometer. A besm of ligl nining on the mirror
of the galvanometer was thus reflected onto one or othier of two
photo-electric ceTjs, which then acted through an eléctronio
circuit to increase or decrease the current in the heating coil
of the furnace. ¥For a complete description, Wood's thesis should
be consulted, and also his published peper {9}, By this means it

was possible to maintain temperatures constant to within 3°,

-

The furnace was designed to fulfil two conditions:

(1) The furnace itself should be zble to meintsin s

temperature of at least 12000°¢.

(2} The sample being heated should be protected from

oxidgtion,

mooo‘s Turnace did not fulfil these COﬂQltLOﬂS; ‘It had

& ohromcl Leat1ﬁ@ 0011, covered withh Turnace cement, and the




15
S@ﬁ@le'W&S protected trom oxid tlon by being sealed in vacuo
in a pyrex test tube. The fuornace could not maintsin a temper-
’ature of even 10009, while pyrex~appeared to become too Fluid
above 900%fto form a satisfactory protective covering; The use
of silica tubes was sugg lested, but apart from the exsense; tuey
were not used because with samples completely enclosed iﬁ tais
rmanaer? portions for analysis could not be taken in situ, amd it
would be necessary to rely entirely on results from quenching,

which was not considered to be desirable,

For these reagons it became necessar ry to construct
vacuum furnace, or cne in WhiCﬁktﬂe air could be replaced by
inert or reducing atmosphere., An inner wound ¥ urﬁ@ce with
tungsten wire as heating element was conétructed, af'ter the
design of Fehse (10). Such a furnasce requires z reducing aﬁmbs-
Phere inside, to prevent OYlQ@tlon of he tungsten wire, ’This
Would'seIVe.equalLy velW to prevent oxidation of the sam>le.

e

While this furnace was not successful in cperation, it coula heve

been improved so as to make it work. Therefore a description of

the method of coustruction is given,

The metiiod was, es&encvaliy, to wind the tuufsten wire

oh an aluminum mold, pack aoxstenea aluminum oxide around it,
andniheﬁ remove the mold, The zluminum mold was of cyli drlcal
shepe and slightly tapered to meke 1t easier to removekfrom tﬂe
Tcast" of aluminum oXide. It was epproximately eight inches long
and four inches in dismeter., A double thread, to take two heatimg

wires in parallel, was cut on the cylinder, with a pitch of 0.4

The wires were wound on at a red heat, to prevent cracking
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2.

of tie wire. A long brass rod was also threaded, witi tie same

@itoh as tiae aluminum mold, and fastened to the core, as shown

in Figure 2. A nut was made to £it the rod., This nut was

soldered into a pipe flange, whicii in turn was fastened to a board,
The whole ary angement was sag@ortea by a wooden framework, as

snown in Figure 3,

The outer caSing off the furmnace was a sheet metal drum
15 inches in dismeter aﬁd 16 incues high, The bottom of this was
filled with sand, and on ﬁhis WaS placed a porcelain pipe of &
inches internal'diametér. The s§aoe{betWeeﬁ th¢ pi§e and the
side of the drum was filled With'asbesﬁOS insulation, The aluminum
mold with the w1nd1ng attached was susoendea w1th1n ta mipe, and
thie space between,packed Witn moistened'alumlnam[oxide. The mold‘

was tien reloved by scxemlﬂg ugwaxas, 1eaV1ng tne winding beinind.,

a lid was tnen maae ior tﬂe iurnace, by f:l.lllnb a sneet
metal form Wlth alumlﬂua ox1de xnd bl%@lng a sne@t @i asbestos
board over the oxmde to Kee' it fromffallimgiout,ax flrst, It was
expected that the aluminum oxiée~woa1d,héiden'after heating.

Holes were made in the ¢1d for tﬂe tﬂefmocouole, for tubes Tor
removing portions ior aaqu51@, and*ﬁor~awtube to_brimg'in a
mixture of nltrogen and hj&“ en,'%ﬁlch actea as the reduclﬁ&

atmosphere, lﬁls mlxture of gases passed tﬁrougﬂ the furnace and

lef't by two small tubes at the bottom.

The reducing atwosphere was obtained by decomposing
ammonis in & "cracker" designed after that of Larson (11), A
disgram is given in Figure 4, The cracker was actually surrounded

by several inches of rock wool insulation, which is not shown in










17
in the figure, The ammonie, obtalnea in the @nhyerous Torm from
Cenadian Industries leltea {99,98% pure) entereq’tﬂrough tle
inlet at "a", and then passed over tihe steel wool ¢aﬁalyst which
was heated red hot by t%e heatlng 0011 ”b“,/ The gas'then passed
up over the h@mtlﬂg cozl, whloh was at abbut SOOQ;,tﬁen'dowa the

i

pipe “c", up through the 7-inch pipe and out the exit "d", 1In

tils process from 80 to 90% of the smmonis was decomposed:

C 4 BH

2NE --—>1§42 cH

3

On emergnnb i om tae cracker uae ga oassed tﬂrovgy a-
safety flask, Tﬁeﬁ tLe remelnlng ammoala W&S femovcu by bubbling
tarough a lurge V@Sﬁ botcle of eleveﬂ gallons cagac1ty, COﬂtalﬁlﬁg
loﬂ sulgiu;lc acld Wlbu, 11tcle metnvl oramge to SﬁOW'Wﬂeﬁ wll
tﬁe aclid was used mp. Tne gas Was fheﬂ drlea'Wit’, dlClum cthflae
to remove water Va@o wnlcﬁ wa Q'lﬁtroducea @n wéshlng, @nd tien
pesgsed tﬁrovgbja ilow ﬂeter beIore enuerlng tﬂe ﬁurnaee (see

Tigures 5 6, and 7)

Several test runs were made with the furnsce. Temper-
atures of over 12009 were reached, but the tungsten became
oxldized in spite of & rate of flow of gas of &0 liters per hour,

The furnace burned out before zuny résulls could be obtained,

Several improvements, particulerly with reference to
meking the furnace alr=-tight, were thought of after construction
of this furnace. hese were embodied in a second wialch, however
wes dameged in construction. Before a third could be built, an
old Heraeus furnece, with platinum tfoil as heating unit, was found
in one of the 1aboratoriés. This suited our purpose admirably,

S0 that further work on the tungsten furnace was sbandoned.
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Figure 5.

Thermostatted cold junction
Rheostats for furnace
Outlet from cracker

Calecium chloride bottles
Safety flask

Tube to flow meter

Flow meter
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Ammonie cylinder

Wash bottle

for thermocouple




Figure 6

Outlet from cracker

Safety flask

Caleium chloride bottles

Tube to flow meter

Rheostats for controlling furnace
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- The Heraeus furnace had thé platinum foil wound on the
outside of a sillimanite tube  about 12 inches long, with an
inside diameter of 1f inches., By providing inlet and outlet
tubes at the ends, it was possible to pass the hydrogen-nitrogen
mixture through the inside of the furnace, thus protecting the
samples from oxidetion, while at the same time the platinum was
exposed to the air as it should be. The furnace had & resistance
of about 0.4 ohm at room temperature, and required sbout 16
amperes current for a temperature of'll50°Q ine furnace was
operated with the tube in a vertical positioﬁ, end with the
crucible supported on a silica tube, to keep it at the éenter of

the furnace,

After tihe 1iquidué curve had been com@letelj investigated
and some work done on the miscibility gep region, the tube of
this furnace broke and the platinum was dameged, In view of
'1cuities incurred in the suction method of taking samples, 1t
was decided not to repair this furnace, but to revert to the

guenciing method,

The common type of small laboratory furnace at the

University consists of a muffle four inches high, four inches

in inside diameter, and ﬁith a Wail thickness of a littlie over
an inchf this has @ ‘roughly spiral groove on the inside, to
take a chromel heating element, usually of 850 watts. At the
ends of the groove are holes through the furnace wall, through

which bolts pass to bring in the current. For his work Wood

covered the heating element with furnace cement,

It was found that an 850-wabtt chromel element could
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glve temperatures of 1150° and even 12009, in this type of

-

furnace, if the coil was not covered at eny points, but com;letexy
exposed to the air. The type of cement in tiwe laboratorj
furneces melted at these temperatures, lhowever, and it was
necessary to mold anotlier muffle, with & groove to take the

from "Plicast 277, a refractory cement obtained
from the Winnipeg Supply and Iuel Company. This sppeared cuite
cepeable of standing these high temperatures. The onlyﬂdifficulty
thenwwas oxidation of the lead bolts. These were of mild steel
and oxidized rather badly, However it was not difficult to
replace them. The furnace was placed on seversl thicknesses of

asbestos board, and surrounded by several inches of asbestos

insulation,

For & higher temperature, a tube was made of Alundum
cement, three inches in inside diameter, 4 inch weall thickness,
and four inches nigh, This was fired at 1100°Cin the chromel
furnace, and é platinum foil heating element wound onto it, A
pPlain muffle of "Plicast 27", of four inches inside diameter and
about one inch wall thickness, was made to surround tiis, and
the whole surrounded with asbestos as before, This furnace

could maintain a temperature of 1300 with o current of 18 amperes,

In connection with these furnaces o S=kilowatt Ajex-
hrup induction furnace was used %o nomogenize the samples,
1t could heat them above the melting point of iron in sbout 15

minutes, and in addition nad o pronounced stirring,action?

due to the fact that‘the sample acts as the secondary coil of a transformer,

the coil of the furnace being the primary.
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earlier part of the work, samples were contained
in alundum {aluminum oxidé} crucibles, dne and three-eigl ﬂs
inchies outside diameter and three and tiree-eighths inches nigh,
The iron of whicuhever type was being used wes Tirst volished
with emery cloth. ‘“he Wemco iron was cut using a clean hack-sow
blade into pieces ohe to two inches long, Cenco iron into some-
what shorter pieces, while the Iferck wire wes coiled up beifore
using. Xor the liquidus an amount of iron was taken sufficient
to give o sample richer in iron than the liguid was expected to
Vbe. A check was slways made to see thet this had aotually been
tie case, Hor the miscibility gep compositions were clhosen tihat

ell witinin the range where it was expected to be, 7The tin was

melted and poured over the iron.,

The sanple was then placed in the furnace, and most of
the’air was displaced by the hydrogen~-nitrogen nixture before
the current was turned on. The sample was lkept at the desired
temperature for two dajs as & rule, in order to allOW‘com@leté
solution of the iron. In several cases, lowever, after a sample
had been taken, the furnace would be thermostatited at =z higher
temperature for a day, and another portlon taken, so that more

than one poiut could be determined using one sample,

A sillimanite tube was then inserted into the upper
part of the solution, and & portion drawn into the tube by
sucticn,

came into contaot with its cooler upper part., Thus the tube had

to be broken to recover ine sample for analysis. In a few cases,
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some iiqui@ ap@earéd to have run out of the tube as the tube wes
being withdrawn from +the furnace., 1In such cases unusually nigh
percentages of iron were found, presumsbly beceause high-melting

solid solutions had separated on the walls of the tube and tin-

rich liguid had flowed out,

dor similaxr reasons, it weas necessary to analyze the
whole portion withérewn., Because of separstion of solid
solutions, the portion nesr the top of the tube contained much
less iron than the part nesr the bottom. By taking the total
nelysis, of course, this was not important, since What’entered

e tube was necessarily the reguired solution.

Portions from near tie bottom of the crucible were
teken in a similar manner , Care was taken to avoid contamination
kwith solution from tie top by closing the top end of the tube
and allowing the tunermal expension of the zair in the tube to
force out any top layer which ha& entered while the tube was

being inserted into the melt. Samples from the bottom were taken

only in the region where limited liguid miscibility was suspected.

In several cases Where limited miscibility was expected,

Samples were gueunchned, ‘This W&S done by repidly removing the
‘sample from tiie furnace and placing it in a close~iitting copper.
mold surrounded by éold water, Solidiifiecation reguired two toVk
three minutes. More repid cooling,would,have been desirsble,

but tihe insulating naturé of the crucibles made this difficult

to obtain witihout pouriag the samples, which Wouid have ruined
any boundery between two layers. These quenched samples were

hacksawn in half vertically and drilled for analysis at various

points,
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Two other methods were used in examining the samples.

Several sampleés were polished, and etched with dilute hydrochloric

acid, The samples were first filed roughly flat, and then a
plene surface was obtained by grinding on a'steel grinding wheel
with cerborundum powder. The sample was next polished successive-
ly on 0, 2/0, and 3/0 @olishing pepers, using = solution of
Pereffin in kerosene =28 o lubricant, and they were eafefully
weshed in werm kerosene when changing frow one paper to the next.
The final polish was applied using a suspensioh of ‘soap and
Norton's levigated aluminun oxide in water, on a cloth lap.
Various concentrations of acid and various times of etching were
tried, but the etching process did not seem to be or great
importance, since the great difference in herduness between the
t@o main pheses present allowed them to be distinguished very
easlly even without etching. These polished specimens were

exezmined under s microscope, and photomicrographs were taken,

-

Also, a sample was tested for hardness using a Rockwell
machine, Thenks are due to ¥r, Donald Thompson, of the Engin-

eering faculty, who carried out this test.

following the failure of the Herseus furnace, and the

sempling (as will be
described below) the method of A eff was adopted. The
method ﬁas briefly to melt th in ar iron togetiier in the
inductlon furnace, then malintain it at sonme cdnstant temperature
‘in the mufile furnace for some time to allow separation o liguid

eyers 1 this was to occur, and tien to quench the sample and

exemine it for the presence of two layers,
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A good deal of trouble was experienced in obtaining
sometﬁiﬁg to hold thé Sample,,,lt was found thatkalundum crucibles
cracked in the severe temperature gradient in the induction
furﬂace, Hickel crucibles melted, Gra@hite‘crucibles were
found to be satisfactory. They became very hot and burned S0me~
wiat, but not seriously. Also it wes Tound that samples sealed
in glass under Vacuum were able to stend very high temperatures.
The method was to place the glass-covered sample in the grephite
crucible, and fill in the space between sample and érucible'ﬁitﬁ
dry alundum cement, This hardened in the intense heat of the
induction furnacé, wilile the glass melted and formed &’remark-
ably good protective covering over the sample, Thuszhere was
no necessity for an atmosyhererf bydrogen, whlch was im@osSible

to sustain when transferring the sample from the incduction
Lo iy

furnace to the muffle furnace.

1t was found that an houi and a half was sufficient
time in the muffle furnace to show the presence of two 1ayers.
In those samples near the iron-rich side of the gap, the division
between thne layers was easily seen, hut with samples near the
tin-rich emd\iﬁ was ﬂeceSsary'tok@oliSh the samples and examine
microscopically for droplets of £héMbottoi!layer suspended in’
the top. Samples were chosen so that the'siﬁes of ﬁhé gap were

bracketed - one sample showing two lsyers and anotlier of slightly

Gifferent composition only one layver, at = given temperature,
T ; B sy “@ 9. ‘ & h -




RTHOD OF CHEN

- metinod of analysis for iron in the semples was
standard, and very simple. Solutions of gotassium;diohro@aie of
epproximately 0,01, 0.02, 0.05, and 0,1 W were made up. These:
were standardized usiagyﬁerck'irOﬂ'wire, A suitable amount of
ironywas weighed, and dissolved in 10 cc. of co@centrated hydro-

cihloric acid contained in a 500 cc, Erlemmeyer ilask.,

The solution was heated to boiling and 157 stannous
chiloride solution added drop by drop until the yellow color of
the ferricitom diseappeared, The solution was then cooled and
diluted to 300 cc.3; 10 cc. of 3% mercuric chloride Solution,

10 cc. of syrupy phosphoric acid and 6 drops of 0.2% solution

of barium diphenylamine sulphonate were added, ‘The solution wes
‘titrated with the potassium dichromate to the violet end point,
According to Kolthofifand Sandell {12), for this amount of
indicator, a éorreotion 0f 0.24 ml., must he subtracted from:the
titration as an indicator blank for 0.01¥ potassium dichromate,

and corresponding amounts For +the other concentrations.
- & 5

The phosphoric acid was added to reduce tihe oxidation
potential of the iron. The dilution was necessary to reduce the
chloride ion concentration to less than 2N, At nigher concen-

trations, chloride ion is oxidized by dichromate,

for the samples, the method was essentially the same,
except that after the sample had all dissolved, the tin, which
dissolved as stannous chloride, was oxidized to stannic chiloride

v bubbling chlorine through the solution until the yellow color
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of ferric iron was observed., The s . was tihen heated and

tihe stannous chloride reduction cerried out. Here the stannous

chloride reduced not only ferric iron, but also any free chlorine

left in solution., The analysis then proceeded as described sbove.
Hydrolysis of the stannic chloride sometimes occurred

during titration, but this dicd not fect the end point, as was

- found by adding pure tin solutions +to welghed amounts of iron,

The burette was calibrated to ensure accurate volume

readings,







The solubility

ood and myself,

Table I

Iron content of solution in equilibrium with solid phase

°c. Weight % Iron

mperature
270 0047
329 0073
382 L 0R3
389 L0R9
384 ,022
4571 JO4G
454 043
483 070
502 087
B48 o141
576 . 169
594 AN
606 221
837 W DRE
654 0 D2
700
T4E
713
75
787
795
801
826
84.6
887
895
16
938
262
1008
1045
1065
1128

1128

Wood showed also that the eutectic at the tin-rich end

of the disgram contained 0.00




are given 1

on the

Table 1T

{:}s“‘
I.._! n
-t
Fde
C.}.
A

Boundaries of the misci

Q) e
H oo
e 8 5

Iiron rich
boundary
elght % I

"8y
S

3
O
&

40,1




~
¢p)

CUBE

i




,TZSGUSSIQﬁﬂﬁﬁfmmSUL 2

atures given in Table T are accurate to = 39,

The ecuracj of ti hiaks! veries with the @ercentage of iron
in the samples, The values for points above QOOQ’ obtained by
the volumetric method, are accuraie to one parit in 300, x1176

Wood's values, obtained colorimetrically for samples containing.

very little irom, are not so accurate,

If there were any errors in sempling they could not be
estimated directly. They would be random errors, and coulﬁ be
estimated byVObserving'how well the @Oihts fell on @’smoéﬁﬁ
curve, Trom Figure 13 it nay be seen that these erroréyafe
small, BExemination of a 1arge scale graph shomea that only oune
of the eighﬁ @oints above 900% lies farther from = smooth curve
than could be expected from the ergors in temperature and

anelysis.

The question of atta 1n@ent of eguilibri 21 wae inves-
tigated by Wood., It is generally considered desirsble in work
of this kind to aporoach the equilibrium condltlon Iron‘both
sides., 1In this case, that would mean to do one set of experiments
as we have, heating iron in cohtaéﬁ with liquid tin at the '
a sit d temperature; ~and another set of experiments in which the

iron and tin are heated at a high temperature, and then cooling

to the éesireé,temper&tureg in which process solid phase would

semavate unt 11 a s@turated solutlon is agein obtained, Identical
values for the,composztlons of these two solutions could be

considered proof of a true equilibrium condition,
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Wood Tound that this process was not practicsble in
our case, since the éolid phase did not settle to the bottowm of
the crucible on cooling, but remained in suspension., Uood
therefore did the next. best thing. By hesting samples at the
same temperature for different lengths of time, he found that,
- using MMerck or Cenco wire e, at temperatures above GGOQ; sarples
heated a day or more gll had the seme composition of solut;on°

Presumably that of the saturated solution,

o experimemts’of this sort were'ddﬁe by myseif, 5ut,(
as stated previously, several portioms were often taken from the
same gample &t,difféxent,ﬁemperatures, Usually & day was allowed
for the new equilibrium to be established. Some of the melts,
therefore, were heatea for several days and some for only one, but 

all the points so cobtained lie on a smooth curve,

In the miscibility gep region, there was no doubt as to
Whether the iron was all dissolved, since it was, actually meltea
in the 1nauctloﬂ Iur@ace, and well mixed with Ehe tin by the

stlrring action of the furnace.

The presence of twc 11qu1d 1ayers was proved beyond
reasogﬁble doubu. One sample wa.s heated to tle meltlng poznt of
1rg;f;§)tﬁe 1nducﬁloﬂ Iurnace, and then a110wea to cool in tne
furn@ce w1th t&e power off. It requ1red about iorty mlnutes to
cool to EOOC. The original sample cbh%aine& 28.0% iroﬁ. Drillings

for analysis were taken at four points spaced equally from top to

bottom. Irom top to bottom the analyses were:




Another

sample containing 24,47 iron was

induction furnace,,but'duemche& repidly (tvo ﬂWﬁutGS to room

temperature);"”nxs S&ﬂyle 11 cewise Qnowed no sa@aratloa 1ﬂto
1ayers. 7ifese experlmenbs showe nat the layers observea in
other oases were not due to the rgpid settlvﬂg out of solla, as

‘Q;elnecLen nad wuggeste&.

k”0n tne otner a;nd many s¢moles Soﬂhaldiﬂﬁy rom.tweﬁtv
to forﬁ, Dercent 1r0n were heated above llﬁoofln une,’ sistamce
furnaces , the temperature being kept constant for one %o forty-eight
hours before guenching, in these cases quenchied samples always
showed & distinct line of seperation between two layers., Thus
the benevior observed was the very opposite to that which Wever
and Heinecken's theory would suggest, and points deiinitely to

the existence of a miscibility gep.,

‘ne stﬂucpure oi the auencﬂea,samglea is very
interesting to ooservei' xlgareq 8 to 1z are pﬁotomicrocraons of
e sample GOﬂb@lﬁlng 2? Sf lron, quencaed xrom 1166 % ihese are
all at a magnlilcatlou éi 100 dlameter&,yylhls samole srowq a

herp division 1nbo two 1aJer . Elgure 8 shows'nart of the
dividing line, Tach @i the 1 ayers has a tynloal structure,
upper has a light colored continuous component which from
Pigure 1 is seen to be practically pure tin (.004% iron) with &

all amount of the various intermetallic compounds, and a dark




Figure 9
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GOM@oneﬂt,scatt@re& through it which i1s & solid solution, shown
by VWever and Reinecken to contain about 82% iromn. 1bj¢ 1attéf
is very heard compared to the tin, as the tin has been removed in
volisning, leaving the solid solution in relief. in the bottom
ase tie solld solutlom 13 mucﬂ uore oronlﬁeﬁz "&cﬁually in
solutlon suows ug too mucﬂ, on account of

In the 1owe; 1ﬂ“e§ t&e solxa olutzou eppears to
be continuous: in ﬂcCKSLT ng the sagple lﬂ ngﬁx b@iofe taking
the pictures tie lower a@lT was ¢0und 99'b6 m@cﬁtmarder tinan the

LOD .

In Figure 9 are shown two large {0.2 - 0.3 mm. diamete
drops of lower layer suspended in the top laver, The lower
is resting on the body of tune lower lezyer, Hotice the clear
of separation around each drop, Plgure 10 shows a number of
smaller drops which are, ﬂoweﬁer, in the center of the upper

leyer. An wﬂa¢ySiS of this @ari of the s@mgle woulc give & hign

value for tioe iron content of the upper lc}ere

Figures 11 aﬁ§7127are botﬁ“of tue b0ucom layer.

First is nesr the center*é

Thne difference in struc tureytf- 'be mue to dlIfereﬁt fates of

was carried out on a sample
containing 29.8% iron, and guenched from 1176%, This sauplie was
cut down the center and filed flat, and a series of hardness
readings were taken in a line from top to bottom. ‘fhe readings

on the "B" Rockwell scale, ares




Figure 11

Figure 12
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19
23
21
45 {on line between layers)
99
100
100
100
Tne flgures for the top leyer may be high 51nce the 1/16“ ball
used ior tne “B“ scale sank so dee@ly 1nto tae top laver tb t
1ts’su§@orb touched tﬁe sample. A sepmrate set of Values @51a
a 1’4ﬁ ball {“L“ scal gﬁ was bauéﬁ on the ﬁop 1dJer. Tnese gave,
from.toy to botpom:’ _ 91 o : :
L 98
89
However the Dbottom iayer waé toé hard to gi#e readings with such

laxrge hall,

Thesc t@Sta show taat bwo’ne&rlv bomo eneouﬁ layers
are preaent, wwti a Sﬂarﬁ br ea? Lebmeea them, The very greaﬁ
dliLerence wm hardae%s is ﬂot dae oaly to a lgsger amouﬁt of
Solla QOl&thﬂ in *ue 10 T le’e hut wlso to & dll ereﬁce in
structure whioﬁ is shbﬁﬁ wéil iﬁ Pigure o.k iﬁ tie vpper layer
tie soft tin’phase is coﬁtﬂﬁuéﬁp; mulle tge ﬂuf@ vnild &olutton
iS/ﬂ Tty aud nence contributes 11 t to the haranesse”;ﬂ tie
lowerx 1ayer the scolid solu tlon ig falT v éonéinuous,,gnd,taus~
tite hardness obse rved spproximates to that of the solid solution.

¥ upn geale - 1/16" ball, 100 kg. major load.
“L" scale - 1/4" mall, 60 kg. major load.



portions from the hot e;a] s
1200%, values for the upper
renged from 19.0% 51 . 2% irvon, and for the bottom layer,

I verbaelesb 1t mey seen that the me

direct experimental evidence for the ex 15L@uce of tvo TQTelwg

Tor there is no possibility of liguation in this methad of

sampling,

i
&

he feasons for this erraticfbéhaﬂior are not,entirely
understood, One of them, illustrated in Figures 9 and 10, is
that droplets of the bottom layer were suspended in the top
layer, The reason tﬂ 2t the method worked so well for the curve
below the gep is that in thaﬁ case there was o hesvy solid
solutlon in eau111br1um.w1tu Lue ligui d‘ and the solidysolutidn

kapb out of the way at the oot om,oi the crucible,

The figures in Table I 1’were obtained by exemination

of 19‘sammles,pusing/thefmethoé Qf‘Alexedefi. The,Values daﬁ be,
Sl ce m'moder%te auiuzt af -

each layer ”

containing 1

xeason, Whemever tnero was Oﬂl 2 ttle ot S tog 1a¥°rs lt
alW 0071ccﬁed at the tOﬂ of ﬁue uamnle, and coula be'seen with

tae ﬂ«%ea eye,

Tt would heve been desirsble to have traced the gap to
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albncr ﬁemaevaburcug‘bui'%hié was iﬁndggiﬁle’wiﬁﬁ thé eqﬁiﬁ@eﬁﬁ
& @11aole,,’£ samgle containim@ 29 0§ iron (i.e. at the center
ot tae gao to glve eau@* SﬁOUﬂbu of tﬁe 1averw) Was ueaﬁea in
’he | ctloﬁ iuspaoe to 2 temperaiure above the melting Oolﬁt
of iron - probably sbout 1600%. On examination aftexr quenching,
large droplets of ome layer in another were observed, By means
of an optical pyrometer the temgeratare'was,read at about 14009;
but with a shining liquid surface in the open, temperature readings
are low by this method, For steel the correction is about 125°,
‘Here it would be even more because the sanmle had no oxide coating
since it was protected by a pyrex glass tube, All that can

really be sald from this experiment is that +two layers are present

a2t a high temperature, probably sbout 16009,

Lo complete the ¢1cui0us curves, two otier points should
be settled - the temperature of(tne,base of the oy and the
position of the liquidus curve on the iron rich side of the ga_;
THo experimental wor I W;U'QOﬂe on ﬁhese, but the,daﬁanpbtained

heave some effecth on their Oﬂob@w¢e le&bs.‘

fﬂo ng reg in Table
vrolints 1ﬂ fable I s&o& tua

1128 and 1owerfthan llﬁO%ﬁ',Tﬁas,la,i%:Seen that

freece were in error in placing the horizontal at 11109,

otaer two pairs of workers, Wever and Iieinecken g

nad the most refined technique and the,purestﬂmaierials,
average of their second set of thermal analyses

probably better than any of thelr first set (which are>1ower)
because of the @resenoe of the two layers., In the first set, With

noe stir Plﬂbs he Doﬁbom layer, from which tlie solid solution
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?rst, was mostly at tae bo**om oi tﬂe cru913169

in the'secQﬁ@ set, where the solid
Soluulon Seoar ted throughout tie solution,

A considerabléyémouné of persdnaiyoyinion enters into
sucn a cuaoice, Othérs might chooée the highest tGM@erature in
the set - 1138%C - on the taeory that no thermel. effect can be
observed until some solid has separated, and thaf ﬁhefefore ﬁhé 
'azguesﬁ temperature w111 be the most nearly correct, and the
lower ones show tiae effect of varied emounts of s‘@eféooliﬁg; 
It is seen tﬁaf %here is the possibility of a)few'degiees error

any figure assigned,

the previous workers had all assumed that %ﬂe high-iron
liguidus curve came down to about 1140%1by tie time the cambogifion
was o N’irom, However, it is snomn nexe tnat tie curve Lermlnmues
1134%; and AO 0% iron,
issac and Tammanm evér aa? Refﬂe cke en, aaPQ myseli 13

,gifeﬂ, The eztea51om oz tﬂe ou;ve doés ﬂot seem to do toa
'V1oleace to tﬂe exaerlneﬁtal ﬁOLﬂﬂS,’albdougiy

the previous’ 1nvebt1gaiors Ql& HOL notloe tﬁd’ 

to AOU irom. The curve must approach th 120ntal, so tuat &ne,,

thermal effect would be, combined w1tﬁ th t occvr¢1 o mt lloﬁ%

A comp ete diagream of the 1liquid cur ves is gvven in
Pigure 14, Thls is also based on the results obtained in the tkreef

1nvest1gatlons mentloned in the Drecedlng paragraph
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SUMMARY

1. The liquidus curve of the iron-tin system has now been determined from the

melting point of tin at 232°¢. through to 1134°C, (see Table I).

2. The existence of a misecibility gap has been proven, and its limits

determined from 1134°C. up to 1300°C, (see Table 11).
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