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_An investigation of the constitution of the meroury-tin syatem was mode by & combina-
tion of fhrea mﬂlni%ea: differential thermal anaiyais; diffuzion snd chemicsl analysis; snd

X-ray diffraction.
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1. Introduction

Diental amalgam has been developed to a stage
where it is in many ways the hest restorative mate-
rial available to the dentist, and is used in more than
three-fourths of all dental fillings. Nevertheless, it
has ¢ertain undesirable preperties which limit its
uzelulness, auch as its tendency to flow under low
compressive loads, and its susceptibility to brittle
fracture at moderately high loading rates. The de-
velopment of these alloys to date has been largely by
empirical metheds, Hope for further improvement
appears to depend upon a better knowledge of the
underiying metallorgy.

The mercury-silver-tin system, on which dental
smalpams are based, has been studied Ly seversl
workers since Joyvner {1} ? published the resnlts of the
first investigation of the system in 1911. However,
progress in developing an understanding of the ter-
nary alloys has becn unpeded by the lack of 2 well
established diagram for the mercury-tin hinary eys-
tem, Portions of the diagram arc incomplate and
much of the remainder is in dispute. This study was
undertaken with the purpose ﬂFimpmving the knowl-
edge of the mereury—tin alloys as an essential first
step toward the understanding of dental amelgams,

2. Pravioua Work

The number of published investigations of the
mercury-tin ayatem iz small and many of them sre
confined to studies of portions of the system. The

1'T'his arthls i besed io part o & disertption sehmitted bo Georratorm T
weralty by Dy F. Taylar @b partial fulfilment af the requireinenta for Lhe
degrie of Thclor of Philesophyr,

t Figuras in byaekwta leulicate the 1lterature refrrences st the end of thia paper.
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experimental difficoliies occasioned by the low meli-
ing point of mereury, and the lack of interest caused
by the limited commercial application of these mate-
rials, have comhined to restrict the amount of effort
devoted to the study of theze alloys.

Fitiure 1 shows the currently accepted di)a;lgmn
for the mercury-tin gystern as given in the Metals
Hendbook [2]. Tt differs only in minor detail from
that given by Haaser [3]. The liquidus is well
estabhshed, having been investizated by several
authors [4, 5, 6, 7). Of these %e work of wvan
Heteren [6] was the most extetigive and probably
the most precise, but there is good agreement
between his results and those of the others.
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The solubility limit of metcury was determined
from the elecirode potential messurements of van
Heteren [6] and the X-rav diffraction studies of
Stenbeck [8]. The gamma phase was first, identified
by von Simson [8], who established the eomposition
limits essentially a2 shown in figure 1.  Stenbeck [B]
confirmed her findings and ried evidence of an
additional strueture, presumably of higher mereury
content.

The beta phase was dizcovered by Prytherch [10],
whose work unfortunately has never heen reported
excapt to the extent that it was quoted by Gayler
111]. It appears that Prythereh’s [10] disgram was
baged primarily upon thermal analysis dats, showing
an areest at the betn peritectic temperature. The
existence of the beta phasa was confirmed by tha
high temperature X-ray diffraciion studies of Raynor
and Lee [12], slthough this finding is in apparent
conflict with that of ubert et al. [13], who con-
cluded that the beta and gamma phases were
identical.

The existence of a dalta phase has been a mntter
of poma dispute. Goyler Hl] obtained & series of
arrests in the course of thermal anslysiz of high
merenry alloys, which she attributed to a proposed
delta phaze. Her observations on ternary alloys
also appear fo require the existence of such & phase.
Troiano [14] also Bupig;:nrt.ed the existence of a delia

hase, but his X-ra dingz have been contested by
ainwright [15]. ﬁﬂ]‘ﬂ recent work by Ryge, Moffett,
and Barkow [16]. Faitharst and Byge [17] andd Dreiner
[18] hae produced ne evidence lor gle existence of the
delta phase The uncertainty about the delia phase
8 indicated by the blank region in figure 1 where
this phasa would be expected to appear and by the
nelusion of portions of the delta peritectic line.

The evidenca for the epsilon phase as shown in
the figure is almost equnﬁv weak. The indicated

eritectic temnperature is based upon van Heteren's
ﬁi] work, and appesras well established, but the
composition iz dependent upon Prytherch’s [10]
unpublished findings.

Tha lack of agreement between the resnlts obtained
by different metheds, and between those of different
anthors employing the same or similar methods, has
caueed sy conclusions abouat the high mereury solid
phases to be very speculative.  This uncertainty is
carried over to the silver-lin-mercury ternary
diagram where the tin-rich ¢corner ia largely unkoown.

3. Choice of Ezperimental Msthods

From a number of possible methods of study,
three were selected that appeared to be purticulariy
well suited to the alloy systein and to complement
each other. Thesa methods were differential thermal
analysis, diffysion and chemical analysis, and X-ray
diffraction. These methods had the added advantage
that they would be similarly useful in an extension
of the work to ternary nlloys.

Differential thermal anslysis, a traditionsl and
basic approach, has several specific advantages. Tn
the merenry-tin system, thermal wnalvsis waa the

method used in the original detection of both the
beta. and delta phases. lis employment in thia
gfudy offered a direct check on those findings. At
the same time, it provided a tiedn to the well
established liquidus detsa. The main drawback to
thiz method iz the susceptibility to suppressien of
certain phases in peritectic systems at fumtin and
cooling rates normally employed. This tendency
can be partially offset by the use of high-zensitivity
differential techniques and low heating and cooling
rates.

Diffusion and chemical analysis was chosen as
a second method primarily because the diffusion
can be performed isothermally and the, pm]un%ed
retention of nonequilibrivin phagzes formed at higher
temperaturaz can be aveided. Tt wlzo parellels the
normal procadures in the use of dents] amalgams
and thus might shed some sdditional light upon the
mechanisms of the amalgam setting resetion. The
mathod is more effective in the determination of
cotmposition litnits thon in the determination of the
range of temperature stability.

-ray diffraction was selested as an adjunctive
method to the thermal analysiz and diffusion tech-
nigues. The ability of X-ray diffraction to identify
individual crystal structures and thus demonstrate
the presence of an individual phase in & mixture ia of
particular importance when used with diffusion
specimens. As & seporate method of identification
it permits the econfirmation or refutation of the phase
sequence proposed by chemical analysis.

4. Materials Used

The compoeitions of the mercury and tin used in
thiz study are given in tables 1 to 3. The mercury
used wue ohtamed from the Inorganic Chemistry
Section of the Nations! Bureau of Standards, where
it waa refined, The values of table 1 are maximum
values from repested analyses of various lole, rather
then that for t.I;IE particular lot used,

TaBLE 1. Cantpaxilion of the mercury® uzed for the preporafion

of ppecimens
Elemant Maximom
content
rm
ComHned noble metals._______ L
{AL, Au, Ir, D4, Pt, Fil)
Combined base mataly.. .. ni
Meroury Palance

*Retined moccary, Ivwganic Chertlatr 7 Saetion, Matictal Blrean of Slandards,

Two lots of tin were used. One lot consisted of
Baker and Adamsason Reogent Grade Tin Sticks pro-
duced by the (General Chemical Division of Allied
Chemieal and Dwye Corporation. This metal was
used for & limited number of the carly tin diffusion
specimens. The manufacturer's reported analysis
i given in table 2. The other lot of tin, which was
uged for all remaining diffusion specimens as well as
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all thermal analysis and X-ray difftecticn specimens,
wis Tadanse Brand Tin Shob obiained [rom the
Conzolidated Mining and Smelting Cotnproy  of
Canads Limited. e spectrounalysis of s tin,
table 3, was performed by the Spectrochemistry
Section of the Nalional Bureau of Standards.

TapLE 2. Comporition of the tin* waed for the preparalion of
iniltal diffuuton apecimensy oo reporled py fhe wenwfociurer

Element

*Baber pod Adarassn Beapant Crgde Tin ablsis, Job G308,

TsnLE §. Comporition of the Hin* used for the Frﬂpurnlfﬂﬂ of
specimiens as delermiened by speolroanalypris

Elemont Marianm
coubet
PRttt
1
itﬂ
L3
i
Lb
15
z
[IN]
]
13
w
"Tadunse Brand High Purity Tin Shot, ot IICM

02,
"t ADproximate valwe oly; o error. of Lo 5% of the] lnd{rwted_valie ks
¥

Itke]

5. Differential Thermal Analysis

5.1, Equipment

The resulte of previcus astudies of the mercury-tin
system that emploved therinal analysis as a tech-
nique [, 6, 10, 11] led to the expectation that the
thermal effects of interest were apt to be small. In
addition, the desirability of using low heating and
cooling rates to permit closer approaches to equilib-
riom was expected to increass the problem of
observing small heat effacta. In order to obtain
sufficient semsitivity, a differential method was
employed using mercurv as s reference substance.
This method produces significant increase in sensi-
tivity and iz well snited to the detection of trans-
formation in solid alloys [19].

The furnsce used for this work was a vertical tube
Furnaece, 11 inches in digmeter and 21 inches in
lenpth with a lumen 1% inches in diameter. The
power supply to the furnace was provided hy three
transformers arranged in series. The frst was &
conetant voltage transformer which served to sop-
press fluctuations in line voltage. The second and
third transformers were varigble transformers used
to provide sensitive control of furnace temperature.
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The specimens were assermbled for insartion in the
fyrmaece as shoewn in fipura 2. The tamperature-
indicating snd differential thermocouples were in-
gorted in the specimens, and both the experimentsal
and reference specimens wore placed in a Pyrex
sheath, A Tecflon spacer scparating she two apeci-
mens was drilled sod grooved to permit passage of
the shermoeguples, A sinilar spacer nbove the
reference specitnen served to hold the end of the
porcelain thermocouple tube.  This tube also passed
through the flanged Teflon plug which closed the
upper end of the sheath,

The azzembly in turn fitted inside a heavy-wall
copper tube which served to minimize the tempers-
ture gradient slong the furnace. The flange on the
Teflon plug subsianiially filled the inside diameter
of the copper tube. When the copper tube and its
eontente were placed in the furnace, a tﬁlughmllew:i
from asheet ashestos was placed around the thermao-
couple tube and slid down until iv filled the furnace
lumen just sbove the top edge of the copper. A
Aanged magnestte plug was then added to close the
upper end of the furnace and to serve simultaneously
8% u support for the thermoccuple tube. Under
nortinel eireumetances the copper tube was not re-
movad from the furnace when the specimen was
clﬁmged but was allowed to rernain in the furnace as
a liner.

THERMOCOUFPLE TUBE -t
(4 HOLE]

TEFLGN SPACERS

COFPPER TUBE

FTYREX SHEATH

WERLUFYT REFERENCE

SPELIMEN I|I| .\_
TEFLON SPACER
LAN L C o |.
TEST SPECINEN m r L

THERMOGOURLE

TEFLOW SFACER LAYOUT

Figure 2, Thermal grafycts specimen arrongement,



Figure 2 alsc shows a schematic drawing of the
thermyoeouple arrangement. A 28%-gage iron-con-
stantan couple was used to measure the tempernture
of the specimen. The hot junction of this eouple
was located in the thermocouple well of the test
Bpecitrien,

The temperatnre differentizl was messured b
means of a two-junciion irgn-constantan thermopile
arranged as shown in fipure 2.

5.2. Specimen Preparation

The thermal analysiz specimens were prepared in
Pyrex tubes with reentrant thermocouple wells,
similar in design to these employed by Mwrphy [20].
In order to maintain approximately constant areas
for heat transfer, the specimens were prepared
to constant volume rather than constant weight.
The volume used was 3 ml, which produced a spaci-
men about 30 mm long with the end of the thermo-
couple well approximately centered in the gpecimen.
Weighed smounts of tin and mercury were placed
in tfe tube and & sealed stuffer tube was a.dged 1o
fill most of the space below the intended seal. The
tube was then repeatedly evacuated and flushed
with dry hydrogen and was finolly sealed with &
residual hydrogen pressure of 2 to § mm of mercury.
The alloys were then homogenized by heating to 250
°C and holding at that temperature for at leasi 1
hour, with repeated vigorous shaking. The tubes
were then quenched in water at 20 to 25 °C and
placed in an air bath at the selected annealing tem-
perature,

The nominal composition of the mercury-tin
alloya prepared for thermal analysis is 'iiven in table
4, The compositions are given in bo irht and
atomic percent; however, for convenience of discus-

TabLe 4, Noeminal compoplion end Nguidus femperatyrer
of thermal anolysis specimens
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sion the specimens will normally be referred to only
in termy of their composition in weight percent.

limited number of yees indicated that the actual
composition of specimens prepared by this technique
did not differ significantly from the nominal values,

5.3. Experimental Procedurs

The individual specimen was removed [rom the
annealing oven and assembled with n reference spec-
imen of pure mercury, as shown in figure 2. No
atlempt waz made to maintain the specimen at the
annealing temperature during this process, a.lthqufh
the operation was completed as rapidly as possibile.
In tha case of apecimens annealed at the higher tem-

eratures (such as 85 °C) the necesaity of manipu-

ting the specimens resulted in their being cooled
at least to n temperature where they could be read-
ilv handled. After the thermocouples had been m-
serted and hLoth specimens positioned in the outer
glass tube, the assembly waa inserted into tha fur-
nace. The furnace temperature bad been adjusted
previously te an initial temperature et or below the
annhealing temperature so t the firet teat run m
each inetance was a heating run. .

Most of the individual heating and cooling runs
were mada at & constant applied voltage. This re-
sultad in a high initisl heating or cooling rate as
the tempersture digtribution within the furnace ad-
justed to the changed power input. After a tran-
siont period the rate was found to stabilize and
slmost any rate desired in the 200 °C range of inter-
est eould be chisined by the proper selection of the
applied voltage. In u limit numbar of instances,
where very gl?:rw rates spemed deeirable, & cloek
drive was employed to vary the woltage.

Readings of the specimen temperature and of the
differential temperature were made at regular inter-
vals, normally every 2 min, except that at the higher
heating and cooling rates 1-min readings were taken.
In addition, an atiempt was made to oblain extra
readings at the maximum and minimum differential
readings. With the heating rates mest ¢ommonl
emploved, this procedure led to readings in interv
varving from 0.2 10 (.5 °C.

After the initial hesting run and all subsequent
heating and ecoling runs, the specimen was held at
s constant temperature for u period of time to per-
mit the temperature distribution in the furtace to
atabilize and to promote at least partisl equilibriom
of the specimen, In some cases in which substan-
tial variation oecurred betweoen the results of annesled
and nonannealed runs with the same specimen, 16
was returned to the oven for extended reannealing
prior to additional tests.

5.4, Hesults

A total of 153 hesting and cooling curves were
run on the 18 experimental alloys and the pure mer-
cury and pure tin calibration samples. A minimum
of six test rung was made on each mﬁfusmon.
Heating and cooling runs werc customarily alter-
nated with varying snnesling times preceding each



heating curve. The results are divided into three

groups for convenience of diseussion: Liquidus de-

terminations, low mercury alloys, and high mercury
alloyz.
a. Liguidus Determination

The liguidus temperature was determined for aach
compoeition studied by both heating and cooling
gurves. Table 4 presenis the observed liquidus tem-
peratures for the allovs studied. Sioce the ligquidus
was already reasonably well established, a change
in technigua to reduce tha uncertainty did not appear
jusiified. The ohzerved values are in iond general
agreoment with earlier wvalues, though averapging

htly lower than those of van Heteren [61.

k. Low Mercory Alloye Ot 18 Parcent Mercnry

The reaults from alloys containing 0 to 18 percent
mercury aré conveniently considered as a group,
The alloys cover the aipha, bata, and a regions
of the diggram (see fiz. 1) and wera chosen to study
the ralationship of those phases. Table 5 lista tha
temperature of each srrest found snd the estimated
uncertainty of the determination. It also indicates
the composition range of the specimens for which the
arrest was detected and, where posaible, identifies
the assogiated phases with the type of reaction
causing the arrest,

Tapre 5. Thermal analyets of mercury-tin alloys
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The results on the 0-18 percent mercury group of
gpecimens appear to confirm most of Prytharch’s [10]
agram for this composition range. Definits arrests
were obtained at 2230 0.5 °C and 2139 405 °C.
These values correspond closely to hie peritectic
temperatura for the heta and gamma phases. Super-
eooline was B consiatent problem in the eooling
curves, partficularly for the specimens containiog 10
ercent or less of mereury. The attainment of equi-
ibrium in annealed samples prior to determining
heating curves was also very diffieult. Indeed some
of the heating curves were more readily raticnalized
by an assumption of complete nonequilibrium condi-
tions, that iz, po interaction between phases. Thess
observations are probably bsst substantiated by
reference to an example.
Figure 3 pressnts the results of a beating run on
specimen 27 (5% Hg, 95% 5n). The specimen had
been annealed at 85 °C for 71 days prior to this test,
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Fraven 3, Heeting curve for 5% Hg 859 Sn aifoy.

Thiz specimen, az well as the 0, 2, and 7 percent
mercury specimene, showed no thermal effecta below
150 *°C on any heating or cooling run.

The main peak at 232.0 °C chviously coincides
with the melting point of pure tin and the portion
of the curve between thera and 225 *C with the
equilibrium beiween alpha and liquid. Similarly
the very sharp peak at 222 to 233 *U represents the

eritectic decompusition of the beta phase. The
identification of the remainder of tha curve becomes
inerensingly difficult as lowar and lower tempera-
tures are considersd. It does not appear possible
to reconcile these portions of the curve with iggure 1.

c. High Maroury Allcys, 18 ta 50 Percenf Mercury

As a proup, thesa all produced & surprisin
number and variety of Dt.%serma.l effects. Some o
these were strong, routinely detected arrests, while
others were mtch wenker and appeared mueh less
consistently, Of thesa arrests, some are definitely
aasociated with phase changes, but others may be
artifects or due to second order offects such as
superlattice formation or even specific heat anom-
alles in a single phase, The atronger the arrest and
the more often it was obtained, the more preeisely
can ite temperature be datermined.

5.5. Discussion

The resulta obtained on thermal analysis of the
samples containing from 18 to 80 ESBment. METCury
indieate the oceurrence of an uousually large number
of arreats. To explain all of the observed arrests
as phase changes would require an extremely com-
plicatad di , particularly when it is recognized
that all of the required phasess must almost certainly
contain less than 30 percent mersury,

Of the arrests cbsorved, four seem most likely to
ke identified with phase transformstions, those at
118.0, 106.1, 914, and 67.1 °C. FEach of these
axrests are relatively strong, appear in both heating
and eooling curves and in specimens over & consider-



able voncentration range.
each, these arrests have appeared as sharp dis-
continuities of the type normally nssociated with
peritectic  decompesitions, The remaining arrests
are defisient in one or mora of these gualifications.

Cooling eurve arresta are most pronounced when
the phasa of interest is the first or second formed
from the liquid on conling. Because of the shape of
the mercury-tin ligmdus this condition is met for
this phase only in alloys of very high mercury
content where the total amount of solid formed i=
emell and the latent heat is thus reduced. Anneal-
ing to equilibrinm just wbove the anticipated temn-
perature of the arreat is the preferred method of pro-
cedure, but the annealing time required for the last
of & aeries of peritectic phasea can be very long.

The evidence for the arrest at 203.5 °C is based
on henting curve evidence of the sort seen in figure 4.
It has failed to appear in any of the cooling surves
where it would be ected if it represents a peri-
tectie temperature. It appears in many inslances
that when antesling cenditions have been such as
ko duce a course structure, the phases formed
during low temperature annealing tend to persiat
to their melting points, with little evidence of inter-
action below that point. The arrest at 203.5 °C is
helieved to be an artifact of this type.

The wrrests observed in low mercury alloys appear
to confirm the dia 1 for the hiph temperature
regions as proposed by Prytherch [10], although the
temperatures themselvea nre in better agreemnent
with those of Hunsen [3), The resultz of the beta
eutectoid temperature determinations may eerve
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Fraves 4, Healing curse for 185 Hg 885 2o olloy,

a6 confirmation of the reported value, hut are
probably inadequate as an independent determina-
wion,  The liguidus yalues are in general agreement
with earlier resnlis,

6. Diffusion and Chemical Analyais

The use of diffusion and chemical analysis as an
cxperimantal method for the study of tin amnalgams
offers severnl ndvantages. This experimental tech-
nique avoids the metastable persistence of high
temperature phases that & a common problem in
peritectic systems. Murphy {20] in his study of the
gilver-mercury eystem, for example, found that the
gnmma phuse was readily formed by the diffusion
of mercury into finely divided silver, but that it was
completely suppressed by cooling from the liguid
state. Because of the high rates of diffusion of
mercury into tin reported by Priigel [21] amon
others, thiz method wppenred parvticularly suit
to the study of the mereury-tin system.

With these advantages in mind, a series of experi-
ments was performed in which ingots of tin were
expesed to ligmd mercury for varying periods, an-
nealed and then =eriglly sectioned and anaelyzed.
The exposure temperature and thme and the anneal-
ing tine were varied systemnatically.

§.1. Specimen Preparaticn

The individual speeimens used for the diffusion
studies wers sinull eylinders uwpproxnnately 0.65 inch
in diameter and ©.40 inch in length. They were
machined from induction-melted ingots, eslightly
largor in diameter and 3 o 4 inches in length, cast
under vacuum i Pyrex. All of the ingotz were
prepared from the high-purity tin with the exception
of a limited number of the initial ingots which were
made from Baker and Adamson Reagent Urade
Tin Sticks, of the composition given w table 2.
Tuder the conditions of the test no differancea in
behavior could be detected beiween specimens
mada from this metal and {rom the higher purity tiz.

The cast ingots wera turned in & lathe b remove
any surface imperfactions and were then cut into
eylinders approximately 040 inch in length. Any
cylinders showing signs of piping or porosity wera
rejected, and the remsinder were weighed and
measured as n means of detectimg grossz internal
porosity. If the specimens were stored hefore
expogure to mercury, their surfaces were cleaned
immediately before use by a liﬁht polishing on G00-
grit silicon carbide meatallographic paper.

6.2, Experimental Procedure

The specimens were exposed to mercury hy
immersion at constant tamperature. In order to
avoid excessive imtial dissclution of the specimens
saturated selutions of tin in mercury were prepamd
at each diffusion ternpersture, Fouor nominal tem-
iwmburas were emploved, 37, 60, 85, and 110 *(.

t was found possible to reduce the varistion in
tempernture of the specimen itself to less than 0.1
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®C in all cases, by placing the beaker containing
thie immersad specimen within a vacwum desiccator,
which was in turn placed within the oven.

After varying periods of immersion, the specimena
were removed from the mercury and the cxoosa
liquid was blown from the surface with an sir blast,
Thie treatment did not remove all of the liguid, but
did reduce the quantity to n thin film adhering to
the surface. Some of the specimens were then
sectioned immediately, while othars wers returned
to the oven [or an additional annealing period
before sectioning.

Al sectioning was done on g lathe, The specimen
was held in & collet and the lateral surface turned
down until unreacted tin was exposed. A series of
gamplea wae then taken from the mercury-containing
layer remaining on the cnd of the specimen. Figure
5 shows a schematic representation of a specimen
after immersion in mereury. Viewsz (A} and (B)
are transverze and axial sacticns and indicate mar-
cury penetration as well as characteristic location of
expanaion cracks. View (C) is an axial section of a
BEmimen aa it would appear after the reduction of
the lateral surface preparatory to the taking of
pamples ne serial sections from the end. The depth
of cut used in taking the samples varied from speci-
men to specimen, being adjusted so as to provide
minimum sample of %) mg. These samples weare
then stored at roem temperature until analyzed for
their merenry content.

Mereury ansalysis was performed by a modificstion
of the technmique of Crawford and Larson [22],
employing an evacuated closed syetemn rather ihan a
carrier gas stream. The tube wia evscuated to o
total pressure of 5 to 10 mim of mercury and then
flushed repestedly with dry nitrogen before the
valve wes finally closed with the tube in the evac-
uated condition. The furnace was maintained at n
temperature of 500 °C at the location of the com-
buation koats, and the samples were left in the
furnace for 13 hours. At the end of this period the
Pyrex tube was slid from the furnace and allowed to
cool to room temperstura before the vacown was
relieved. ‘The mercury distilled from the speciimens
condensed on the cool portion of the tube remaining
outaide of the furnace, and was removed mechanically
before tha combustion boats were withdrawn for
reweighing. This procedure retained the advantage
of the Crawford and Larson [22] technique in that
the mercury content was determited as weight loss
in the specimen rather than requirinﬁ the collection
and determination of the mercury driven off, At
the same time it minimized oxidation problems due
to either leakage or trace contamination of the
CalTier gas,

Table & shows the conditions of test for all the
specimens studied with the exception of calibration
runs, specimens tested during the development of
the methods, and some few specimens lost due to
experimental error. The jmrmersion and annealing
temperatures were the same for sll tin specimens
sonealed at 37 and 60 °C. Attempts t¢ immerse
a tin specimen for any extended penod st either 85
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Ficure 5. Schemafic secfional mews of difuson speciman,
TDrark arioz indieits difusken of mersory.

or 110 °C! led to the rapid conversion of the specimen
and mercury to a slushy mass of platelike crystals
diepersed in the remaining hqguid. These specimens
were therofore immersed at 37 °C prior to annealing
at the higher temperature.

6.3. Hesultz

The results of the analyses for specimen 20 are
presented in fizure 6. It axhibita many features
commeon to¢ all of the specimens and in particular of
those sectioned immediately sfter Temoval from
immersion. HEach point on the disgram represcnts
the result of an snalysis of one entire sample and s
plotted at the mean depth of the sample. The
diameter of the points approximates the uncertain-
tiez of measurement of each value. The range of
depth involved in each smmple is indicated by the
short hars nesr the lower margin of the figure.

The curve as drawn through the experimentsal
points shows, as expectad, s continuel decrenss of
mercary content with depth, It also appears to
consist of four distinct sections which are lettered
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A throngh D on the figura, Section A indicated
agurface layer of high but rapidly decreasing mercury
contant. It is readily interpreted as a mixture of
the equilibrium_ surface phase with the adherent
mercury film. Seetion B indicates a thick layer of
very slowly decreasing mercury content. Such
gteps in diffusion curves are commonly taken as
indicating a one-phase layer. Section C, indieating
a layer. of rapidly decreasing wercury content
robably represents & mixtura of the phase of aection
g with "that of sectiorr D. Seection It which hera
consiste only of portions of. zere mercury content
normally wll intﬁude_ the unreacted core material
and alse the szolid solution region of the szame
straebure,
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Considering ihe eurve as a whole, it seems to
show the presence of one intermediste tin-mercury

hasa, The composition limits of this phase may

e estimated by extrapolation of the strajght line of
gection B to the middepths of the transition zones,
Such an extrapolation {as indieated by the dotted
lines in fiz. 6 leads to an estimated maximum
mercury coutent of 20.3 percent nnd » minimum of
188 percent. A similar procedure can be Tollowed
for the estimation of the maximum solubility of
mercury in tin, by extrapolation of the line in section
b, in those cases where more than one nonzero
point ocenrs in that section.

Claution must be exercised in reaching such con-
clusions, since several possibilities for erTor exist,



It haza besn demonstrated radiographically Ty

+ Gunther and Jehmlich [23] that the initial penatra-

tion of mercury into tin is intergranular; thus the
possibility axiste that the mercury content of the
points in section B is too high because of the inclusion
of such in anular mercury. The possibility also
exigts that there might be one or more undetacted
solid phaszes in section O which remained undeteetad
because & low diffusivity or narrow composition
limits kept the layer ihickness foo smsell te hbe

detected the sestioning techniqua employed,
Although t{e individeel layers may be axtremely
thin, it is erally held that a separate layer must

ba formed %gl?each intermedinte phasa, Rhines [24],
for example, states thet, “In binary systems, when

. diffusion occurs at substantially constant tempera-

. [Inhase regions, . . .

ture snd pressure, the layers formed correspond in
kind and in order of thair occurrence to the eingle-
no two-phase regions appesar.”

f such phases ecxisi undetected m section O of
ﬂf;ure 6, then the proper limit for the extrapolation
of the line of secition B iz to the midpoint of the

. transformation to tha first such phase.

The curves for all specimens sectioned immediately
after removal from mercury at 37 or 80 °C were
similar, each showing a single flat. In the specimens
immersed at 37 °G':ghowevar, the extrapolated com-
position limits were approximately 22.3 and 21.0
percent mercury. Figure 7 shows the results for one

guch 37 “C specimen, specitnen 1,

" longer immersion and a short anna

A

MERCURY CONTENT, WENGNT PEROENT

LR -
=TT

Ome specimen, specimen 16, immersed and annealed
for a short time at 60 *C, produced & diffusion curve
gshowing two fiats. As can be seen from figure 8 the
composition limits for the two phases agree well with
those found in figures 6 and 7

Protracted annealing at sither 60 or 37 °C reaulted
in the production of curves with & third eet of indi-
cated limits of mercury content, figure 9. The
relatively short immersion time and long annealing

* time used for speciruen 19 resulted in a complete

transformation to.the third observed phase.  Slightly
produced steps
characteristic of both the second and third phases 1n
gpecimen 8, figura 10,
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Whereas apecimens annealed at 37 °C would ba
“dyy” within 24 hours, the specimens annealed at
%5 2C showed liquid on their surfaces nfter 11 days,
The specimens annealad at 110 °C showad parsistent
surface liquid up to 14 days. Ewven then tha liguid
mercury dissppeared only after machining had
exposed & fresh tin surface with which it could react.
Further evidence of a low rate of dilfusion ut thegs
temperntures iz piven in fizure 11.  When sectioned
after 5% months of annealing at 85 °C, spacimen 26
still showed layers of the second and third mercury-
containing phases.

Table 6 summatizes the resultsfor all of theindivid-
pel tin-mercury diffusion specimens. The com-

ogition limits for each observed flat were calculated

¥ the exirapolation procedure used in figure 8 and
are tabulated here in accordance with the presumed
gccurrence of three intermediate tin-mereury phases,
Also ineluded js the total depth to the point at which
the mercury eontent is 10 percent. The composition
limits reported in thia tnble should be considered as
aaturated walues only when the equilibrium phuse
was also present in the speciman.

6.4, Discussion

The method of constant temmperature diffusion
Followed by serial sectiﬂningf and analysis appears to
be well suited to the atudy of the tin-mercury ayetem.
The results indicate the formation of thres inter-
mediste tin-mercury phases at 37 °C.

The phase of lowest mercury content appears to
correspond to the gamma phase of exiating diagrarms,
since even protracted annealing does not cause tha
appearance of any phase intermediate in compositien
between it and tin. The phase with the next higher
mercury content appears to correzpond fo the delta
phase reported by Gayler [11] and decomposes at an
appropriate temperature for such identification. The
remaining phase 18 previously unrcported but s here
tentatively designated epsilon.

Tuble 7 presents the composition limits for these
phases a3 determined at each experimental tempers-
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ture. As shewn in the table, these phases sll have
nurrow and closely spaced zones of aolid solubility.
The moat noteworthy finding iz the unexpoctedly high
minimum coentent found for the gamma phase. Thia
is in sharp centrast to previously reported limits for
this phase which indicated minimum mercury con-
tanrts of the order of 3 percent ws seen in figure 1.

This previous solubility linit appesrs to be based
rimarily on the X-ray diffraction work of von Simson
9] and Stenheck [8], with some indirect evidence he-
ing provided by the results of Lgvold-Olsen [25],
Selmbert et ul. [13], and Raynor and Lee [12]. It
iz very difficult in most of these instances to deter-
mine what was the previous thermal history of the
specimens used. Almost certainly in the case of the
work of both von Simsen [9] and Stenbeck [R] and
apparently in most of the other work, the annealin
times were inadequate to eanse the precipitation o
tin from the gamms phase formed on ecooling from
tha liquid. As a result, the composition limits of
the gamma [phase knsad on their findings are more
indieative of the composition ranga over which the
gamma phase iz formed at elevated temperatures
than of its equilibrium extent at room temnperature.
The one possible exception to the charge of insuffi-
cient annealing is » specimen of Baynor and Les's [12]
which was annesled for 2 weeka at 150 °C. This
specitnen contained 7.193 atomic percent of mercury
(approximately 11.5 weight percent), and apparently
conaisted entirely of gamama. While their paper does
not deny the presence of tin lines in the X-ray
patiern neither doea it report them as it presumahl
would had they been observed. Possibly even this
uhhealing time ia inadequate or the amount of grain
size of the precipitated tin was too small to detect. Tf
not, a mtﬁer rapid widening or displacement of the
gamma Tegion must oceur above 110 °C te accom-
modate this observation.
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7. X-ray Diffraction

72.1. Spacimen Preparation

X-ray diffraction patierns were obtained on =
total of 20 mercury-tin spaciinens with mercory
contenis ranging from 5.0 to 22.1 percent. The
spacimens were praparad by twe different techniques;



14 of thein were derived fronn diffusion specinens
while the remaining & were fused and annealed.

The teclmique employed in the preparation of the
specimena by diffusion was identical with that by
which the eamples were obtained for mercury
analysis. The samples used for the diffraction
stodies were selected, on the hasis of the analyses
of other samples from ihe same diffusion apecimen,
w provide evidence about the structurcs of the
phases found in diffusion studies. The mercury
content of these specimens was determined by
interpolation of the compoeition-depth results from
adjacent analyzed spinples.

The remaining & specimens were prepared hy
sealing weighed portions of the component me
in 8 Pyrex tube in vacuum or an inert gas atinesphere.
The slloy was fused at 250 °C, and quenched. The
ingot was then annenled for 4 short period in the tube.
Aiter remnoval from the Pyrex lube the specimen was
reduced to a coarse powder by torning on a lathe.

This procedure was intended to correspond
approximately to the specimen preparation Llech-
niques yzed by previous investigators, although, as
noted above, the informalion as to the exact tech-
niquea they used iz often inconiplete. The anneslin
times usetf in this study appear to exceed those o
Stepbeck {8] and von Simson [9] but are less than
those uwsed by Baynor and Lee [12].

The composition and souree of the X-ray diffrae-
tion specimens produced by diffusion are listed in
tabla 8. The composition and Leat trentment of
the X -ray diffraction specimens produced by fysion
are given in table 9.
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7.2. Experimental Procedurs

All of the diffraction patterns wore obtained on u

voreles  X-ray Spectrograph using copper K
radiation. This instrument & equipped with =
gonioineter having an auxiliary rotating deviee which
rotates the specimen about an axis perpendieuvlar
l its surface throughout the test. 'Phis rotation
produces more uniforin curves when the specimen is
amall, s were the majority of those used in this
study.
Tﬂe specimens were prepared for the tests ly
sprinkling the particles onto a thin layer of patrolewn
jell}- spread on the surface of the plastic mount.
I'he diffraction curve was run over the range from
20° to 165° 2 # at a rate of 17 2 2 per minute, with a
chart speed of ¥ inch per minute. This scanning
rate and chart speed were found to produce very
satislactory curves with good resolution. Ewven at
2 # angles gs low as 65°, the m and o penks were
norinally resolved on the curves from specimens
prepared by difiusion, At 2 ¢ angles sbove 110°
they were often resolved to the hackground level.
The resolution was somewhat poorer on cast apeci-
tens with the @, and o, lines routinely resolved only
shove 807 2 8.

7.3. Resulis

The results of the X-ray diffraction tests on the
speeimens produced by diffusion correlate closely
with the mercury content. Those specimens having
mercur{; content between 21.0 and 22.2 percent mer-
cury, that i= specinens selocted from the highest
mercury content phase regions of diffusion specimens,
uniformly produced curves of the type shown in
figure 12. This curve wag obtained {from specimen
number 3 and is readily indexed as & simple hexagonal
structura with the parameters repﬂrt-eg by Rayuor
snd Lee [12] for the gamma mercyry-tin phase. The
individual peaks in fipure 12 are labelaed on thia baais.
{Lines lubeled M are from the resin used as a speci-
men support.}

Aithough the diffraction curves were run from 20°
to 165° 2 ¢, only the portions between 25°% and 80%




are reproduced here.  Most of the changes of interest
occyy within thie interval.

All of the specimens taken from the phase with the
loweat mercury content of the diffusion specimens
(17.8 to 18.6% mercury) gave diffraction patterns
similar to figure 12 except for the almoszt complete
guppression of the 001, 002, and 003 penks. inor
changes oceur in the peak heights of other lines but
those mentioned sre the most characteristic. Al of
the lines which are present appear at tha same anples
a9 in figure 12,

Specimens having mercury contents between 158.6
and 21.0 percent gave patterns in which the ratios of
the 001, (02, and 003 lines to the 100, 200, and 300
lines, respectively, incrensed approximately in pro-
portion to mercury content.

Figure 13 shows a curve derived From specimen 10
which confained I8.72 percent mercury. KEwen this
small amount of mercury in excess of the 15.6 percent
limit has caused the reappearance of the 001 peal,
&lthmigh the 002 pesk cannot be distinguished from
the diffuse peak due to the support. More mercury
increased the ralative height ﬂ?thﬂse preaks bt in ne
instanes did the 001 or 002 lina of an intermediate
mercury <ontent phase specimen exceed 50 percent

of the peak height of the 100 or 200 line. In contrast,
in all of the highest mercury content phase speci-
mena the 001 and (W2 lines were stronger than the
aesociated 100 and 200 lines.

Tabla 8 presents o summary of the X-ray diffrac-
tion findings on diffusion sgmples with the specimens
arranged in order of mercury econtent. Only three
specimens appear to merit further comment. Spec-
imen 9 appears out of place. Its composition and
source place it s an intermediate mercury content
phase specimen, but ita X-ray diffraction patiern
showed 001, 002, and (03 lines among the strongest
found. The causa of this conflict ia not known.

The mercury content of specimen & similerly ap-
pears to be toe low for the observed pattern. In this
case, however, the mercury content is probably a4
fault. This specimen was the only one tested with-
cut sectioning, so that the pattern was obtained
from the surface of the intact specimen rather than
from s powdered layer. The mercury content was
estimated from the composition-depth curve for tha
DP&SEW end of the ingot.

the basis of its compoesition and the shape of
the diffusion curve, tin lines were expected in the
patiern of specimen 13. They were not found. In-
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ection of the sample showed it to coosist of two
ohvisusly different types of particles, one fine and
granular, and gray in ¢olor; the other smoll, curled
chips more nearly white in color. The m com-
tent of the mechanically sf;parated chips was found
to be abhout 4 percent. I this mercory were dis-
tributed as a thin surface layer of a tin-mercury
phase, it might cover the (in and axplain the abeence
of tin linea.

Tha X-ray diffraction patterns from the esst and
snnealed specimens showed a somewhat similar de-
Eendence upon mercury content as shown in table 9.

n oo instance was the patiern ol the cast specinens
of the type which hus heen called “ecomplete hex-
agonal” in the diffusion specimens. Tt iz believed
that the short time at & lew anneallng temperature
wis inadequate to rezolve a mixtura of phases pro-
duced on cooling.

7.4, Discussion

Tha X-ray diffraction results appear to indicate
the occurrence of two phazes between 17.8 and 222
pereent mercury in the mercury-tin system at nor-
mal room tam%eratures. Theee findings are in dis-

ement with previous X-ray investigations of
this systam and ooly partially corroborate the dif-
fusion test reaults ufy t.ll:is st.udy;r, The nature of the
observed pattern2, however, are such that they may
Enermit a reconciliation of the otherwise contradictory
ta.

The striyeture found for diffusion specimens with
21.0 to 22.2 percent mercury is readily indezed as &
simple hexagonal structure with one atom per unit
cell e reported by von Simeon [8]. 8o also are most
of the structures cootaining 18.7 to 21.0 percent
mercury which were labeled “transition” siructures.
But the structure in eguilibrium with tin at room
temperaturs, the “incomplete hexagonal” in which
the %K lines are missing, cannot he explained with
such a simple structure.

One poseibility that muet slwsys be considered
in regard to patferns in which particular lines ap-
pear to be suppressed ia preferred orientgiion. The
method of specimen preparation ampl.gfsd in theze
tests makes this an vnlikely cause in this instance.
The samples were reduced to a powder which was
gtored &t room temperature for a considerable period
of time Lefore the patterns were taken. The sharp-
ness of the lines in the patterns, showing no evidence
of strain broadening, indicates that recrystallization

robably occurred in the particles during this time.
X ),'jl'he gpecimens were prepared for the diffraction
teat by sprinkling the powder onto a layer of petro-

. leum jelly spresd on the surface of the mount. Even
if preferred orientation did occur in the individual
chips as & reault of the machining operation, it seems
unlikely that the particles could all be 20 alined after
transfer to the mount, No alternate structure is
proposed, but it iz possible that some structure more
complex than the one atom simple hexagonsl is re-
uired to acecount for the suppression of the misaing
Lines. Jf the patterns in figures 12 and 13 represent

a7

two different phases corresponding to the highest
mercury content and lowest mercury content phases
of the diffusion specimens, the “transition’ pattern
is easily cxplained as a mixture of the two. The
K-ray diffraction results fail to confirm the existenee
of the intermediate content phase of the diffusion.

Although several epecimens were tested with
compositions in the immediate vieinity of that for
which Stenbeck [11] reported a line dounbling, which
he attributed to an orthorhombic structure, no
evidenca of such a strueturs wae found. Since the
gamnmy phase iz reported to extend to much lower
mercury contents at elevated temperstures, it is
conceivable that hie resuits were the product of
lattice parameter variations caused by variation in
mercury ceonfent In unannesled specimenz, He
does not report any annealing treatment for his
Epeclmens.

The problem remains as to why other investigators
have found the structure in equilibrium with tin to
ke @ simple hevegenal if the 00X lines are truly
absent. A poseible explunation in the case of cast
gpecimens i incomplete annealing. As seen in
specimen 16, & composition (17.8%) which in =
diffesion specimen would result in the eomplete
abhsence of the 00X lines, does not do s¢ in a cast
specimen evan after a short anneal. Cast specimens
containing 3 to 14 percent mercury as von Simpson’s
(%] did, might well produce at least some of the
phase responsible for these lines and show a ‘‘tran-
sition" pattern. It is of interest to note that she
reporte the 001 line as weak and that she found the
002 line on only one side of the film.

Rayner and {.Ee [12] inveatigated & specimen with
7.193 atomic percent mercury (11.5 wt 9%) which
wos annealed for 2 weeks at 150 °C.  They do oot
report the abzence of the 00X lines or the occurrence
of iin fines, This sepecimen lies between specimens
17 and 19 in composition and was amnealed at
wpproximately the same temperatura for a con-
siderably longer time. No previous investigator
peems te have studied a specimen in the narrow
range of 17.8 to 186 percent mercury. Ewen so,
extended annealing would apparently be tequired to
produce 8 uniform ebructure in cast specimens,

The X-ray results do little to substantinte the tin
saturated boundary of the pamma region a2 inferred
frem the diffusion study. Only three spacimens,
17, 18, and 19, have compositions and annealing
temperatures that would make them of use for this
purpose. The annenling times are certainly too
shott to assure equilibrium if allowance is made
for the slow rate of diffusion found at elevated
temperatures. (See fig. 11). The identification of
weak tin lines in specimen 19 in spite of the very
short anneal is, however, partial confirtnation that
the boundary does shift to higher mercury contents
at lower temperatures. Ti iz possible that specimens
17 and 15 fall within the gammsa region and would
not show tin lines even after extended snmealing.

The failura tp obtain tin lines from specimen 11
raises some doubt as %0 whether the method is
suitabla for the determination of this boundary,




As mentioned before, the sample at the time of
gectiond aipeared to contwin two distinet phases,
one of which appeared to be tin.  Afier standing
at room temperature for some time before the X-ray
patiern was determined, the specimen shewed no
tin lines even though chips of low mercury content
were readily separated mectianically from the sample.
This behavior can be explained if portions of the
phase that was present with the tin has mercury
contents higher than the eguilibrium value as tha
result of a low rate of diffusion. After scctioning,
these portions would be brought in divect contast
with tﬁe iin chipe and mercury transfer could oceyr,
producing a layer of product on the surface of the
tin chips and thus masking the tin lines. Such a
mechanism could operate in any instanca when
equilibrinm has not been attained prior to section-
ing, but should at least in part be offset by deter-
mination of the diffraction patiern as soon as
possible alter seclioning.

If the gamma region i3 as curved as tha diffesion
resulta indicate, the appearance of tin lines in a
diffraction pattern obtained at room temperaturc
might be the result of precipitation from what was
a homogenous structurs at the annealing tempers-
ture, To a more general sense, the same possibility
of traneformation betwoen the annealing tompera-
ture and the diffraction test temperature might be
invoked fo explain the appearance of only two phases
where the d]'ﬁpuaiun testz indicate three,  If provision
were made for adeguate annesling, elevated tem-

sture diffraction tests would seemn to offer the
E:;t hope of clarifying the boundaries of tha ma

hase. Annealing times much longer than thosa of
hubert et al. [13] would he required.

8. Proposed Tin-Mercury Diagram

The posed tin-mereury diagram based upon
the ﬁnd% of this study iz shown in figure 14 and
an enlargement of the tin rich end of the diagram is
shown in figure 15, In drawing the boundaries in
the disgram an attempt hes been made to reconcile
the results from wvarious test methodz and investi-
gatora. Where conflicts occur hetween the different
sources, an attempt has been made to allow for the
relative uneertainty of the individval findings.

The liguidus curve essentially follows that of
van Hetaren [6] except that it has been lowered
slighily in the alphe4liquid and bﬂt.u-i—liciuid regione
where ho had ne obzervations. This lowering is
based on the thermal analysie resolts of this atudy
and appears to agree with Prythereh's [10] resultz
in tha same region. The alpha phase boundaries
are based mainly on those as drawn by Hansen [3].
The maximum solubility of mercury in tin has been
indicated to be 1 percent by van Heterem's [6]
electroda potential measuraments, and the thermal
analysis snd metallographic resulta of this investigs-
tion eonfirm that thiz limit must be less than 2.0
percent mercury. There appear to be no other
applicable data,

he existence of beta phase at elevated tempera-

turs appears {0 be well established. OQur tharmal
wnalyais studies confirtn Prytherch’s [10] finding of
a peritectic arrest although the valuc ohtained is
elightly lower then that ¢f figure 1. The only
evidence againet the oceurrence of this phaze was
the work of Schubert et al. [13], which apparently
was in error becaunse of madequate annealing of the
specinens, In & oote sdded in puablication, they
aglnow e that Heynor snd Lee's [12] rosolts
were conclusive. Althowgh the existence of thia
atruetura is quite certain, the gomposition limits are
unsupported by experimental data, As drawn in

ures 14 and 15, they mcrely follow figure I for lack
of any better information. The lhmits appenr rea-
sonable and are not contrary to theory.

The beta eutectold tempersture i very poorly
catablished, slthough the thermal analysis results
appear to confirm that the 195 °C value of figure 1 i
wpprozimiately correet. If relisnce is placed upon
the presence ¢r absence of experimental points in
Prytherch's [10] diagram, az noted in the comments
on Gayler's [11] paper, thia temperaturs was vever
established expermmentally. For lack of other evi-
dence, 1t 15 indicated hore at 197 °C on the bagiz of
our thermal analysis results.

The ganuna peritectic temperature of 213.8 °C
ulso iz based on thernal analysis results and agrees
well with Hansen's 13] value of 214 20, The com-
position of the gamma peritectic & set at 9 percent.
mercury primarily on the basis of X-ray results of
von Sinson [9] and Stenbeek [8] althoegh, sinee their
resnltz can be reconciled with the present findings
only on the baeis of incomplats annealing st low
tamperature, it is perhaps risky to assume that their
specimens were at equilibrium abova 200 °C. From
t’EB liquidus values it i1z obvious that this peint must
he at 14 percent merc or less, hut there 8 no
evidence for a logation other than the one indicated.

Tha remainder of the gamms region has been
coneiderably alterad. The tinsaturated boundary
haa heen moved to agree with the results of the
diffusion studies below 110 *C, 83 has the mercurv-
saturated boundary. Between 110 and 197 °C the
tin-satorated boundary has been drawn to allow for
the X-ray diffraction results on cast epecimens. The
mercury-saturated boundary above 110 °C has been
drawn on the bagias of hesting eurve indications of
the start of melting. These data, however, showed
congiderable variation with &nne&iing and the corve
ghould ba considered as approximate.

The overall picturs DF the gamma region as a
narrow band swinging to higher mercury contents
at lpwer temperaturas ie somawhat ynusuul becauss
of the size of the swing relative to the width of the
region. This construction serves nicely, however,
to explain certain heat ahsorptions that occur in low
mere content thermal shalysizs szpecimens. In
many ihatances the epecinen has bean annesled at
an elevated temperature for & while before the atart
of the run. Portions of the specimen should thus
have consisted of gamme asturated with tin. If
the proposed dingram ie correct, these poriions
wﬂulR eoon be heated across the gamma region
and liquid would stert to form with an absorption
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One example of this type of reaction is szen
in fipyre 3,

Two additional peritectic phases labeled delta
and epsilon are shown on the disgram. They arc
located on the basis of tha combined thermal annlysi=
and diffusion resulte. The delta phase was present
"~ in 857 diffusion specimens but not in 110 °C
specimens. It is thus readily associsted with the
91.4 °C arrest ohserved on thermal analysis. Thiz

thermal srrest is very strong and coingides with thet
found by Gayler [11T.

-."The epsilon phase composition limits are similarly
sot from the obsorved composition range for the
phase with the highest mercury content in diffusion
specimens, and wre aven more certmin than thosa
ol the delta region. The peritectic temperature
is not so definitaly known. The arrest found on
thermel snalysiz at 67.1 °C is strong and well
defined wnd seemns certainly to represent a peritestie
temperature. Il this temperature is azsociated with
the epsilon phase, hewever, highest mercury content
phase layara should have routinely appeared in the
60 °C diffusion specimens but were datecied in
enly ouc out of the eight specimens immersed
ak BP0,

The next lower arrcst that might logically be
wasociated with the highest mercury content phase
strycture ogcurred at 55.5 °C. This arrest is less
well defined than the other, since it wasz found on
heating curves omly, and has sn uncertainty of
2.5 *C. (lensidering thei in & single inatance this
structure appearcd in u specimen noroinally annealed
at 60 °C, the actunl peritectic temperature would
have to lie near the top of the uncertainty range
even il maximum allowance is made for possible
variation in the annealing temperature. As a result
the peritectic temperatiure of the epsilon phase is
indicated at 58 °C.

The peritectic phase at —34.6 °C found by van
Heteren (6] and pl&pedel(;-{y therch [10] at HgSn,
has not been mvestigated and is merely reproduced

as previously stated. It is desipnated here as zeta,

This leaves three strong thermal arrests at 67.1,
106.1, and 118 °C' to he explained. On the basis
of_the thermal data alone, thess arrests would
definitely appear to rapresent peritectic phase
lormations but no other affirmative evidence for
such phases has hecn found. Such a elosely apaced
geries of phazes seema quite unlikely, and theaa
arrests may instesd represent second order traos-
formations rather than phaze changes. For these
Togsons these arresis are merely indicated by dashed
lines in the fizures.

One additional possibility, which 15 entirely
speculative, is that the gamme regien as shown in
ligure 15 is in reslity two separate regions, One
pﬁ&ﬂe, stable at high temg‘emturea, would formm aa
indicated gt the 21392 °C peritectic temperaturs
and would decompose on cooling at a 106.1 O
eutectoid. The at.ﬁer phasa having the composition
limits discovered in the diffusion tests would then
be aszociated with a 118.0 °C peritectic temperature,
Such a construction would aceount for two of the
unidentified arrests and would simultanecvaly elimi-
nate the need for the unusual variation in the som-
position Jimite of the gamma repion with tempera-
ture. The testz aa performed provide neither sup-

ort nor refutation for such & construction, The
ndingz of Guntber and Jehrolich [23] seem to sup-
port the existence of some such complex series of
phases although they do not identify any of the
corresponding compositions.




9, Conclusions

The results of this nvestigation have indicated
that the mercury-tin system iz more complicated
than was previously reported. Additional evidenca
for the existence of the beta phase has been found by
determination of the separate peritectic temperatures
of the betn and gemma phases as indicated by Pry-
therch [10). The composition limits and eutectold
temperature of the beta phase remain to be con-
firmed. This appeara best approachad by o series of
elevated temperature X-ray diffraction patterns,
A set of speclmens annealed in the beta range and
tested nt successively lower temperatures should
provide the oneeded information. The data from
thermal #nalysis studies and Xray results suggest
that the limits of the gamma phase should be
shifted as indicated in figure 14 and 15. Corrobora-
tive evidence for Gayler's [11] delta phase has been
found by thermal analyeis and difusion methods.
Possible evidence for an additional epsilon phase hae
also been found.
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