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The me lting point of AI, O" has been de termined in vac uum . a ir. a rgon. a nd he lium utilizin)': iridium 
or tun ),:s te n co ntain ers. A ll me ltin g po int expe rim ent s we re conduc ted in indu ction furnaces capable 
of hea ti ng s ma ll sa mples under b lackbody conditions to 3000 °C in vacuum. 2600 °C in inert at mos
phe res. a nd 2400 °C in air. Temperatures we re co ntinuous ly monit o red wit h a reco rding phutoe lec tri c 
pyrome ter which has a sen sitivity of±0.2° at 1063 °C and ± 10 at 2000 0c. Melting points were de
term in ed on s pec imens having a purity in excess of 99.9 pe rcent. T he data indic at e d that th e me ltin g 
poin t of AI ,O" de te rmin ed in vac uum (- 6.5 X 10 -5 torr) is 2051 °C OPTS). T he overa ll maximum 
uncert a int y was es tim ate d to be ± 6 0c. The mea s ure me nt s the mse lves we re prec ise within ± 1.5 0c. 
Vacuum trea tme nt had leas t de t rimenta l e ffec t upon the AI,03 spec im e ns. Each of the gaseous a t
mos phe res in c lu ding air yie lded lower me lti ng point s for AI,O", p res umably d ue to a premelting 
phe nome non. 

Key Word s : A I,O". di ssocia tion. e nvironm e nt a l e ffec ts . me ltin g po int. prc mc ltin g:. 

1. Introduction 

The International Prac ti cal Temperature Scale of 
1948 (lPTS) [11 1 re prese nts an ex perimental approach 
to the ideal the rmodynami c te mpe rature scale. Six 
points define the practical scale be twee n the lowest 
assigned va lu e, the oxyge n point (-182.97 °C) and 
the hi gh es t , the go ld poi nt (1063 OCr. Above the gold 
point, temperatures a re based e ntire ly upon the 
Planck relationship: 

where, 

JI 
I -III 

[ C., J exp --1 
A(t._11I + T o) 

[ C, ] 
exp AU -+- To) -1 

J.III and} 1 = radiant energies per unit wavelength 
e mitted by uni t area of a blackbody 
at te mperatu re t and th e gold poin t 
t"11I (1063°C) 

A = wavele ngth 
C~ = seco nd radiation cons tan t (1.438 

cm deg) 
To = 273.15 deg. 

The utili zation of the Planck expression to realize 
the scale above the gold point presents an ideal situa
tion on one hand and a dilemma on the other. Once 

] Figures in brac ket s indicate the literature references at the end of th is paper. 
ll lt is ant icipated that the numerical va lue of so me of these fixed points and defining 

constants will be c hanged in the near future. 

the gold point a nd the second radiation constant are 
defined and the wavelength es tablished, no other 
material property need be considered. In practice, 
however, an es timate must be made on how well a 
temperature meas uring sys tem reprodu ces the IPTS. 
Generally, this estimate is obtained through calibra
tion against well-defined transformations similar to 
the fixed points listed for the low and moderate 
temperature portions of IPTS. The need for addi
tional references is partly me t by IPTS whic h recom
mends certain secondary points useful for calibration 
purpos·es. Table 1 lists the available secondary 
reference points for temperatures above 1063 0c. 
Unfortunately , the materials included in the table 
are few in number and generally not well-suited to 
a wide variety of applications. All are metals and 
susceptible to varying degrees of oxidation. Each is 
specified as applicable to equilibrium conditions under 
a pressure of one standard atmosphere even though 
the original data may have been obtained in different 
environmental situations. The melting points of 
nickel [2] and rhodium [3] for instance, were de
termined in a vacuum of 0.01 to 0.001 mm Hg while 
both platinum [4] and iridium [5] were investigated 
in air. Small variations in pressure generally have 
inconsequential effect upon a melting point. The 
chemical nature of the pressure medium, however, 
cannot be overlooked. Reaction between the e n
vironmental gas and the metal standard and con
tainer materials could alter the determined melting 
point significantly. 

The lack of recogn ized high te mpe rature reference 
materials necessarily has forced the use of pse udo-

317 



TAB'LE 1. Secondary reference points of the International 
Practical Temperature Scale [1] 

Material 

Copper 
Nickel 
Cobalt 
Palladium. 
Platin'um 
Rhodium 
Iridium 
Tungsten 

Temperature a 

°C. IPTS 
" 1083 

1453 
1492 
1552 
1769 
1960 
2443 
3380 

iI The temperature indicates the melting point at one standard atmos phere. 
to A reducing at mosphe re is required. 

standards which often are of nebulous or unknown 
quality. The metal oxides and their compounds have 
been utilized extensively for this purpose. At one time 
or another materials including AI~03, Cr~03, MgO, 
NiO, CaMgSi~O(l (diopside), 15 percent CaO:85 percent 
SiO~ and CaSiO:) [6J all have been employed al
though there is no common consensus as to their ex
act melting points. Such a myriad of oxide meltin a 

point values have been perpetuated throu"h th: 
literature that present day knowledge regardin~ these 
pseudostandards is in a state of utter confusion. 

In order to help clarify the situation , the National 
Bureau of Standards has undertaken a program to 
completely characterize and elucidate more fully the 
melting behavior of the metal oxides. The initial ef
f~ort, since published [6J , consisted of a complete 
bterature survey of oxide melting points coupled with 
a critical analysis and general evaluation of individual 
investigations. The second part of the program in
volves the experimental determination of the meltin a 

points of a number of the more important oxides with 
s ufficient accuracy and precision to justify their use 
as reliable reference points. 

Numerous metal oxides warrant consideration as 
reference materials, and foremost among these a 
ALO:] (corundum) appears to be one of the more 
promising substances. In fact, its melting point was 
mcluded as one of the secondary reference points on 
practical temperature scales used by many [7J prior 
to the adoption of the International Temperature Scale 
of 1927. Even today, Ab03 still is employed widely for 
calibration purposes, and for this reason, it was se
lected for the first detailed study. The present work 
reports results obtained in an investigation of the 
melting characteristics of ALO:) in environments of 
either vacuum,:! argon, helium, or air utilizing tun a -

sten or iridi um containers. In this study emphasis 
was placed on two major problem areas of equal im
portance. First, every effort was made to insure precise 
temperature measurements of the highest obtainable 
accuracy compatible with the actual melting point 
determination. It is one thing to measure temperatures 
per se and quite another to determine the temperature 
at which a transformation occurs. The second area re
ceiving detailed attention was the material aspect of 
the problem. Strictly speaking the melting point of any 

. :! Prelimi,~ary result s on the melting point. of AI~O:I in vacuum have been published [8] . 
SlIlee that tunc',the w\~rk has b~en expanded In scope and for complet e ness of data and unity 
of Ihuu~ht. portIOns of the earlier s tud y are included here. 

material will remain constant for a given confining 
pressure. However, if the oxide changes in any man
ner, whether it be by partial dissociation, chemical 
reaction, or others, its melting point must change. 
Knowledge of these changes must be obtained before 
any credibility can be placed in the determined melt
ing point. 

2. Previous Investigations 

Since 1911 there have been at least 24 separate 
determinations of the melting point of ALO:). Some are 
of only historical interest, others merit consideration 
as worthwhile. Table 2 summarizes the important de
tails of each study. With few exceptions each investi- \ 
gation employed optical pyrometry to measure tem
peratures. Curiously enough, none made any serious 
attempt to study the effect of environmental condition s. 

The melting point preferred by many today is that 
determined by Kanolt in 1914 [9]. The original value, 
20?0 °C, is employed time and time again as a reference 
pomt even though changes in temperature scales re
quire an adjustment in the original to about 2072 °C 
(IP'rS) [10]. In light of some of the more recent work 
it would appear that the suggested correction is some
what too high and there is no longer any justification 
in giving reference to Kanolt because of the inherent 
uncertainties in the adjusted temperature. 

3. Apparatus 

3.1. Induction Equipment 

a. Vacuum Furnace 

Figure 1 illustrates the essential components of the 
vacuum induction furnace and associated equipment. 
The furnace is capable of attaining about 3000 °C at 
reduced pressures. Power for induction heating was 
supplied to the furnace by a 20 k W , 450 kHz radio fre
quency electronic tube generator used in conjunction 
with a saturable reactor, magneti c amplifier and an 
adjustable current controlling device. The power con
trol mechanism provided for both manual and auto
matic operation. In the manual mode two ten-turn 
high precision potentiometers allowed ~urrent adjust
ment in small enough increments to produce tempera
ture changes of less then 2 0c. A filter network of 0.1 
tLF capacitors were used to prevent extraneous emf 
from interfering with the con'trol circuit or temperature 
measurement. 

The primary load coil, attached to the rf generator 
by flexible water-cooled leads , was mounted external 
to the system around a Pyrex glass bell jar. The induc
tion field from the load coil was concentrated in the 
region of the susceptor by means of a hollow water
cooled copper load coil concentrator. The concen
trator was doughnut-shaped, having a vertical bore 
diameter of 0.875 in, an outer diameter of 2.8 in , a 
length of 3.0 in and a 0.01 in wide longitudinal slot. 

The bell jar, approximately 7.5 in high and 3.75 in 
maximum diameter enclosed the concentrator and 
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TABLE 2. Compilation of the melting points of AI20,a 

Melting points ~ 
Date Investigator Purity Furnace type Temperature Method Environment Original temp. h 

measurement scale OriginalOC lnt. 1948 'C 

1911 Ruff & Not stated Resistance, Optical pyrometer Observation of Nitrogen (C, = 1.48 cm deg) 2020 2044 
Goecke [33J graphite specimen during Au point = 1071 °C 

element heating 
1913 Ruff [34J Pure Resistance , Optical pyrometer Observation of Not stated C 2 = 1.46 em deg 2010 2035 

graphite specimen during PI point = 1755 °C 
element heating 

1914 Kanolt [9J Fe-O.OOI% Resistance. Optical pyrometer Thermal analysis, (A) Vacuum at Not stated d 2050 2072 
SiO,-O.OOI% graphite heating curves 2 mm Hg 
Chloride-0.005% element (B) Hydrogen 
Sulfate - 0.001 % 

1914 Tiede & Not slated Arc Optical pyrometer Observation of Vacuum Not stated 1890 
Birnbrauer [35) specimen during 

heating 
1916 Ruff & Pure Resistance, Optical pyrometer Observation of (A) Air at C,= 1.437 cm deg (A) 2005 2005 

Lau.chke [36J graphite specimen during 7.5 mm Hg Au point 
element heating ~ 1062.4 'C 

(B) Air at (B) 2008 2008 
7.7 mm Hg 

1928 v. Wartenberg Pure Flame,oil.oxygen Optical pyrometer Observation of Air Int. 1927 2055 2049 
et aJ. [43J specimen during 

heatin/! 
1931 Bunting [38J 99.95% Induc tion , Ir Optical pyrometer Examination of (Air) Int. 1927 2045 2038 

alloy susceptor specimen after 
heati ng 

1931 Weigel & Not stated Resistance, Optical pyrometer Observation of (AI) One atm. C, = 1.44 e m deg (A I) 2007 2009 
Kay.ser [391 Two samples A graphite specimen during nitrogen Au point = 1063 'C 

and B element heating (A2) Air (A2) 2010 2012 
(B l) Reducing (Bl) 2001 2003 
(B2) Air (B2) 2005- 2010 2007- 2012 

1943 ' Geller & 99.98% Resistance Optical Observation of Air Int. 1927 2035 2029 
Bunting [4OJ pyrometer specimen during 

heating 
1945 Geller & Three Resistance. Optical Observation of (A;r) Int. 1927 2000- 2030 1994-2024 

Yavorsky samples: ThO,·CeO, pyrometer spec im en during 
[41J (A) 0.05% soda elements hea ting 

(B) 0.01% 
impurities 

(C) < .07% 
impurities 

1952 Lambertson & 99.9% Resistance . Optical Examination of He lium (lnt. 1948) 2034 2034 
Gunzel [421 Welement pyrometer specimen after 

heating 
1956 Lang et al. 99.9% Resistance. Optical Observation of Argon Int. 1948 2049 2049 

[43J graphite pyrometer spec imen during 
element heating 

1959 Aldred & High purity Arc·image Radiation Thermal analysis, (Ai r) (Int. 1948) 2060 2060 
White [44J pyrometer heat ing curves 

1959 Mark [451 Not stated Resistance. Optical Observation of Neutral (lnt. 1948) 2020 2020 
graphite pyrometer specimen during 
element heating 

1960 Diamond & 99.9% Solar Optical Observation of Air Int. 1948 2025 2025 
Schneider pyrometer specimen during 
[46J cooling 

1961 McNally Not stated Induct ion , Optical Observation of Air, argoll, lnt. 1948 2043 2043 
et al. graphite pyrometer specimen during nitrogen 
[471 susceptor heating 

1963 Chekhovskoi 0.1-0.2% Resistance, Optical Thermal analysis, Argon Int. 1948 2044 2044 
& Petrov impurities Welement pyrometer heating and 
[481 cooling curves 

1964 GUlt [49J Not stated Hot wire, l00Ir-60lr:4ORh Not stated Argon (Int. 1927) 2070 2063 
Ir- Ir alloy thermocouple 

. element 
1964 Riley 150J Not stated Resistance . Optical Observation of Argon lot. 1948 (A) 2045 2045 

graphite pyrometer specimen during (B) 2050 2050 
element heating (C) 2050 2050 

1965 Foex [51J 99.97% Solar Optical Thermal analysis, Air Int. 1948 2042 2042 
pyrometer cooling curves 

1965 Gitlesen & > 99.7% Resistance, Optical Thermal analysis, Argon at Int. 1948 2041 2041 
Motzfeldt graphite pyrometer heating curves. 400 torr 
[291 element Also, by obser· 

vation of molten 
specimen from 
orifice 

1966 Kantor et 99.99% Resistance . Optical Thermal analysis, Vacuum e lnt. 1948 2049.7 2049.7 
al.. [52J graphite pyrometer heating and 

element coo ling curves 
1966 Sala [53[ Pure Resistance. l00W- 74W:26Re Thermal analysis Argon at lnt. 1948 2037 2037 

graphite thermocouple 30 mm Hg 
element 

1966 Urbain & Two samples: Resistance, Optical Thermal analysis Argon Int. 1948 2047 2047 
Rouannet A) < .3% graphite pyrometer 
[541 impurities element 

B) < .02% 
impurities 

• 
II All phases. numbers, etc. enclosed in parentheses indicate that these it ems are not 

directly expressed in quoted reference. Based on information contained in the report the 
enclosed terms are assumed valid. 

C Method of conversion of original values to IPTS of 1948 given by Schneider [6]. 

II Int 1927=The International Temperature Scale 1551: Int 1948 = The International 
Practical Temperature Scale of 1948 [II: C! = Se('ond radiation constant. 

d Kaooh did not employ a defined scale. A complete discussion of his work is reported by 
Schneider [10]. 

I.' Chemical Abstracts [56[ erroneously reports the environment as argon. 

319 



AUTOMATIC OPTICAL 
PYROMETER 

WINDOW--

.cQJJ. -
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SHIELDS 

4fiq\f:'==~- CRUCIBLES 

11--- BELL JAR 

~1lJII!III~~b:- - WATER OUT 

FIGURE 1. Schematic drawing of vacuum induction furnace and 
related apparatus. 

susceptor. The base of the bell jar was located on a 
brass flange whic h in turn rested on a brass base plate 
connected to the vacuum system. A clear 1.125 in 
diam, 0.125 in thick fused silica window mounted in a 
water cooled brass holder attached to the top of the 
bell jar, provided a means to view the interior of the 
furnace. 

High temperature O-rings were employed as vacuum 
seals between the base plate , flange, bell jar, window 
mount and window. The vacuum system consisted of a 
mechanical pump, a 4-in oil diffusion pump and a 
liquid nitrogen cold trap located between the pumps 
and the furnace. Pressures were monitored with 
thermocouple and ion gauges. After degassing, the 
ultimate obtainable pressure was 1 X 10-6 torr. How
ever, at 2000 °C the normal operating pressure of the 
system was nominally 6.5 X 10- 5 torr. 

b. Atmosphere Furnace 

environment. The atmosphere furnace is suitable for 
use at temperatures up to 2600 °C at positive pressures 
of 0 to 50 in H20. The environmental setup utilized the 
same rf generator and control system described for the 
vacuum furnace. In addition , it was found necessary 
to incorporate a 12: 1 load co il transformer between 
the generator and the coil. This in essence reduced the 
potential and increased the amperage of the load coil 
a sufficient amount to pe rmit heating without apparent 
ionization of either argon or helium. 

The load coil and susceptor were mounted inside a 
11 in high, 7 in maximum diameter Pyrex glass bell jar. 
A plastic retaining collar clamped the bell jar in place 
and provided a gas tight seal between the aluminum 
base plate, O-ring and bell jar. The base plate in turn 
was connected through a valve arrangement to both a 
mechanical pump and to a gas vent glycerol bubbler. 
Cold traps were located intermediate between the 
furnace and the bubbler as well as between the pump 
and the remainder of the system. 

A 1.125 in diam, 0.125 in thick fused silica viewing 
window mounted in a water-cooled brass holder was \ 
attached to the top of the bell jar. Environmental gas 
was admitted to the system through a 0.125 in diam 
port located directly below the window. The position 
of the entrance port aided greatly in preventing severe 
deposits of condensed vapors from accumulating on 
the window. 

WINDOW~ 

WINDOW MOUNT --S~T~~==::J- GAS ENTRANCE 

INDUCTION COIL ~ 

BELL JAR 

GAS EXIT 

o o 
~8 

o 
8 

o 
o 
~8--- -- CRUCIBL ES 

§ 

~RETAINING RING 

LEADS TO LOAD COIL TRANSFORMER 

Figure 2 indi cates the primary features of the equip- FIGURE 2. Schematic drawing of atmosphere furnace and related 
ment used for all work requiring a helium or argon apparatus. 

320 



THERMOCOUPLE 
GAGE 

COLO 
TRAP 

COLO 
TRAP 

THERMOCOUPLE 
GAGE 

COLD 
TRAP 

HELIUM OR 
ARGON TANK 

FIGURE 3. Schematic drawing oj gas purificat ion train. 

Figure 3 shows a schematic diagram of the gas puri
fication train . With the exception of nitrogen, the train 
regularly can deliver gas to the system having impurity 
levels less than 10 ppm for helium and 72 ppm for 
argon.4 Gas from the bottled tank passed first through 
a cold trap, then over hot copper turnings (395 to 400 
°C) and finally through two more cold traps. All three 
cold traps were filled with glass beads to disperse the 
flowing gas and promote more effi cient trapping of 
impurities . Liquid nitroge n and an alcohol-dry ice 
mixture were used as the trap coolants for helium and 
argon , respectively. 

All tubing and connections between the various 
components of the train were either glass or metal. 
High diffusion rates through natural or synthetic rub
ber , plastic or even nylon tubing caused the impurity 
conte nt of the e nvironmental gas to raise to a suffici
ently high level to produce oxidation of the tungsten 
components of the furnace . 

A mechanical pump was used to evacuate the train 
to facilitate the gas flushin g process. Flexible heating 
tapes aided in degassing the sys te m prior to admitting 
the environmental gas. Once put into operation the 
train was never opened to the air. Reduced pressures 
were determined with thermocouple gauges. A 
vacuum-pressure (50- 0- 50 in H2 0) brass bellows 
gauge monitored positive pressures. 

All heatings in an air environment were performed 
in basically the same furmace outlined for the helium 
and argon studies. However, a confining bell jar and 
gas train were not employed to control the environ
ment. The system was left free to ac hieve the atmos-

T pheric conditions prevalent in the surroundings. To 

4 No a tt empt was made to remove nitrogen from e ither the he lium or argon. The only 
impurities de tec ted by mass s pec trometric ana lys is were oxygen and nitrogen as air. The 
analyses we re performed by the Analytical C hemistry Division, National Bureau of 
Sta nda rds. 

inhibit oxidation during the early stages of the heat 
treatment, facilities were available to engulf the sus
ceptor in a stream of helium . The helium flowed 
through an orifice located in the cruc ible mount 
directly below the susceptor. A blower aided in re
moving vapors from the optical path of the pyrometer. 
The forced air was directed across the top of the in
duc tion coil but did not impringe on any part of the 
furnace. The stream of air caused no noticeable de tri 
mental effect. 

c. Susceptor-Blackbody 

Figures 4 and 5 illus trate the significant elements 
of the susceptor-blackbody assembly which was used 
in conjunction with each of the described furnaces . 
Table 3 lists the nominal dimensions of each of 
crucibles. With the exception of the brass support 
mount, all parts were machined from solid rods of 
either pure iridium or tungsten. The all-tungsten 
assembly was employed for heatings in vacuum, argon, 
and helium. The iridium susceptor-blackbody was 
utilized for environments of vacuum, helium, and 
exclusively for air applications. 

The outer crucible served as the susceptor and was 
heated inductively. The inner crucible in turn was 

TABLE 3. Nominal dimensions oj crucible assembly 

Outer diamete r 
Le ngth 
Wall thic kness 
Cover thickness 
Cover diameter 
Orifice diameter 

Outer c rucible Inner c ru cible 
"susceptor" "blackbody" 

i ll i ll 
0.75 
1.25 
0.06 

.06 

.75 

. 13 

0.50 
.75 
.06 
.06 
.50 
.03 
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-TOP RAOIATION SHIELDS 

-OUTER CRUCIBLE 

INNE R CRUCIBLE 

--SPEC IMEN PLATE 

f~~~- BOTTOM RADIATION SHIELDS 

-- MAIN SUPPORT LEGS 
(ONE NOT SHOWN) 

- - - - HELIUM ORIFICE FOR 
AIR ENVIRONMENT 

- -- CRUC IBLE .SUPPORT STAND 
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- SUPPORT LEGS MOUNT 
(BRASS) 

~%~~~=='::J HELIUM ENTRANCE 

FIGURE 4. Schematic drawing of susceptor·blackbody and related 
parts . 

B 

A 

D 

FiGURE 5. Photograph of susceptor·blackbody disassembled. 
A = top radiation shields 
B = outer cruc ible cover 
C = outer cruc ible and base 
D = inner crucible 
E = inner crucible cover 
F = speci men plate containing melted AI.,!03 sample 
G = bottom radiation shields not shown. 

heated primarily by radiant energy emitted from the 
susceptor. In gaseous environments, energy trans
mitted by convection also influenced to a limited 
extent, the heating characteristics of the crucibles. 
The inner crucible performed a dual function, acting 
as both the specimen container and blackbody for 
temperature measurement. Each of the crucibles 
was supported on minimum contact pointed tungsten 
or iridium rods. This arrangement promoted tempera
ture uniformity by minimizing heat flow to cooler 
areas. End losses were further reduced by radiation 
shields located at each end of the outer crucible. 
Each shield contained a 0.02 in wide slot to inhibit 
appreciable heating by induction. Successively larger I 

holes in the outer crucible cover and top radiation r 
shields permitted radiation emitted from the orifice 
in the inner crucible to pass through the glass window 
to the pyrometer. To insure diffuse reflections, all 
surfaces of the inner crucible and the internal surface . 
of the outer crucible were grit blasted with Alz03 

powder. A removable specimen plate, 0.31 in diam, 
0.04 in thick was located at the bottom of the inner ' 
crucible. A 0.03 in diam, 0.02 in deep depression in 
the plate, 0.05 in off center, provided a cavity for 
placement of the specimen. 

3.2. Temperature Measurement 

An automatic photoelectric pyrometer was used to 
monitor temperatures continuously during the course 
of each experiment. The photoelectric pyrometer is 
not a new innovation in temperature measurement, but 
only recently has it come of age as a precision piece 
of equipment. Since descriptions of this type of device 
are given elsewhere [11, 12] , only pertinent details 
will be outlined here. Basically, the automatic pyrom· 
e ter operates on the same general principle as the 
well-known visual optical pyrometer with a photo· 
tube performing the same function as the eye. The 
phototube detector, through a chopper arrangement, 
alternatively views images of the target and an internal 
calibrated standard lamp, each 90 times per second. 
A transitorized balancing mechanism automatically 
adjusts the emf to the lamp until the lamp brightness 
is equal to that of the target. The current drawn by the 
lamp can be then related directly to the brightness of 
the target. Once the current-temperature relationships 
of the in~ernal lamp are established, the temperature 
of a blackbody target can be determined. 

The photoelectric pyro meter, like the visual equip· 
ment, is a spectral instrument. A standard interference 
filter limits the band pass to a wavelength of 0.650 
micrometers with a width at half height of about 0.020 
micrometers. The pyrometer can respond in less than 
1 sec to temperature changes of 0.2 °e at 1063 °e (gold 
point) and about 1 °e at 2000 °e. Target sizes can be as 
small as 0.030 in diam requiring an entrance angle of 
0.006 steradians. Internally mounted absorbing screens 
are used to reduce the amount of radiation reaching 
the photomultiplier tube and provide four separate 
ranges of operation: 800 to 1200 °e (low), 1050 to 
1700 °e (medium), 1350 to 2800 °e (high), and 2000 to 
6100 0 e (extra high). 
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The pyrometer was calibrated 5 on two separate 
occasions, at the beginning of the experimentation 
and after 300 hr of operation. Using a tungsten strip 
lamp as the temperature source and assuming a mean 
effective wavelength of 0.653 micrometers, the cali
bration related blackbody temperatures to corres
ponding currents of the internal pyrometer lamp. 
Table 4 gives selected low range . values for each of 
the two calibrations. The data generally fit the 
equation: 

T = a + bl + cl2 + df3 + ef4 

where, 

T = blackbody temperature , °C IPTS 
1 = pyrometer lamp current, milliamperes. 

Overall there is a favorable comparison between the 
two sets of values, thus illustrating the stability of 
the pyrometer after extended use. Further tests indi-

_ cated that moderate changes in ambient temperatures 
do not affect the calibrations. 

Maximum uncertainties in the calibration are esti
mated to decrease from about ± 3 °C at 800 °C to 
± 1.5 °C at 1063 °C, and then increase to about ± 2 °C 
at 1225 °C for the low range. For the medium range, 
the uncertainties increase from ± 2 °C at noo °C to 
± 3.5 °C at 1750 °C, and fOT the high range , increase 
from ± 4 °C at 1500 °C to about ± 4.5 °C at 2000 °C 
and to about ± 6_5 °C at 2800 0c. 

TABLE 4. Automatic pyrometer calibrations (low range) 

Blac kbody temperature 
P yrometer 1--- ---,----

lamp current 
Orig inal Afte r 300 hours 

MiJliamperes °C, IPTS , 
32.00 876 
35.00 930 
38.00 980 
41.00 ro27 
44.00 1072 
47.00 1115 
50.00 1156 
53.00 1197 
56.00 1237 

"C, IPTS 
877 
931 
980 

1027 
1072 
1115 
1157 
1198 
1237 

In the present work the pyrometer was mounted 
directly above the furnace, thereby eliminating the 
need for a prism and its additional source of error. 
The pyrometer was encased in an aluminum jacket 
which in turn was attached to a milling head-piston 
assembly. This arrangement allowed for vernier 
adjustment in the x, y , and z directions as well as 
providing for rotational movement. In all cases the 
pyrometer was alined normal to the top surface of 
the inner crucible. The aluminum jacket served as 
an electrical shield against rf pickup and in addition, 

r protected the pyrometer somewhat against changes 
in ambient temperature. 

:'> The ('a libra ti o n was pe rfo rme d by the Radiatiun The rmome try Section. Heal Divis ion . 
) National Bureau of S tandards . 

Both the power input and emf output of the pyrom
eter were filtered and shielded against electrical 
interference. The lamp current was measured by a 
high speed precision milliampere recorder-indicator. 
Frequent calibrations proved the reliability of the 
recorder. 

3.3. Window Calibration 

The absorption characteristics of the fused silica 
viewing window were determined routinely through
out the course of the inves tigation. To accomplish 
this, the automatic pyrometer was rigidly fastened 
to one end of a lathe bed whic h served as an optical 
bench. A type 30A/6V tungsten ribbon lamp, the 
temperature source, was mounted on the opposite 
end of the bench with a moveable window holder 
intermediate between the lamp and the pyrometer. 
The lamp carriage allowed for adj us tments in the 
lamp position in the x, y , and z directions as well as 
providing for angular and rotational movement. The 
tungsten ribbon and the window were aligned normal 
to the optic axis of the pyrometer. 

Power for lamp operation was furnished by a reg
ulated solid state doc power supply having a capacity 
of 0 to 18 V and 0 to 50 A. The power supply system 
was capable of maintaining a constant lamp current 
to within 0.02 percent, which is equivalent to less 
than 0.5 °C for a ribbon temperature of 2000 0c. 
Currents drawn by the lamp were determined by 
measuring with a precision potentiometer, the po
tential drop across a 0.001 n calibrated resistor in 
series with the lamp. Frequent spot checks on the 
accuracy and precision of the pyrometer were made 
possible through the use of a calibrated ribbon lamp. 
The lamp calibration 5 related the current drawn by 
the lamp to its brightness temperature at a wave
length of 0.653 micrometer. 

4. Test Methods 

4.1_ Melting Point Determinations 

Although numerous methods have been devised for 
determining the melting point of a material, none 
appeared completely suitable for establishing the 
A120~ point. The traditional method, thermal analysis , 
depends upon energy changes which occur during 
heating or cooling and is reliable only for materials 
having a relatively high thermal conductivity. Other 
procedures require an accurate knowledge of dif
ficult to obtain properties, such as emissivity, to 
establish the melting temperatures. 

Perhaps the greatest difficulty inherent with any 
method is the measurement of temperature. The 
method finally adopted in the present investigation 
concentrated on this facet of the problem, the attain
ment of accurate temperatures. To accomplish this a 
blackbody enclosure was built as an integral part of 
the system. Secondly, a specimen of suffici en tly small 
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volume was utilized so as not to introduce unwanted 
thermal gradients and negate the attainment of black
body conditions_ In essence, the method simply con
sisted of the heating and cooling of a blackbody 
enclosure containing a specimen small enough not to 
disturb the blackness of the cavity. At all times dur
ing the heating or cooling cycle the specimen was 
invisible to the eye. A visible specimen would require 
a departure from blackbody conditions and thus defeat 
the purpose of enclosure. After each heating, it was 
necessary to classify the cooled specimen as either 
melted or not melted according to specified criteria. 
After a series of heatings the melting point could be 
established as that temperature midway between the 
maximum temperature at which no melting occurred 
and the minimum temperature where fusion was 
complete. 

Quite obviously, the success of the method depends 
upon the ability to determine positively the degree of 
melting the specimen had undergone. Physical ap
pearance of the specimen is a useful guide. A sample 
which had lost its original shape and flowed to sur
rounding regions can, of course, he considered com
pletely melted. Unfortunately, the appearance can be 
deceptive at times due to plastic flow, creep and 
sintering which occur in the solid state. These diffi
culties were minimized to negligible problems by 
utilizing single crystals as test specimens. A single 
crystal will retain its identity, that is, remain single, 
unless melted. Upon melting, the liquid will solidify 
as a polycrystalline mass which is easily detected by 
microscopic techniques. 

To insure the maximum degree of correlation be
tween experiments performed in different environ
ments, the same general procedure was followed for 
each individual test. A cylindrical-shaped single crys
tal (or polycrystalline specimen), about 0_03 in diam, 
0.03 in long, was placed in the depression of the speci~ 
men plate located at the bottom of the inner crucible 
(blackbody). After assembly of the remainder of the 
susceptor-blackbody, the bell jar was positioned in 
place and the entire system evacuated by means of 
the mechanical pump. Using an auxiliary spotlight the 
pyrometer was alined and focused on the hole in the 
cover of the inner crucible. 

Depending upon the required environment, either 
the system was evacuated further to about 2 X 10-5 

torr with the diffusion pump (fig_ 1) or in cases of the 
atmosphere furnace (figs. 2 and 3), ourgassed by heat
ing to 1000 °C at mechanical pump pressures. For 
argon or helium applications, after the preliminary 
heating in vacuum, the system was then filled with 
purified gas to a pressure of about 30 in H20 (gauge). 
The system was again evacuated and refilled with the 
entire flushing procedure being repeated a total of 
four times. After the final filling, the system was 
vented to the air through the bubbler. Gas flow was 
maintained at about 0.5 ml per minute at a positive 
press ure of about 2 in H 20. For heatings ·in air, the 
system was, of course, left open to the surrounding 
environment. To inhibit oxidation, a gentle flow of 

helium from the orifice below the susceptor did , how
ever, engulf the crucible during the first 1200 deg. 
At this temperature the helium flow was terminated 
and the remainder of the heating cycle conducted in 
air. During the cooling cycle, the helium flow was 
reactivated. 

The heating rates were the same regardless of the 
~nvironment. After the preliminary processing was 
completed, the power to the generator was increased 
in a stepwise manner at about 10°C per minute until 
the temperature was about 10 to 15 deg below the 
desired temperature. The pyrometer was then re
alined by traversing across the sight area until the 
output of the pyrometer indicated a maximum. This 
position was found to coincide with the center of the ~ 
hole in the inner crucible_ The traversing procedure 
was necessary inasmuc h as the inner hole was almost 
invisible to the eye due to the near blackbody condi
tions which prevailed in the area surrounding the 
smaller crucible. After realinement , the temperature 
was increased slowly at about 0.75 °C per minute un
til the desired temperature was attained. This tempera- \ 
ture , TlII , was maintained about 30 to 60 secs before all 
power was shut off. Upon cooling, the entire assembly 
was dismantled and the specimen examined for evi
dence of melting. Routine examination included de
tailed analyses · with both a binocular and polarizing 
microscope and, when applicable, x-ray diffraction. 

In order to determine accurately the temperature 
attained in the vacuum, argon, or helium experi
ments , it was absolutely necessary to establish the 
absorption characteristics of the viewing window 
and deposited vapors. Window calibration was car
ried out by first positioning the window between the 
pyrometer and ribbon lamp in a manner as to similate 
test conditions in the induction furnace_ The pyrometer 
was sighted through the window and focused on the 1 

midportion of the ribbon located adjacent to the fila
ment notch. The lamp, representing the blackbody 
enclosure, was raised in temperature until the pyrom
eter indicated an output approximating the maximum 
obtained in the melting point tesL After proper 
stabilization, adjustments were made until the bright
ness temperature of the lamp was within 2 °C of the 
experimental run. With the temperature of the lamp 
held constant the window was removed from the 
optical path causing an increase in the output of the 
pyrometer. The absorption of radiation due to the 
window and deposited vapors could be accounted for 
through the calculation of the "A-value" obtained 
from the equation: 

1 1 
---=A 
Tt Ta 

where, 

Tt = temperature (OK) observed without the window 
in the optical path 

Ta = temperature ("K) observed through the window. 
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Once A was determined, it could be applied to the 
melting point test by substituting Tn, for T" in the 
above equation. Solving for T, a temperature is ob· 
tained which should be equivalent to the maximum 
temperature actually attained by the blackbody 
and specimen. This assumes, of course, that black· 
body conditions prevailed during experimentation. 
It further assumes that no significant amount of 
vapors were deposited on the window during cooling 
and that no appreciable quantity of radiation was 
absorbed by vapors in the optical path of the pyrometer. 

4.2. Arc-Image and Phase Equilibria Experiments 

In order to determine what effect various environ
ments have upon AbOa, a number of experiments 
were performed using arc imaging techniques. The 
arc·image furnace has been described elsewhere 
[13 J and therefore will not be outlined here. The 
procedure followed essentially consisted of purifying 
a polycrystalline rod of AbOa by melting for 1 hr in 
a vacuum of 5 X 10 - I; torr. The temperature of the 
molten Al2 0 a was estimated to be about 2150 0c. 
After the initial treatment, the specimen was re
melted for 10 min at the same temperature in about 
1 atm (770 to 780 mm Hg) of the desired gas. En
vironmental gas included: air, air plus water vapor, 
helium, helium plus water vapor, hydrogen, nitrogen, 
and oxygen. All specimens were then examined with 
the polarizing microscope using the immersior. 
method (1.760 index liquid and 500X magnification). 

In addition_lo'the arc-image experiments, a limited 
study was conducted on the phase equilibrium re
lationships in the AI2 0 3-W and in the ALOa-1r sys
tems in vacuum, helium, and where appropriate, air. 
The same equipment and general procedure previously 
described for the melting point determinations were 
employed in this auxiliary investigation. Heating 
schedules were modified slightly to allow for longer 
holding periods at the desired temperature. Evi
dence for melting was based solely upon the physical 

appearance of the cooled specimen. All specimens 
were examined by x-ray diffraction at room tempera
ture using a high-angle recording Geiger-counter 
diffractometer and Ni-filtered Cu radiation. 

5. Materials and Specimen Preparation 

Four single crystals and one powdered sample of 
AhO:l were used for all melting point determina
tions. Table 5 gives the general qualitative spectro· 
chemical anslysis 6 of each material. 

The single crystals, 0.03 in diam, 6 in long, were 
purchased from the same supplier in two different 
lots of 8 to 10 crystals each. The four single crystal 
samples were selected at random, three from one lot 
and one from the other. Specimens were prepared 
from individual rods by cutting them with a diamond 
saw into 0.03 in lengths. The c ut specimens were 
washed in alcohol, boiled in HCl, washed in distilled 
water, and finally dried at 140°C. 

The powdered sample, as received, was in the form 
of a fine , apparently amorphous material. Upon heat
ing, the amorphous powder readily converted to 
po]ycrystalline a-AL03. Specimens were prepared 
from the as received powder by pressing into 
0.03 in diam, 0.03 in long, cylinders using a small 
pellet press. Distilled water was added to the AlzO:! 
to aid in the fabrication. Other than air-drying, the 
specimens received no additional treatment. 

All specimens for the phase equilibria study were 
fabricated from 99.9 percent pure W or Ir powder and 
the same Alt03 powder as used for the melting point 
tests. Compositions prepared for study were limited 
to: 90ALO:!: 10 metal, 66.7 AlzOa:33.3 metal and 
50AlzO:!:50 metal (mole percent). Appropriate amounts 
of AbO:! and either W or Ir were first mechanically 
mixed, then pressed into 0.03 or 0.06 in diam pellets 
and finally air dried. 

6 Analyses were performed by the Analytical Ch~ mistry Division. National Bureau of 
Standards. 
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Specimens for the arc-image experiments were 
purchased in the form of sintered polycrystalline rods , 
about 0.25 in in diam . The rods were purified by 
vacuum meltin g as previously desc ribed. They reo 
ce ived no oth er treatment prior to the actual tes t. 
Table 5 li s ts th e s pec trochemical analyses of a rod 
after purifi cation. 

6. Results and Discussion 

6.1. Temperature Measurement 

In spectral radiation pyrometry, as employed in 
this investigation , the measuring instrument deter· 
mines a brightness temperature , not the true tem
perature of an incandescent body. Using Wien's 
law,1 the relationship between these two tempera
tures is given by the equation: 

where , 

T= true temperature (OK) 
T B = brightness temperature (OK) 
Ae = effective wavelength 
E A = spectral emissivity 
C2 = second radiation constant. 

Quite obviously, for a given effective wavelength 
the difference between T and TH may be rather large, 
depending upon the magnitude of the spectral emis
sivity. Unfortunately, emissivity is a very difficult 
property to determine experimentally and conse
quently is known for but a few materials. The prac
tical approach to the problem is to incorporate a 
a blackbody in the measuring system. Since a black
body, by definition , has an emissivity of unity, the 
observed and true temperatures necessarily would 
be equal. 

Fundamental to the present investigation is the 
assumption that near blackbody conditions were at
tained by the inner crucible enclosure during experi
me ntation. A perfect blackbody would represent an 
ideal situation , but this unfortunately cannot be 
achieved experimentally. Estimates must be made 
of the extent of the deviation from perfection. The 
quality of the blackbody can be determined from a 
knowledge of the geometrical design, and the re
flectivity and natural emissivity of the materials of 
construction [14, 15]. Using the equations of Gouffe 
[14], the effective emittances of the blackbody con
tainers were calculated from the dimensions listed 
in table 3 and from published emissivity values of 
iridium and tungsten [5;-16, 17, 18, 19]. For the tungsten 
blackbody, the effective emittances were 0.999 at 
room temperature and 0.998 at 2700 0c. The devia
tions in emittance from uni!y will cause an error of 

7 Ideally , the Planc k equation should be utili zed since Wien 's radiation formula is not 
stri c tly valid at extremely high temperatures. However , if ),. {t + 273) is less. than 0.3 em deg 
the resulting error is less than I 0c. 

less than 1 °C at 2700 0c. At room temperature the 
effective emittance of the iridium blackbody was cal· 
culated as 0.998. Values at other temperatures could 
not be estimated because of the lack of reliable 
high temperature emissivity data for iridium. 

The calculations are estimates and only valid if 
(1) the blackbody enclosure is uniformly heated, and 
if (2) the internal reflec tions are completely diffuse 
rather than specular. Any deviation from these two 
requirements would lower the effective emittance and 
cause significant errors in the temperature measure· 
ments . An attempt was made to insure diffuse reflec· 
tions by grit blasting the surfaces of the crucibles 
prior to each test. The effectiveness of this procedure 
is unknown. However, the tungsten surfaces always 
remained roughed and dull after each heating. The 
iridium surfaces on the other hand, always, upon 
heating in vacuum or inert atmospheres changed from 
the dull appearance caused by the grit blasting to 
a bright shiny surface. These observations suggest 
that the effective emittance calculations might be 
more appropriate for the tungsten blackbody than for ' 
the iridium. 

Temperature uniformity is perhaps even more dif
ficult to verify. The radiation shielding obviously 
helped to promote uniform temperatures not only by 
limiting the escape of emitted radiation, but also by 
acting as susceptors of the induction field and thus 
producing independent sources of heat. Care was 
taken during the initial positioning of the crucibles 
in the induction coils to see that at least the outer 
crucible surfaces were uniformly heated. Using a 
manual pyrometer to measure the brightness tempera
ture of the vertical outer surfaces, the position of 
the crucible was adjusted until no gradients were 
indicated. The relatively high thermal conductivity 
of tungsten and iridium were perhaps the greatest 
aid in assuring temperature uniformity. Even gross 
misalinement of the crucibles in the induction field 
did not produce significant gradients. 'Further tests 
for temperature uniformity were conducted by heating 
simultaneously a number of Ab03 single crystal 
specimens located on various parts of the specimen 
plate. In every test, all specimens behaved in a 
similar manner, that is, the same degree of melting 
was indicated for each. 

A definite indication of the relative quality of the 
blackbody and associated te mperature uniformity 
was obtained in a manner pointed out by Kostkowski 
and Lee [20]. With reference to figure 4 it is evident 
that the upper portion of the outer crucible (sus
ceptor) represents another blackbody having an effec
tive emittance for tungsten calculated to be 0.960 at 
room temperature and 0.958 at 2700 0c. If both the 
upper blackbody and the inner enclosure are at the 
same temperature, the brightness temperature of 
each would be different by an amount related to their 
respective emittances with the inner blackbody 
always appearing the brighter. Calculated differences 
between corresponding brightness temperatures 
varied between 3 °C at 1000 °C and 10.5 °C at 2100 0c. 
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These apparent differences in brightness were 
measured at various temperatures by alternately 
sighting the pyrometer first on the hole in the inner 
crucible and then on its top surface. Data were ob· 
tained for three sets of conditions: (1) Tungsten 
crucibles in vacuum, (2) tungsten crucibles in he
lium, and (3) iridium crucibles in l helium .. The re
sults of these experiments are given in figure 6. The 

. solid line represents the differences calculated from 
the effective emittances for the tungsten blackbodies. 
The circles and triangles indicate measured differ
ences. The correlation was excellent considering that 
it was assumed that the two blackbodies were always at 
the same temperature. Maximum deviation from the 

/ calculated differences for tungsten was 2 °C both 
in vacuum and helium environments. The data for 
the iridium blackbodies were included strictly for 
comparative purposes since calculated diffenmces 
(solid line) apply only to the tungsten enclosures. 

1 

Although these tes ts yielded generally favorable re
sults, it was thought advisable to obtain more direct 
verifi ca tion of th e quality of the blac kbodies and the 
temperature meas uring syste m. The melting points of 
Au (1063 °C), Pt (1769 °C), and Rh (1960 °C) were de ler
mined selectively in a manner similar to that previously 
described for the Ab03 determinations. At least 
one, generally two, metal melting points were investi
gated for all possible combinations of environments 
and container materials . To prevent direct reac tion 
with the tungsten or iridium containers, the test 
specimen was placed in a shallow cavity in a 0.125 
in diam, 0.125 in long Ah03 single crystal which in 
turn rested on the specimen plate. The specimen con
sisted of a small metal fragment cut from 99.9 percent 
pure metal ribbon. Complete fusion was indicated 
by the formation of a spherical-shaped ball from the 
original platelike specimen. 
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FI GU RE 6. Brightness Temperatu.re Differences . 
Sol id line = Ci.llcul aled differences in brightness tc mpt: ral ures for two tungs ten black-

bodies. 
a. T= tempe rature of inne r c ruc ible minu s temperat ure of ou ler enclosure . 
0 = meas ured di ffe renc es for tungs ten blac kbodies in vacuum . 
1 = meas ured differenc es for tungs ten blackbodies in he liu m. 
6. = meas ured differences for iridium blac kbod ies in helium. 

Overall the standard metal study was of limited use 
in establishing the quality of the blackbodies. For the 
most part the results generally indicated the melt
ing points of the metals as experimentally deter
mined in this study agreed with the reported values to 
within the precision of the method, ± 0.5 °C, ± 1°C, 
and ± 1.5 °C for the Au, Pt, and Rh points, respec
tively . 

The gold point tests proved to be the most reliable 
guide, checking out in every instance. At higher tem
peratures , depe nding upon the environment and con
tainer, the Pt and Rh determinations were not always 
conclusive. Notable discrepancies between reported 
and observed values occurred which in all probabil
ity can be attributed to causes other than the black
body or temperature measuring syste m. Platinum 
for instance was found to melt in an inconsiste nt 
manner when heated in the tungsten crucible in vac
uum. Platinum which had been previou sly melted 
invariably fused at temperatures lower than Pt 
receiving no prior treatment , perhaps indicating a 
possible reaction between the Ab03 single crystal 
and the tes t specimen. 

All attempts to determine the melting points of 
Pt and Rh utilizing the iridium crucible in air proved 
fruitl ess. In every test , both metals melted at te mper
atures considerably higher than expected. These 
metals were found to reac t with the Ir and/or Ir 
oxide vapor pre valent in the imm ediate surroundings 
to form Ir-Rh (or Ir-Pt) solid solutions which would have 
melting points higher than the Rh (or Pt). X-ray 
diffraction patte rns of Pt or Rh strips heated for 
short times s howed reflections identifiable with 
almost pure Ir. When the Sl!rfaces of strips were 
ground, the resulting x-ray pattern was indicative 
of a single solid solution phase having a composition 
containing considerable Ir. 

Additional problems were encountered in check
ing the Rh point in argon or helium environments . 
The melting point of Rh as observed was approxi
mately 5 °C lower than the reported value . The ex
planation for this phenomenon apparently is not 
as straightforward as a simple che mical reaction. 
X-ray patterns of Rh strips heated to just below 
melting showed no reflec tions whatsoever. Internal 
surfaces produced only broad ill-defined x-ray peaks of 
Rh. Upon heating, the crystalline starting material 
apparently became amorphous (to x-rays) as the re
sult of helium or argon environments. An amorphous 
material, of course, can be expected to melt at a te m
perature lower than a crystalline material of the 
same composition. Similar experiments conducted 
on Pt indicated opposite res ults. The Pt remained 
crystalline throughout the heat treatment and was 
found to have a melting point in agreement with the 
accepted value. 

Additional experiments are needed to elucidate 
more fully the basic principles be hind each of the 
various discre pancies outlined. All would be com
plete investigations in their own right and therefore 
will not be pursued further at this time. 
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6.2. Phase Equilibria 

Congruent melting indicates an equilibrium situation 
between a so lid and liquid of the same chemical com
position. Implici t is the require ment that both the 
solid a nd liq uid represent the equilibrium phases 
defined only by the press ure-te mperature re lation
s hips. O nce the confi ning pressure is speci fi ed , the 
me lt ing temperature is fixed and can not change 
unless the equilibrium conditions are disru pted. 
Nevertheless, variations in the melting point are often 
observed experimentally. Pressure effects are nor
mall y s mall and generally can be disregarded for lim
ited changes in pressure. The formation of meta
sta ble phases prior to melting may be a causative fac
tor. The melting point of a non equilibrium phase 
could not be expected to be equivalent to that of 
the s table modifi cation. Major changes in the melting 
point of an oxide usually are -associated with changes 
in composition induced through di ssociation (or oxi
dation) , or reaction with the cont ainer and e nviron
me nt. 

Knowledge of the phase equilibrium relations of ap
propriate systems can give some insight as to the type 
of reac tion or be hav ior whi c h could be expected under 
s pec ifi c conditions. In the present work a mu lti com
pone nt syste m would be required for study if all th e 
impurity ele me nts in the AI~O :l specimens are con
sidered. Th e impurities would cause a c hange in the 
melting point calculated to be less than a 1 °C de 
press ion for 0.2 mole percent contaminant. Neglect 
ing these, however , the AJ-W -0 and AI-Ir-O ternary 
systems under appropriate environ me ntal conditions 
wou ld completely describe possible reactions . A com 
plete study of each of these two systems would be 
diffic ult to accomplish experimentally; conseque ntly , 
an investi gation into only certain aspects must suffice. 

Consider first the effec t of dissociation of Alz03 

upon the melting point. In this situation the AI-O 
system becomes pertine nt. Various compilations 
[21, 22] give only limited data on this system. Motz
feldt and Gitlesen [23] report preliminary data on the 
AI-Ab03 system and indicate no reaction occurs be
tween end members in the solid state_ Hoch and 
Johnston [24] claim the existence of solid Al20 and 
AIO, but their work cannot be verified. According to 
Motzfeldt and Gitlesen [23] the addition of Al to AbO;l 
lowers the Alz0 3 point a measurable amount. An 
eutectic was placed at about 7 mole percent AI. Fig
ure 8a indicates the general configuration of the 
AI-Ah03 system postulated from available informa
tion. In the figure A represents AI; and B, Ah03. It 
is readily apparent from the diagram that gross 
dissociation of Ab03 below melting would result 
in a two-phase assemblage , each probably detectable 
experimentally. Regardless of the total composition 
of the resultant mixture, melting occurs over a range 
of temperatures different from that of either end 
member. Although not indicated by the figure , oxygen 
deficient AbO:! (AbO:l solid solution) conceivably could 
exist. Here too , melting would occur over a range . 

The arc-image experiments were conduc ted spe
cifically to obtain information on the di ssociation 

characteristics of AbO:l under various environmental 
conditions. Microscopic examination of the various 
samples indicated quite de finitely that some reduc
tion of Ab03 takes place upon heating in all the en
vironments investigated. All samples contained 
vacuoles and occlusions of low indices « 1. 760)_ The 
vacuoles exhibited the s hape of flowing droplets sug
gesting that they were originally composed of a sec
ond liquid phase consistent with the postulated 
AI-AbO:l system. This liquid could have been formed 
by the melting of impur ities but most probably was 
the result of dissociation. Quantitative estimates 
of extent of dissociation were difficult to obtain. 
It appears that melting in vacuum had the least dele
terious effect. Environmental gases, however, affected 
the Ah03 to a greater degree and as measured by 
the amount of occlusions , the extent of dissociation 
for a particular environment increased in the follow 
ing order: (1) vacuum, (2) Ar, (3) N 2 , (4) O2 , (5) He, 
(6) air, (7) He + water vapor, (8) air + water vapor, 
and (9) H2• Surprisingly the presence of water vapor 
enhanced the detrimental effect. Normally water vapor 
would not be :;onsidered as a reducing agent. How
ever , the effect could be accounted for if the water 
itself dissociated to hydrogen and oxygen with the 
hydrogen preferentially attacking the AbO:l. An al
ternative explanation would be a reaction between 
Ah03 and H2 0 in which AIOH gas is one of the 
prominent products. 

Single crystal specimens heated in the iridium or 
tungsten crucibles during the melting point tests were 
also examined microscopically. Results comparable to 
the arc image tests were indicated with the vacuum 
treatments having the least effect and the air the 
greatest. No differences were detected between speci
mens heated in the same environment but using differ
ent container materials (W or Ir). 

Originally it was believed that x-ray examination 
might have detected Ab03 solid solution or perhaps 
the presence of the predicted second solid phase, AI. 
However, x-ray patterns of the specimens optically 
examined showed only reflections representing a
AI20:l. The unit cell dimensions , determined from back 
reflection measurements , were the same as those of the 
unheated starting materials. Apparently the dissocia
tion process follows the equation generally postu
lated in vapor pressure studies [25]: 

Optical evidence supports this conclusion in that the 
vacuoles indicated vaporized regions . Even though 
dissociation is prevalent , the only condensed phase , 
present during melting is stoichiometric AhO:l, solid 
or liquid. Consequently, the total composition prob
ably would remain relatively constant and an experi
mentally determined melting point should be indica
tive of that of pure Alz03 providing extraneous fac
tors do not alter the equilibrium conditions. 

8 Other vapor species have been identified and include: AIO. AI·! O. A120~ The concen
tration of th{'se a re minor in comparison with the major pha~f's. 
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Consideration should also be given to the effec t 
of container materials upon the melting point of AhO:!. 
Any combination of materials, when in equilibrium, 
must undergo some type of reaction upon melting. 
The reaction will result in a change in the liquidus 

I curve regardless of the extent of combination in the 
solid state. For dissimilar materials such as AhOa 
and W, and AhO:! and Ir, one can expect large regions 
ofliquid immiscibility and no compound formation. The 
phase equilibrium relations of the AhO:r W and 
the ALOa-1r condensed systems probably can be rep
resented by figure 7a with A indicating AI~O:l and B, 
the metallic constituent, W or Ir. 

The validity of these predicted diagrams was tested 
r by limited experimental studies of the AL03-W and 

ALOdr systems utilizing both helium and vacuum 
environments. In essence, the data indicated that as 
expected, solid state reaction between Al 20 a and the 
metals did not occur to any measurable degree. X-ray 
patterns of intimate mixtures heated to within 15°C of 
melting showed the presence of only a-AhO:! and W or 
Ir. The formation of intermediate compounds or solid 
solutions were not evide nt. Melting point experiments 
conducted on the mixtures indicated that the solidus 
temperatures were not significantly different from that 
of 100 percent ALOa. Within the precision of the 
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FIGURE 7. Hypothetical phase diagrams/or two dissimilar materials. 
A aud Jj = c()ndcllsed pha~eS' having different c hemical compositions 
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TH = melting point uf phase 8 

1'1 and 'I'll = solidus temperatures. 

method the necessary change in liquidus tempera
tures could not be detected. Evidently the melting 
point of Ah03 (TA) and the solidus temperature (TI.) 

are approximately equal and the phase diagram illus
trated by figure 7b is more indicative of actual rela
tionships found in the Ah03-W and AI20:rIr systems. 

The melting point data for the AbO:l-W system 
presented here and in the preliminary report [8J 
are in apparent contradiction with the work of Gross
man [26] who states that the solidus temperature (Tt ) 

is 1997 ± 20°C. Grossman based his conclusions on 
cooling curve data of Ah03 sealed in a tungsten con
tainer. Metallographic examination of the thermal 
analysis capsules indicated primary tungsten « 1 %) 
in the Ah03 near the bottom of the containers. Al
though Grossman attributes the disagreement in 
results to the kinetics of the reaction, that is , non
equilibrium in the present work, it is postulated that 
his data pertains to systems other than the AhO:l-W 
binary, perhaps the AI- W system. From the previous 
discussion it is evident that AltOa itself dissociates 
to Al and oxygen. The vapor in a sealed system 
could then unite with the W to form one or more of 
a number of phases having a lower melting point. 
Further evidence for vapor-solid reactions is presented 
by Grossman who points out that the greatest dis
solution of W occurs near the top of the capsule_ In 
an open system as utilized in this investigation, a 
dynamic situation occurs in which any Al vapor is 
carried away. More data is needed before this ques
tion can be fully resolved. X-ray data on the included 
tungsten would be extremely useful. 

The phase relationships would , of course, repre
sent the extreme situation where chemical equilibrium 
has been attained between the container materials and 
ALOa. This was not necessarily the case in the melt
ing point experiments. Minimum contact between the 
AI~O:l specimen and the W or Ir setter plate consid
erably reduced the possibility of significant reaction. 
Spectrochemical analyses of AbO:l specimens heated 
in vacuum , helium, or argon to temperatures just 
below the melting point supported the no reaction 
hypothesis. The analysis for AhOa heated in tungsten 
in vacuum, table 5, shows no assimilation of the metal 
by the oxide whatsoever, as would be required for 
reaction. Although not given in the table, similar 
analyses were obtained for samples heated in helium 
and argon utilizing both the tungsten and iridium 
crucibles. Analyses of specimens heated in air in 
iridium were not performed due to heavy deposits 
of Ir02 which always coated the sample during 
cooling. Any analysis would always indicate the pres
ence of Ir irregardless of the degree of interaction. 

Thus far the discussion has been limited to the in
fluence of chemical factors , dissociation and reac
tion, have upon the melting point of ALO:l. In recent 
years the phenomena commonly termed "premelting" 
has been related to observed variation in the melting 
temperature. Ubbelohde in his book "Melting and 
Crystal Structure" [27] gives an excellent descrip
tion of "premelting." In essence, pre melting refers, 
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not to the melting of impurity components, but to an 
anomaly occurring in the solid which causes lower 
melting temperatures. The extent of the anomaly 
determines the melting temperature with gross ef· 
fects graphically illustrated by enhanced curvature in 
thermal curves near the melting arrest. These anom· 
alies normally are associated with vibrational dis· 
orders or with defects of various types and result in 
the formation of lower melting quasi·crystalline ma
terials distinctly different from their more crystalline 
counterparts. In addition to premelting, other proper
ties including thermal expansion and heat capacity 
should show abnormal behavior indicative of a defect 
nature. 

The rhodium melting point studies conducted in 
this investigation perhaps provide an excellent ex· 
ample of the pre melting phenomenon. Here the Rh 
surface reverted to a noncrystalline state and in ef
fect produced a lower melting material. The exact 
causes for the amorphous nature of the Rh are difficult 
to determine ; however, they are apparently related to 
the high temperature gaseous environments of helium 
or argon. The mechanism whereby the gas destroys 
the crystallinity of the Rh is unknown. It may be that 
the bombardment of the metal by high velocity gas 
atoms or ions produced the quasi-crystalline material 
needed for pre melting. Darken and Gurry [28] , how
ever, point out that the polarization power of gaseous 
environments, including the inert gases, may have a 
profound affect upon certain thermodynamic proper
ties. In this context helium would be expected to have 
greater effect than argon. Vacuum treatment, of course, 
would be ineffectual. 

Evidence for pre melting of Ab03 has been given by 
Gitlesen and Motzfeldt [29] who noted irregularities in 
heating curves 20 to 30 °C below the observed melting 
point. Kozlovskii and Shlyakova [30] suggest a partial 
destruction of the structure at high temperatures. 
Supporting heat capacity data is offered by Kantor 
et aI., [31]. Barber and Tighe [32] showed that Ah03 
(sapphire) heated at 1900 °C in a mixture of argon and 
nitrogen produces surface effects different from that 
ob tained by vacuum treatment. The gas treated sur
faces were coated with porous material concluded to 
be Ab03 but not necessarily the ex form. 

Under normal circumstances pre melting originates 
at the surface .and for large volumes , the bulk of the 
material remains predominantly unaffected. Depend
ing upon the permeability of the solid Ab03 the en
vironmental gas could be expected to penetrate to 
certain depths and as the outer layer is premelted, 
permeate even further until eventually the entire 
sample is molten. It is apparent that the extent of 
premelting is governed by, among other factors, the 
surface area to bulk volume of the sample. Gitlesen 
and Motzfeldt [29] utilized a relatively large mass of 
Al2 0 3 in their experiments and had only minor indica
tions of premelting. If the mass of the sample is con
siderably reduced as in the present work the premelt
ing phenomenon is accentuated to such a degree that 
it is the predominate effect. Consequently, differences 

in the melting point should be observed for different 
environments, as is the case. 

6.3. Melting Point of Ab03 

Table 6 gives the experimental results obtained in 
the determination of the melting points of five samples 
of Ah03. Each entry represents a single experiment 
conducted on a different test specimen. The listed 
temperatures have been adjusted to account for the 
necessary window corrections. The observed melting I 
point for each sample is given below the separate ! 
listings. Table 7 summarizes the data tabulated in 
table 6 and indicates the melting point of Ab03 ap
propriate to the container and environment specified. 

TABLE 6. Experimental data on the melting point of various 
AI 20" samples 

Specimen Conta iner Environ- Pressure b Temperature Observation 
type a material ment IPTS 'C 

AI,O, #la Tungsten Vacuum 5.9xIO· ' 2019 Not melted 
Single crys- (Torr) 

tal 6.4 X 10- ' 2040 Not melted 
5.6 x 10- ' 2047 Not melted 
4.7 X 10-' 2049 Not melted 
8.1 X 10- ' 2050 Not melted 
6.4 X 10- ' 2052 Melted 
5.6 X 10- ' 2053 Melted 
5.9 X 10- ' 2054 Melted 
5.6 X 10- ' 2054 Melted 
6.8 X 10- ' 2055 Melted 

Melting point 205 1 

Tungs ten Helium Atm 2040 Not melted 
Atm 2042 Melted 

Melting point 2041 

Tungs ten Argon Atm 2030 Not melted 
Atm 2038 Not melted 
Atm 2044 Not melted 
Aim 2046 Me lted 

Melting point 2045 

AI,O, #Ib Tungsten He lium AIm 2037 Not melted 
Single erys- Atm 2042 Melted 

tal Atm 2047 Melted 
Melting point 2039.5 

Tungsten Argon AIm 2030 Not me lted 
Atm 2038 Not me lted 
Atm 2044 Not melted 
Atm 2046 Melted 

Melting point 2045 

Iridium Air Atm 2015 Partially 
melted 

Atm 2021 Partially 
melted 

Atm 2023 Partially 
melted 

Atm 2026 Partially 
melted 

Atm 2027 Partially 
melted 

Atm 2030 Partially 
melted 

Atm 2032 Partially 
melted 

Atm 2036 Partially 
melted 

Atm 2040 Com pletely 
melterl 

Melting point 203& 
(liqu idus) 

AI ,O, #I c Tungsten Helium Atm 2034 Not melted 
single crysta l Atm 2038 Not melted 

Atm 2040 Not melted 
Atm 2041 Melted 
Atm 2045 Melted 
Atm 2047 Melted 
Atm 2056 Melted 

Melting point 2040.5 
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TABLE 6. Experi lllelllal dolo all lh.e melting poinl oj various 
AI ,O" samples- Continued 

S p t."C im e n Containe r Environ- Pressure b Temperature Observation 
t yp e II mat e rial men! IPTS 'C 

AI,O" # 2 • . Tungsten Vacuum 7.6 X 10- ' 2050 Not melted 
s ill ~ l c c rysta l (Torr) 

7.5 X 10 - ' 2052 Melt ed 
Melting point 205 1 

Iridium Vacuum 2.4 X 10- " 2039 Not melted 
(Torr) 

4.4 X 10-" 2043 Not melted 
2.8 X I0 - ' 2044 Not meltcd 
3.9 X 10- ' 2047 Melted 
2.5 x 10 - 5 2049 Melted 
1.4 x 10 - ' 2054 Melted 

Melting point 2045.5 

Tungste n Helium Aim 2040 Not melted 
Atm 2042 Melted 

Melting point 2041 

Iridium Helium AIm 2030 Not melt ed 
Atm 2034 Not melted 
AIm 2038 Melted 

Melt ing poi nt 2036 

Tungsten Argon Aim 2037 Not melted 
AIm 2044 Not melted 
AIm 2046 Melted 
AI m 2050 Melted 
AIm 2055 Melted 
AIm 2061 Melted 

Me lti ng point 2045 

AI ,O" # 3a Tungst en V acuum 8.4 X I0-' 2048 No t mch ed 
(Torr) 

Po lyc rys ta ]· (). 2 X 10- 5 2050 Not mclted 
line 

7.6 x IO- " 2051 Melt ed 
6.5 X 10-' 2054 Melted 

Melling point 2050 .5 

Iridium Air Aim 2025 Not melted 
Aim 2026 Parti all y 

me lted 
Atm 2034 Parti all y 

me lted 
Atm 2040 Complete ly 

me lted 
Me lti ng point 2037 

(liquidus) 

11 Num erals ( I. 2 or 3) indicate se para te lots purc hased a t different times. Le n e rs (a, b o r 
c) re prese nt indi vidu a l sa mples se lec ted from lo ts # I , 2, or 3. 

h The s ym bol a tm roughl y s ignifi e s atmosphe ri c pressure . 

TABLE 7. Summary oj AI,O" rneltin{< points 

Environment 

Vacuum 
Argon 

Helium 
Air 

Tungsten 
container 

°C , IPTS 
2051 
2045 

2041 

Iridium container 

°C, [PTS 
2046 

2036 
2038 (liquidus) 

It is difficult to assign exact limits of precision and 
accurac y to the melting point values, Each melting 
point was obtained through the use of an integral 
system of equipment and procedures and involves 
the pe rsonal judgme nt of the investigator. An esti
mate of the precision obtained by an intercomparison 
of the r esults for all possible conditions would not be 
appropriate because influencing fac tors differ in ex
tent. In fact, one prime purpose of the investigation 
was to detect differences in melting te mperature for 
varying experimental conditions_ Considering only 

one specific set of data pertammg to a given COIl 

tainer and environment , the precision can be relegated 
to the ability to distinguish one temperature from 
another- This measure of the precision is estimated 
to be less than ± L5 °C at the melting point of AbO:!_ 

Considering the estimated precision it is apparent 
that real differences exist between the melting points 
listed in table 7_ As expected from previous discus
sions, the melting points of AbO:) determined in 
vacuum utilizing tungsten or iridium containers are 
the higher values, Gaseous atmospheres yield lower 
melting points_ It is impossible to ascribe exact causes 
to the lower melting temperatures because more than 
one process may be operative_ Presumably the pre
melting phenomenon has greater significance than 
either container reaction or dissociation, 

An environment of air affected the Ah03 samples in 
a manner unlike the other gases or vacuum, Specimens 
in air appeared to melt over a range of temperatures 
whereas the ALO:) under the other conditions exhibit 
sharp congruent type melting_ Characteristically a 
ring of brownish-colored polycrystalline material 
formed on the outer surfaces of the AhO~ single crys
tals when heated in air at temperatures higher than 
about 2020 0c. Companion slumping and minor flow 
were also evident. As the temperature was increased, 
the ring appeared to move inward until no portion of 
the sample was identifiable as a single crystaL At still 
higher temperatures the sample became more trans
lucent losing its brownish hue . P olycrystalline samples 
behave in a similar manner , forming the outer ring 
with partial slumping at first and eventually becoming 
clear of glasslike in appearance, Since incongruent 
melting was clearly indicated , tables 6 and 7 li st the 
melting point as the liquidus temperature, The ex
planation for the different be havior in air as opposed 
to helium or argon environme nts is unclear- The pres
e nce of nitrogen or lr oxide and lr vapors may be con
tributing factors although there is no discernible 
evidence for thi s_ Water vapor, of course, was shown 
to produce accelerated di ssociation_ 

Melting points determined in the Ir crucible were 
lower than corresponding values obtained utilizing 
the tungsten containers_ The 5 °C lower values con
ceivably could be caused by the difference in the de
gree of reaction between AhO~ and Wand between 
Al20 a and Ir. The phase equilibria study on each of 
these systems essentially discounted this theory al
though reaction still could account for part of the 
reduction, An alternate explanation concerns the 
effective emittance of the lr blackbody, A 5 °C lower
ing would require the emittance to be about 0.978 
instead of the 0.998 calculated value. If the reflec
tivity were largely spec ular rather than diffuse , a 
change in the e mittance of this order of magnitude 
would be expected. De Voss [15] gives relationships 
showing the effect re flectivity has on the quality of 
various configura tions of tungsten blackbodies . De
tailed re flectivity data would be required to make 
similar calc ulations for iridium enclosure and this 
unfortunately is not available , However , an indication 
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that the reflectivity of iridium does change adversely 
upon heating is the fact that it fails to maintain a dull 
roughed surface. 

Ideally the limits of accuracy of the experimental 
melting points should be established through a com
parison with the absolute or true value, but this is 
an unknown quantity. Intercomparison with literature 
values would not be meaningful because of the diver
sity of samples , techniques, temperature scales and 
other factors. At present an estimate of the maximum 
uncertainties must be obtained from a consideration 
of the associated experimental errors . At present 
the melting point obtained in vacuum with the tung
sten container, 2051 °C, is considered to be that least 
influenced by extraneous factors and thus is the value 
which it is thought approaches closest to the true melt
ing temperature of £l'-AI~O:I. It is doubtful that the 
various source of error (purity, pyrometer, blackbody, 
etc.) would be of the same sign. Even so, the overall 
maximum uncertainties of the 2051 °C melting point 
were estimated to be within ± 6 0c. 

The same limits of accuracy, ± 6°C, can be assigned 
to the other melting points determined in tungsten 
only if it is stipulated that they apply to ALO:] changed 
in some manner due to the environment. If these melt
ing points are compared with the true value, the lim
its of uncertainties must be increased. 

A still wider range of possible errors must be placed 
on the melting points determined using the Ir con
tainers because of doubts concerning the quality of the 
blackbody. For the value obtained in vacuum, 2046 °C, 
maximum experimental errors are estimated to be no 
more than ± 10°C. Again, the limits of error associated 
with the helium and air melting points should be in
creased when comparing these values with the true 
melting point of £l'-Ab03. Similar to the tungsten experi
ments, the ± 10 °C limits apply to an altered AI20:]. 

Proposals to establish the melting point of Ah03 as a 
secondary temperature standard should be viewed 
with caution. The study conducted here showed con
clusively that gas atmospheres have pronounced ef
fects upon the observed melting _point. Only investiga
tions utilizing a vacuum environment yield a value 
which can be thought of as approaching the absolute 
melting point. Even the container material can sig
nificantly modify the results. These conclusions, 
however, also apply to materials other than Ah03 as 
amply illustrated by the variations found for the Rh 
melting points. 

It is probable that no material can be utilized as a 
universal standard suitable for even a majority of 
possible conditions. The presently accepted metal 
secondary reference standards should be reviewed 
and evaluated, perhaps placing more stringent limit
ing conditions on their use. In this context Ah03 
conceivably could be used as a reference material 
provided the environmental conditions are specified. 
A cooperative Ab03 melting point program among 

several laboratories is needed to establish the full 
potentialities of Ah03. To this end the Commission 
on High Temperature and Refractories, International 
Union of Pure and Applied Chemistry is sponsoring 
such a program. Until the results of this joint effort 
are available it is recommended that investigators 
refrain from indiscriminate use of Ah03 for ref
erences purposes and give consideration to environ
mental conditions. 

Many thanks are due to E. M. Levin for the petro
graphic analyses and to A. L. Dragoo for preparation 
of the arc-image samples. 
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