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The System Beryllia-Alumina-Titania: Phase Relations 
and General Physical Properties of Three

Component Porcelains! 
S. M. Lang, C . L. Fillmore/ and L. H. Maxwell 

. The data obtain ed in the in vestigation of t he phase equilibria in the systems ber~' llia
alumina, beryllia-titania, and a lumina-titan ia suggest that the published equilibrium diagrams 
of these systems n eed to be revised : the system BeO-Ti02 shows no compounds, an eutectic at 
about 85 weight percent of Ti02 and 1,670° ± 3° C, and an area of Ti02 solid-solu tion . The 
system BeO-A120 3 has three eutectics: (1) at 1,890° ± 10° C and abo ut mole r atio 1BeO: 
4Ah03 (94. 2% AI,03); (2) at 1,850° ± 10° C a nd abou t mole ratio 2BcO : 3AI,03 (85.9% 
Ah03); and (3) at 1,835° ± 10° C and about 75 weight percent of A1,03, an d t wo co ngruently 
melt ing co mpounds, BeO.3A1,03 (92.4% A1,03) at 1,910° ± 10° C and chr,vsobery l (BeO.
AI,03-80.3% A1,03) at 1,870° ± 10° C. The system Al,0 3-TiOz has two eutect ics: (1) at 
1,705° ± 5° C and about 20 weight percent of A1,03; and (2) at 1,840° ± 10 0 C and about 
mo le rat io 5AJ,03:4TiO, (61.5% AI,03), and a high- and low-temperat ure form (a lpha and 
beta) of aluminum t itanate (AIz03.TiOz- 56. 1% AI,03); t he a lpha form is stable from t he 
alpha-beta inversion temperature of 1,820° ± 10° C and melts co ngruently at 1,860° ± 10° C, 
and t he beta form seems to be stable for periods up to 100 hours from room temperature to 
abo ut 750° C and from abo ut 1,300° C to its inversion temperature. The eq uilibria for t he 
system BeO-AL,03-Ti02 was found to contain four invarient points : (1) at 1,572° ± 5 ° C 
and abou t mole ratio ZBeO: 1A120 3: 2Ti02 (16.1% BeO, 32.7% A1,03, 51.2% TiO,); (2) at 
1,577° ± 5° C and abou t mole ratio 2BeO: l A1,03: 4Ti02 (10.6% BeO, 21.6% A.120 3, 67.8% 
TiO,); (3) a t 1,580° ± 5° C and about mole ratio IBeO:lAI20 3 :1Ti02 (12.1% BeO, 49.3% 
A1,03 38.6% TiO,); and (4) probably at abo ut 1,755° ± 10° C and about mole mlio 
2Beo': 5AI,03: 2Ti02 (7.0% BeO, 79.8% AI, 0 3, 22.2% TiO,). No ternary co mpounds were 
foun d in t his system. 

The genera l physical propert ies of practically imper vious porcelains of t his system 
were found to be : maturing range, usua lly 1,525° to 1,575° C, bu t with some of t he high
a lumina-con tain ing bodies maturing between 1,600° and 1,700° C ; apparent density. 3 .3 to 
3.7 g/cm3 ; shrinkage, 11 to 19 percent ; Toom-temperature co mpressive strength , 187,000 to 
280000 Ib/in.2; room-tempera t ure transverse strengt h, 13,700 t o 25,000 Ib/ in .2 ; Young's 
modulus at room temperature, 42,000,000 to 47,000,000 Ib/in .2; tran sverse strength a t 1,800° 
F (982° C), 10,500 to 17,000 Ib/ in.2; approximate Young's modulus at 1,800° F , 22,000,000 
to 41 ,000,000 Ib/ in.2; relative thermal-shock Tesistance, pOol' ; and the lin ear t her mal expan
sion of a few selected bodies, in t he range 25° to 950° C, usually was regular and ranged from 
0 .81 to 0.89 percent. 

1. Introduction 

The ch oice of th e maximum gas or flame tem pera
ture in a gas-turbine or jet-propulsion engine is 
always a compromise between the demands of the 
designer and the characteristics of th e available 
materials. Ceramic oxide porcelains offer m aterials 
of improved strength at temperatures above 1,800° F , 
as compared to metallic alloys, but the inherently 
low relative resistan ce to thermal sh ock is a serious 
deterrent to th eir u se. Consequently, th e develop
m ent of pure-oxide porcelains h aving both high 
strength and low thermal expansion should prove of 
consid erable in terest to design engineers. 

R ecently, attention h as b een devoted to th e com
pound aluminum titanate (Alz03.Ti02) because of its 
low linear thermal expansion (actually negative over 
a con siderable temperature interval) in the range 
room temperatlU'e to abou t 1,000° C. This study 
was undertaken in the hope that the low expansivity 
of this material could be combiner!. with the high 
thermal conductivity of beryllium oxide to obtain a 
refractory porcelain that would exhibit high resist-

1 This project was sponsored bv the Omce of Naval Research under Contract 
Ta ori 2--'17. ONR Project NR 032-074 . 

ance to thermal shock, high strength at elevated 
temperatures, low density, and that would b e 
corrosion and erosion resistan t. 

Although such properties would be particularly 
applicable to turbine blades for an aircraft engine, it 
is important to r ealize that the u se of oxide porce
lains in futlU'e i.ndustrial uni ts, such as a gas turbi.ne 
for marine or land installation , may be of equal and 
possihly of greater importance. In addition, r efrac
tory lJorcelail1s are of in terest to the m anufacturer s 
of spark plugs for automotive and aircraft recipro
cating engines, to th e refractor y industry in general , 
and to the metallW'gical industry. 

2 . Materials/ Equipment/ and Procedures 

The equipment and procedures u sed in this study 
have already been described II to 4],2 In addition, 
a detailed discussion of the operation of the high
temperature thoria-resistOl' fUl'llaces was publish ed 
recently [5] . 

IVIaterials of the highest obtainable purity were 
used for compounding the specimens £01' t he deter-

, Figures in brackets indicate the literature references at the end of tbis paper. 
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mination Qf the phase rela t ions in the YaI·iolls sys
tems: beryllia (BeO)-fluore sccn t grade of over 
99.9-percen t puri ty; alumina (A120 3)-"a.lpha" pol
ishing powder of nomina l 99.9-pcrcent purity supplied 
by the Linde Ail' Products Co.; and titania ('1'i02)
spectroscopic grade of over 99.9-percent purity. 
Commercially available materials of higll purity 
'Nere used in the preparation of test specimens for 
the de termination of physical properties: heryllia 
low calcined material of nominal 99.7 -percent purity; 
alumina-ground, washed, and sieved material of 
99.5-percen t pUl'ity, supplied through the courtesy of 
t he Champion Spark: Plug Co.; and titania- TAM 
"Titanox A-1VIO", calcincd at 1,100° C. As prepared 
for use, the materials were, in all instan ces, sufficiently 
fin ely divided to pass the No. 325 U. S. Standard 
Sieve. 

For the convenience of the reader, the test proce
dures employed are given briefl y. Carbon tetra
chloride was used for the absorp tion determinations, 
and the results were converted to equivalent water
absorption values. ?l1atul'ed bodies were considered 
to be those having less than 0.1 percent of equiv alent 
water absorption. Shrill kage values were calculated 
from micrometer measurements both before and 
after heating. Apparen t density values were ob
tained by calculations based on the volume as 
determined by a merclU'Y yolwneter ancl th e dry 
weight of the specimen. The ends of the specimens 
for the compressive-strength tests were ground paral
lel , so that the height-to-diameter ratio of the samples 
was approximately 2. The test pieces were placed 
between graphi te-oil lubricated, cold-roll ed steel 
blocks, and the compressive stress was applied at a 
rate of about 31,250 (lb /in .2) /min by a 75,000-lb 
hydraulic press. T en cycles of quenching from a 
furnace at 1,700° F (931 ° C) to an air blast at room 
temperature constituted the thermal-shock: test. 
Values for the transver se moduli of rup t ure and of 
elasticity were determined at room temperature, 
using the load ing system of a transverse-strength 
test furnace [4] . Because of the poor thermal-shock 
resistance of beryllia-alumina-titania porcelains, com
parable room-temperature transverse strength s after 
thermal shocking could not be determined. Young's 
modulus at room temperatLU'e was determin ed also 
by a sonic method [6]. The moduli of rupture and 
of elasticity at 1,800° F (982° C) were determined by 
loading the specimens in the transverse-strength test 
furnace [4] at 2-minute intervals in calculated stress 
illcrements of 1,.500 Ib/in.2 When it was noted that 
the defl ection following loading continu ed after the 
first minute, it was assumed that permanent defor
mation, or "plastic flow," h ad occurred . This 
deformation co uld be verified when the test pieces 
were examin ed for permanent curvatme followin g 
rupture. In order to investigate the relative mag
nitude of the deformation , some of the test bars were 
subjected to a short-time stress-strain test at 1,800° 
F . Begi nning at 6,000-lb /in .2 stress, stress incre
ments of 1,500 Ib /in.2 were added to th e bars at I-hour 
interval , or until rupture occulTe'd , during which 
time the deflection was measmed at regular intervals. 

U4 ... 

Interferometric and dilatometric methods were used 
for the linear thermal expansion measuremen ts. 

The reportecl phase relations for the four sy tem 
investigated during this study were determined not 
only by int erpreting the results obtained mainly 
from the melting-point and softening-range ob
servations, bu t also from petrographic and X-ray 
examinations. The details of the melting-point 
and softening-range method are given in the pub
lica tion devoted to the determination of the melting 
point of alumina [1] and in others [2 , 3]. In ad
dition, the three low-mel ting invariant-point tem
peratures for the sys tem BeO- Al20 a-Ti02 were red e
termined , using a conventional type platinum-wound 
quenching furnace. The differences observed , using 
the two methods, are discussed in section 4.1. 

The assignmen t of mole ra tios to the various 
binary and ternary invariant points is not in tended 
to indicate a belief that such invariant points cor
respond to definite mole ratios; hence, when an 
invariant point is described, it is said Lo be located 
"at abou t mole ratio . . . ." The experimental 
work was done on the mole-ratio basis b ecause 
if there is an unknown compound pre ent, its 
composition will nearly a lwa~' s correspond to a 
simple molecular ratio , and, if uffi cient simple 
mole-ratio mixtures are heated, the chances of 
missing the compound arc minimized , regardle s 
of the type of investiga tiona l procedu]'e' employed. 

3 . Subordinate Binary Systems 

When this investigation was first undertaken, it 
was assumed that the equilibria of the three sub
ordinate binary sys tems had been determined ad
equatel.\T. However, when it became neceSSl),ry, 
because of inconsistant data, to redetermine the 
cri tical mixtures in each of the systems, it was 
found that the result of the presen t study did not 
agree in many respects with tho ~ given in the 
literature. ' . 

3 .1. The System Beryllia-Tita nia 

The equilibria in this system were described by 
Wartenburg, et a1. [71 as including two congruently 
mel ting compounds, 3BeO.Ti02 at about 1,800° C 
and BeO.Ti02 at abou t 1,720° C . The results of 
the present investigation (fig. 1) indicate that the 
system contains no compounds, that a single eutectic 
exists at about 85 weigh t percen t of Ti02 and 1,670° 
± 3° C, and that a narrow region of Ti02 mixed 
crystals (an area of soli d- olution) extends from 
just beyond the eu tectic to pure titania. Early 
in the study, seven mixture, ranging in composition 
from abou t 55 to 94 percent of '1'i02, were specially 
heat-treated for X-rav diffraction examination. 
Each of the mixtures was heated to abou t 10 to 15 
deg C above the melting point of the mixture as 
given by Wartenburg, cooled to the reported 
solidus temperatures, that temperature maintained 
for abou t 2 hours, and the mixture then cooled 
fairly rapidly (about 400 dcg C(hr to about 1,000° C). 
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FIGURE 1. The system beryllia-titania. 
'Solid solution. 

X-ray examination revealed tha t no compounds had 
been formed and that the specimens consisted entirely 
'Of bromellite (BeO) and rutile (Ti02) . 

Because the equipment was not available for 
high-temperature quenching studies, all the mix tures 
:studied had to be cooled relatively slowly from th e 
liquidus temperatures. As a result, neither petro
graphic nor X-ray examinations could substanti
ate the existence of the high-temperature solid
solu tion, and the results are necessarily based upon 
the observed melting behavior of the mixtures. 
All the observations of melting behavior of com
positions in this system were made on specimens 
prepared from ground and repressed mixtures that 
had been calcined at 1,650° C for either 4 or 5 hI'S. 
Table 1 gives the results of the petrographic and 
X-ray examinations of some of the mixtures studied 
in the system BeO-T iOz. 

A limited study by the Pennsylvania State College 
I8] of some of the porcelains in this system indicated 

that no compound~ were formed, and it was suggested 
that a solid-solution exists at higher temperatures. 

3 .2 . The System Beryllia-Alumina 

A considcrable amount of work has been done on 
the system beryllia-alumina. In 1932 Wartenburg 
and Reusch [9] described this as a simple eu tectic 
system. In 1946 Geller, et al. [2] crystallized and 
determined the congruent melting point of the com
pound chrysoberyl (BeO.AI20a) . They suggested 
tha t the chryso beryl could take at least 2 moles, but 
not 3 moles, of alumina into solid solu tion. Recently, 
Foster and Royal [10] in an investigation of alumina 
spark-plug bodies found that the compound BeO.-
3AlzOa exists in the system. They did not determine 
the melting point of tha t compound, but, through a 
detailed discussion of previous work on the beryllia
alumina system, they suggested the possible forms 
for the equilibrium diagram, pending determination 
of whether the compound BeO .3AlzOa melted con
gruently or incongruently. 

Figure 2 shows the equilibrium diagram of the 
system as redetermined for this study . Three 
eu tectics were located: (1) at 1,890° ± 10° C and 
abo ut mole ratio 1Be0:4AbOa (94.2% Al20 a) ; (2) at 
1,850° ± 10° C and abou t mole ratio 2BeO:3AlzOa 
(85.9% AI20 a) ; and (3) at 1,835° ± 10° C and abou t 
75 weight percent of AlzOa. The melting point of 
the recently reported compound BeO.3AlzOa (92.4% 
AlzOa) was found to be congruent at 1,910° ± 10° C, 
and that of chrysoberyl (BeO.AJzOa --80.3% AlzOa) 
was redetermined at 1,870° ± 10° C. An interesting 
feature of the new compound, as pointed out by 
Foster and Royal, is that its optical properties are 
almost identical to those of chrysoberyl, and that the 
only reliable identification method is by X-ray 
examination. Table 2 gives the results of th e 
petrographic and X-ray examinations of some of the 
compositions for this system. More than 95-per-

T ABLE 1. Results of melting-point and softening-range observations and of petrographic and X -ray examinations of some mixt1tres 
in the system BeO-TiOz 

Composition M axi-
Results of petrographic and X·ray examinations b Test Effect of heating· (all temperatures 

in °C) 
mum 

I 
tempera· 

I-_B_eo __ I __ 'I_' i_O_, _ ~ ~~ _ t_w_·e_. I _____________ I. ______________ . ___ ---

lvIoZe 
4 

}.Iole 
1 

1 

wt % 
55. 61 

48. 44 

38.51 

23.85 

15. 00 

7.26 

4. 00 

wl % 
44.39 

51. 56 

61. 49 

76. 15 

85.00 

92.74 

96. 00 

°C 
1,850 

1,801 

1, 752 

1, 688 

1, 697 

1,698 

1, 749 

F usion began at 1,668 0 , not completed 
a t 1,850°. 

Fusion began at 1,672° , not co mpleted 
a t l ,SOl ° (nor at 1,850° foJ' another 
specimcn). 

Fusion began at 1,672° , almost corn· 
pleted a t 1,752°. 

Fusion began at 1,668°, completed a t 
1,638°. 

Fusion began at 1,669°, completed a t 
less than 1,697°. Rapid melting a t 
1,674°. 

Fusion began at 1,680°, completed a t 

I 
less than l ,69&c. 

Fusion begall at 1,687°, completed at 
1,749° . 

Bromellite occnrs as 60·1' crystals ill a matrix of 40·1' 
!'Utile. 

Similar to 4Be O:1 Ti02, but. with somewhat larger 
iLlterstitial rutile crys tals. X ·ray: BeO plus '1'iO,. 

Bromellite is blocky and the !'U t ile is sponge·like with 
small ronnd a nd dendri t ic BeO inclusions. X·ray : 
BeO l)lus TiO,. 

Berylli a occurs as rounded crystals somewhat smaller 
than the !'Utile and also as dendritic inclusions in the 
rutile. X·ray: BeO plus TiO, . 

Large ruti le grains with dendritic bromelli te inclusions. 
Single bromellite grains are rare. X·ray: Be O plus 
'I Ii Oz. 

Large (100·1') !'Utile and small bromell ite. Dendritic 
and J'ound bromelli te inclnsions in rutile. X·ray: 
BeO plus '1'iO,. 

Similar to 1BeO:4TiO" bnt wi th less bJ'omellite. __ ._ . . 

779 

708 

742 

734 

732 

713 

792·N 

• In most cases, the beginning of fu sion as indicated is for the test of the spcci· 
m en described and is usnall y witbin 2° C of the a verage value obta ined for three 
or more determinations of the same mi xture. The term Hcomplete fusion" 
m eans tbat the p yramidal specimen had Insed sufficientl y to flow into a flat 

button sha pe and does not necessaril y connote that the mixture had completely 
liquefied . 

b Specimens examined were not quenched, and tbe phases observed may not 
be those in equilibrium at the maximum temperature of henting or a t the liquidus. 
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FIGURE 2. The system beryllia-alumina. 

cent conversion to the compound ehrysoberyl was 
found when cquimolar mixtures of beryllia and 
alumina were h eated at 1,250° 0 for 4 hI'S. 

In this system an unidentified phase of high index, 
'1) = l.80 to l.81 , was found petrographically to 
b e most pronounced , ranging up to an estimated 
10 percent by volume, in those mix tures whose com
positions ranged from chrysoberyl to alumina. An
other uniden tified phase, ranging up to an estimated 
15 percen t by volume, was found by X-ray examina
tion in those mLxtures whose compositions ranged 
from chrysoberyl to beryllia . The phase observed 
by X-rays was found to have a major d-spacings of 
3.13, 2.71, and l.916 (CuKa,). In no instance was 
i t possible to determine the presence of both uni
d entified phases in the same specimen and there was 

- - -~ -- -----, 

30 so 70 90 

COMPOSITION, WEIGHT". 

FIG UR E 3. The system alumina-ti tania. 

no indication tha t both phases were similar in any 
respect. In addition, it was no t possible at any time 
to identify either phase in the same specimen by both 
petrographic and X -ray examina tio ns. The amount 
of contamination in these specim ens was hown by 
spectrographic analyses to be very small, not exceed
ing 0.05 percen t, al though previous experience (1] 
had shown that when alumina was melted in the 
thoria-resistor fu rnaces contamina tion of the melt 
by the fUl'l1ace atmosphere resulted. 

3.3. The System Alumina-Titania 

a . Phase Relations 

The repor ts of bo th Wartenburg [9] and Bunting 
[11] on this system indicated a eu tectic at about 20 
weigh t percen t of alumina and about 1,710° 0 , a 
congru ently melting compound at about 1,860° C 
(Ab03.Ti02- as determined by Bunting), and a eutec
tic at abou t 62 weight percen t of alumina and about 
1,850° C. The resul ts of this study, figure 3, are 

T ABLE 2. Results oj melting-point and softening-range obse/'vations and of petrographic and X -ray examinations 
of some mixtures in the system BeO- A120 3 

Composition Maxi· 
m um E ITect of heatin g ° R esults of petrographic and X -ray exami na tions b Test tem- (all temperatures in °C) 

BeO A h O, BeO AbO, pera ture 
--- - - - --------- - ---

lIfole Mole wt % wt % °C 
- --- -- ------ 4. 00 96. 00 1, 900 Fusion began a t 1,895°, not com pleted Corund u m occu rs as la rge polyhedral gra in s as the pr i- 8il-N 

a t 1,900°. m ary phase, wit h large matrix grain s of B eO .3AbO,. 

94. 22 F usion began at 1,886°, com pleted at 
X -ray: 10 to 20% AhO, ; remainder BeO .3AhO,. 

1 4 5. 78 1,899 BeO.3AhO, appears to be primary phase-LOO-I' poly- 867- N 
less than 1,899°. Rapid melting at hedra l grains. Sma ll amount roun d corundum. 
1,895°. X·ray: 5% .01.1,0" remainder BeO.3 AJ,O ,. 

1 3 7. 56 92.44 1, 915 Fusiou completed at less t han 1,915° __ _ Practically a ll BeO.3AhO , as 200-1' plates or [lakes. 879 
X -ray: All BeO .3 AJ,O, . 

2 3 14. 06 85. 94 1. 865 Fnsion began at 1,846°, com pleted a t X-ray: 55% BeO.3Ab O" 45% ehrysober yl. 850- N 
less thau 1865°. R apid melting a t 
1.850°. 

1 1 19. 71 80. 29 1, 870 Fusion began a t 1,843°, rapid meltin g Chrysoberyl appears dirty from less t han 1-1' inclusions 854 
at 1,868°, completed fu sion at 1,870°. and OCCurs as large plates or fiakes. 

------ ----- - 25. 00 75. 00 1, 860 F usion began at 1,837°, completed at Practically a ll chrysoberyl. Edges of crystals appear 909-N 
less t han 1,860°. cloudy, with 5-~ intermixed beryllia . 

2 1 32. 99 67. 01 1,881 Fusion began at less t han 1,843°, not Chrysoberyl appears cloud y , wit h incl usions ofbromel- 862 
completed at 1,881°. lite . X -ray : 75% ehrysoberyl and bromellite. 

• In most cases, the beginning of [usion as indicated is :or th e test of the specimen 
d escribed and is usually within 5° C of the average value obtained for three or 
more determinations of the same mixtul"c. 'Pile term "complete fusion" means 
that tbe Jlyramidal specimen bad fused sllffi cientl y to flow into a fht button 

shape and does uot neccss~rily connote tb~t t he mixture h ad completely liquefied . 
b Specimens examined were not quenched, and the phases observed may not 

be those in equilibriu m at the maximum temperature of heatillg or at the liquidus. 
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generally in close agreement with the results of those 
investigations. In addition, however, it was found 
that there are two forms of aluminum titanate. 

Two eutectics were located at 1,705° ± 5° C anrl 
about 20 weight percent of Ab03 and at 1,840° ± 10° 
C and about mole ratio 5Ab03:4Ti02 (61.5 % Alz03). 
The beta, or low-temperature, form of aluminum 
t itanate (Alz03.Ti02, 56.1 % A120 3) seems to be 
stable for periods up to about 100 hr in the range 
from room temperature to about 750° C and from 
about 1,300° to its inversion temperature at about 
1,820° C . The alpha , or high-temperature, form is 
stable from 1,820° to its m elting point at 1,860° ± 10° 
C. It is realized that the equilibria proposed for the 
low-temperature stability of the beta form of the 
equimolar compound is no t correct, but it was not 

considered of sufficient interest to devote considerable 
time and effort to completely investigate the kinetics 
of the problem. All the observations of melting 
behavior of compositions in this system were made on 
specimens prepared from ground and repressed mix
tures that had b een calcined at either 1,675° or at 
1,800° C for 2 hr. Table 3 gives the optical and 
X-ray properties of the two forms of aluminum 
titanate, and table 4 gives the resul ts of the petro
graphic examinations of some of tbe mix tures of 
this system . 

Because of t he very viscous na ture of the liquids 
formed when mixtures of alumina and titania were 
heated , especially for those containing more than 40 
weight percent of alumina , considerable difficul ty 
was experienced in interpreting the melting-point 

TABLE 3. Optical and X-ray properties of alpha and beta aluminum titanate 

Optical properties X·ray diffraction paiterns (CuKa! radiation) 

R efractive indices (±0.01): 
]\.,T,, ____ • _________________________ _ 

N~- ------------------------------

2 V ='-~:::: :::::::::::: :::: ::::::::::: Birefringence ___________________ __ ___ _ 
Optical sign _________________________ _ 
Color ________________________________ _ 
Form ________________________________ _ 
Cleavage ____________________________ _ 
Extin ction _____________ ______________ _ 
Axial angle __________________________ _ 

1. 89 
1. 91 
1. 93 

Nearl y 90° _____________________ _ 
M edium _______________________ _ 
Not determined ________________ _ 
Colorless _______________________ _ 
Plates ___ _______________________ _ 
PaI'allel to N. __________________ _ 
Parallel _____ ___________________ _ 
Very large ______________________ _ 

Large 
Medium 
(-) 

1. 95 
1. 97 
1. 99 

Blue pleochroism 
P lates and needles 
Parallel to N. 
Parallel 
Very large 

• The strip-chart recording shows a total of 31 peaks foraAJ,0 3. TiO" many of t hem were very lI'eak (test 512). 
b The strip-chart recording shows a tota l of 4~ peaks for IlAh03:r iO" many of t hem were very weak (11- 21- 49). 

aAJ,03.TiO, 

4. 16 
3.76 
3.13 
2.836 
2. 718 
2.601 
2. 203 
1.871 
1.820 
1. 718 
1. 634 
1. 56.1 
1. 542 
1. 466 

30 
15 
45 
23 
16 
100 
30 
36 
80 
J8 
18 
18 
16 
21 

4. 8.3 
4.73 
3.36 
2. 657 
2.366 
2. 146 
2.120 
1. 902 
1. 797 
1. 786 
1.689 
1. 607 
1. 578 
1. 489 
1. 482 
1. 251 

16 
45 
80 
100 
16 
42 
25 
75 
44 
17 
22 
22 
25 
25 
36 
12 

TABLE 4. Results of melting-point and softening-range observations and of petrographic and X-ray examinations of some mixtures 
in the system AlzOr TiOz 

Composition M axi-
mum Effect of heating · (all tem peraturcs Resul ts of petrographic and X-ray examinations b T est temper- in °C) 

AhO, Ti02 AhO, Ti02 atu re 
------------

Mole ~Mole wt% wt% °C 
2 1 71. 84 28. 16 1,880 Fusion began at 1,868°, not complete at Corundum occurs as blocky crystals (W%). About 762-N 

1,880°_ 10% aAJ,O,.TiO, occurs as round or dendritic inclu-
sions inIlAJ,O,.TiO,-may be an exsolution texture. 

5 4 61. 46 38.54 1, 850 Fusion began at 1,826°, very rapid at Practically allIlAJ,O,.TiO" but wit h a small amount 728 
1,837°, completed at lpss tban 1,850°_ of intermixed corundum and rutile as dendrites. 

9 8 58.76 41. 24 1, 858 Fusion begau at 1,828°, rapid at 1,840°, Rutile and corundum only_ Rutile in form of 727 
completed at less than 1,858°. grains, and dendrites appears interstitial to blocky 

corundum. 
1 1 56. 06 43.94 1,871 F usion began at 1,839°, completed at Slowly beated alld cooled specimen showed poly hedral 802 

less than 1,870°. Crystallization at grains of IlAJ,03. 'riO, and som e corundum . 
J,818°. 

1 1 56.06 43. 94 1,839 F usion began at 1,808°, rapid at 1,830°, Rapidly heated and cooled speci men showed varying 806 
not complete at 1,839°. amounts ofa and IlAJ,O,.Ti02 in differen t portions of 

the specimen . Alpha pbase ordinarily 100 by 200 1', 
85% of central portion . 

4 5 50.57 49.43 1,851 F usion began at 1,822°, completed at Very large plates of IlAJ,O, .Ti02 (400 by 1,000,..) with 735-LB 
less than 1,851°. droplets of rutile on surfaces. 

2 3 45.96 54.04 1,859 F usion began at 1,712°, completed at Large need les of IlAJ,O,. '1'i02 (150 by 1,000 ,..) with in- 751- N 

I 

less t han 1,859°. Crystall ization at terstitial rutile_ 
1,847°. 

1 5 20.33 79. 67 1, 710 R apid and complete fus ion a t less than Intermixed ruti le and IlAhO,.'l'iO, as eutectic area 738- LB 
1,710°. mosaic . 

• In most cases, tbe beginning of fasion as indicated is for the test of the speci
men described and is usually within 5° C of the average value obtained for three 
or more determinations of the same mixture. The term "complete fusion" means 
that the pyramidal specimen bad fused sufficiently to fiow into a fiat button 

shape and does not necessarily connote that the mixture had completely liquefied _ 
b Specimens examined were n ot quenched, and tb e phases observed may not be 

tbose in equil ibrium at tbe maximum temperature of heating or at the liqu idm. 
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and softening-range data. The information gathered 
for the nons table melting relations indicated another 
compound (at about 58 % of alumina) in the system 
in addition to aluminum t itanate (56.1 % of alumina). 
This new pbase was later identified as being the high
temperature form (alpha) of the equimolar com
pound. The shifting of the maA-1mUm melting-point 
tempera,ture around the 1: 1 mixture toward alumina 
indicated an incongruent melting of aluminum ti
tanate or a solid- solution of alumina in aluminum 
titana teo Eight mixtures in addition to the 1: 1, 
con taining between 50 and 65 weight percent of 
alumina, were prepared and their melting points and 
fusion ranges determined, using both conventional 
and rapidly heated and cooled furnace schedules. 
The results of these tests indicated (1) the existance 
of an eutectic at abo ut mole ratio 5Al20 a : 4Ti02, (2) 
the existance of the alpha form of aluminum titanate, 
and (3) the maximum liquidus temperature for the 
series of mixtures located very close to the 1: 1 com
position. Although these results seem to show that 
the AI20 3:Ti02 melts congru ently, the possibilities of 
incongruent melting and of alumina-aluminum ti
tanate solid-solution cannot be discarded enti rely 
because of the extreme difficulty experienced in de
termining the high temperatures involved, espccially 
with the viscous nature of Lhe liquids formed at those 
temperatm'es. 

In order to obtain the two forms of the aluminum 
titanate, it was necessary to heat the samples very 
rapidly in the range 600° to 1,500° C (usually not over 
l Yz hr) and to cool at a rate of at least 800 deg O/hr 
(actually cooled 400 deg 0 in the first 5 min). Be
cause of the poor thermal-shock resistance of the 
thoria muffle in the furnace , only a limited number of 
tests of this type were practicable. It was only by 
this means, however, that the alpha form co uld be 
partially "fro zen" in the samples. Slow cooling per
mitted complete reversion of the alpha to the beta 
form in evcry instance, indicating that the react ion 
is reversible. 

b. The Compound Aluminum Tita nate 

A communication from the Pennsylvania State 
College [12] gave th e information that the linear 
thermal expansion of aluminum titanate in the range 
from room temperature to about 1,000° 0 was less 
than that of fused silica. Accordingly, the compound 
was formed, the linear thermal expansion was mea
sured , and the result was found to agree. However , 
during a second determination of the expansivity, 
when the test temperature was raised to 1,500° C, a 
very marked increase in the expansion rate for the 
material was found . An additional determination 
was made using the same specimen and heating it 
to the same maximum temperature. The high 
expansion rate was verified. During the correla
tion of these results, it was noted that the maximum 
nega,tive expansion value and temperature during 
heating, the temperature at which the expansion be
came positive during heating, and the heating and 
cooling curves were markedly different for each test. 
Another test sample was prepared, and the expansiv-
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F IGUlm 4. Linew· lhermal ex pansion of bela aluminum tilanate. 

Test specimen was prepared from eQu imoJar p roport ions of the oxides, pressed 
at 9,400 lh/in.' , and heated at l ,SOO " C for 1 hour before test in g. 1st tcst eurve --, 
2d tes t cur ve ---. 

ity to 1,500° 0 was determined t\\-ice, using this same 
specimen. The results of these tests arc shown in 
figure 4 . A phase change was indicated in all the 
expansivity determinations for the compound by th e 
change in slope of the heat ing curve between about 
1,100° and 1,300° 0, combined with the difference in 
the heating and cooling curves, and the growth of 
the specimen after each test. However, no transi
tions in th e range 900° to about 1,350° 0 were evident 
by differen tial thermal analyses. 

An investigation of the possible dissocia tion of the 
compound was then undertaken. The relative 
amounts of the formation, decomposition, and re
formation products of aluminum titana te were esti
mated in volume 'percentages by petrographic exam
ination. Original crystallization was aecomplished 
by heating equimolar mixtures of alumina and titania 
at temperatures of 1,600°, 1,700°, and ] ,800° C for 
1 hr. 

Three groups of raw materials of varying purities 
were used. Series A material was made from 
oxides of the highest purity obtainable (the same 
as those used for the phase-relation studies), series 
B material was made from commercially available, 
high-purity oxides (the same as those used for th e 
determination of physical pro perties), and series 
C material was made from commercially available, 
high-purity alumina and spectroscopic grade ti
tania. For each of the groups complete conver-
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sion to the compound resulted from the 1,800 0 C 
electric-furnace heat treatment. After the 1,7000 C 
treatmen t, the Band C mixtures were completely 
converted, but the purest mix ture was 98 percent 
converted. After the 1,600 0 C treatment the im· 
pure mixtures were 95 to 98 percent conver ted 
to tIle compound, and the A mixture was 90 per
cent converted. In addition, two trials at low 
temperature were carried out for the very pure, 
A, mixture; after 8 hI' fl.t 1,3500 C, the material 
con tained about 5 percent of aluminum titanate, 
but after 20 hI' at 1,3000 C the ~pecimen contained 
about 10 percent. When heated for 1 hI' at 1,700 0 C 
in a gas-fired furnace, about 95 percent of the 
highest purity mixture was converted to the com
pound. These results indicate that the higher 
t he purity of the original materials, the more diffi
cult is the formation of the compound at tempera
tures below 1,800° C. 

One sample of the A material, which had been 
heated at 1,800 0 C in an electric furnace, and one 
sample of the B material , which had b een heated 
at 1,700 ° C in a gas-fired furnace, were reheated 
at 1,200 0 C for 25 hr. The result was that only 
about 2 percent of the compound remained in the 
A material , and only about 5 to 8 percent remained 
in the B material. This indicated tha t decom
position data would no t only be necessary for 
the phase-equilibrium investigation, but would be 
equally important to the industrial fabricator using 
high-purity comm erc i a ll y available materials. 
Therefore, two bulk samples of series A and series 
B materials were prepared. Table 5 gives the 
results of the petrographic examina tions of a number 

of these samples, which had reeeived various heat 
treatments, for the study of the formation, de
composition, and re-formation characteristics of 
aluminum titanate. 

From these and earlier results it ,vas found: (1 ) 
that an area of instability exists for the compound in 
the temperature range from about 750 0 to 1,3000 C, 
(2 ) that, generally, the purer the component oxides 
used for the formation treatment, the more easily the 
compound is decomposed, (3 ) that re-formation from 
the decomposed state seems to occur more readily for 
the pure material than for the originally less pure 
material, (4) that the effect of gas firing as the method 
of heat treatment increases the formation and re
formation rates, regardless of the purity of the mate
rial, and (5) that it appears that two simultaneous 
processes, formation and decomposition, oecur within 
a mixture of alumina and titania during the lower 
temperature treatments (about 1,1000 to 1,300 0 C) 
with deeomposition proeeeding at a faster rate than 
formation after a time interval of something less than 
25 hr. 

A recent report by H amelin [13] substan tiates to a 
eertain exten t the upper limit of the aluminum 
titanate instability region reported in this paper. 
She found that heating equimolar mixtures of alu
mina and titania, with and without a 5-pereent addi
tion of boric oxide as a mineralizer , at 1,250 0 C for 
?~- and I-hI' periods resulted in no combination but 
that heating the same mixture for 10 min at 1,450 0 C 
resulted in complete conversion to the compound. 

In addition, limited investigation of the properties 
of aluminum titanate bodies prepared both from raw 
and prereacted materials revealed that (a) pure alu-

T ABLE 5. Effects oj various heat-treatments on the compound all,minum titanate 

Formation D ecomposition Rc~formation 

Bulk ' 1-----,------,---,-----1.---,----..,..----,-----;---..,..-----;----;---- 1 

sample Code T~~~II:~r. Ti me AJ,O,.TiO, b Code T~~~~~r- Time '~i/3:-; Code 'r~~~~;r- Time I -;!!8:'" 

°C hr % 
A- J 83()-P 1. 300 20 10 
A- 2 828-1' 1, 350 8 5 ~ -- -- - - - - --

78()-1' 
759-1' 

A- 3 700- LB 1. 700 98 758- 1' 
756-1' 
754- 1' 

A- 4 727- LB 1,800 99 to 100 811- P 

A- 5 746-LB 1, 815 % 98 839-1' 
791- 1' 
787- 1' 
783- 1' 
78()-1' 
777- 1' 
760-1' 
759-1' 

B 758- 1' 
756-1' 

1, 700 100 52- R 

767- 1' 
i63- P 
754-1' 

811- 1' 

hr 

-- - ---- ---
800 72 
\lOO 25 

1, 000 25 
1, 100 25 
1, 150 25 

1, 200 25 

1,250 25 
700 168 
700 100 
700 72 
800 72 
800 47 
850 25 
900 25 

1.000 25 
1, 100 25 
1. 150 100 
1, 150 66 
1, 150 25 

1, 200 25 

---1---·1---------

97 
90 
20 
10 
5 

2 1 ilE~ 
828-1' 
83()-P 

2 
96 
97 
~8 
92 
97 
99 
95 
75 

5 to 10 
o 

<1 
10 

5t08 1 m=~ 
828- P 
83()-P 

1.500 
1,500 
1, 400 
1,350 
1,300 

1, 500 
1, 500 
1, 400 
1,350 
1,300 

hr 

1 
4 
4 
8 

20 

1 
4 
4 
8 

20 

95 
95 
60 
25 
25 

90 
92 
40 
20 
25 

• All of the "A" series were made from oxides of the highest purity obtainable 
and were from the same batch . The " R" sample was made from high-purity, 
commercially available oxides. 

b Vol ume percentages of aluminum titanate estimated petrographically. 
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minum titanate specimens are extremely friable when 
formed from the component oxides, (b) shapes have 
somewhat greater strength when formed from p1'e
reacted material, (c) the strength at room tempera
ture is poor for eitlmr formation procedure when com
pared to the strengths of normal oxide porcelains, 
and (d ) th e linear thermal expansion is very low, bu t 
only in the range from room temperature to about 
1,000° C. 

3.4. Titanium Dioxide 

Al though it was apparen t that titanium dioxide did 
reduce in the BeO-Ti02 system, and to a much lesser 
exten t in the A120 3-TiOz and BeO-Alz03-TiOz sys
tems, the amount of reductlOn is considered as being 
in trace quantities because no evidence of reduction 
could be found by petrographic or X -ray analyses. 
The discoloration of the samples (to a dark blue-black 
in extreme cases) is evidence of the reduction of 
ti tania, but it is well known that very small amounts 

BeQ 

of Ti20 3 (less than 0.01 %) have extremely Lrong 
coloring effects . The discoloration was noticed only 
in those specimens that con tained free titania. 
Otherwise the samples were white or very ligh t ta n. 

4 . The System Beryllia-Alumina-Titania 

4 .1. Ph a se Relations 

A search of the literature revealed that there are no 
published reports of a systematic study of the equi
libria in the system beryllia-alumina-titania. The 
results of this investigation are shown in figure 5, in 
which the indicated equilibria are based on the as
sumed congruent melting of alpha aluminum titanate 
(sec. 3.3, a ). The limitation of funds did not permi t 
completion of this phase of the investigation. 

The report of this proj ect to the Office of Naval 
R esearch [14] listed the invariant points of the sys
tem. as being at (1) 1,575° ± 5° C and mole ratio 
1BeO:1Alz0 3 :1TiOz, (2) 1,579° ± 5° Candmoleratio 

FIGUR E 5. The system beryllia-alumina-titania. 

T bis figure shows tbe compatibility t riangles, t he locations of t he primary pbase boundaries, and the temperatures (deg. C) of t be i,,,,a rian t poin ts. T he 
molecu lar co mpositions approximati ng the inva.riant point compositions and those of other mixtures studied are shown 011 figure 7. 'fhe te mperatures of the 
three lOW-Dw lting invarian t poin ts within t he ternary system were determined from Quenching studies, and those of the other iu\"ariant points were found from 
melting-point and softening-ra nge determinations. 
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2BeO:1AI20 3 :2TiOz, (3) 1,586° ± 5° C and mole 
ratio 2BeO:1Alz0 3 :4Ti02 , and (4) probably at about 
1,755° ± 10o C and about mole ratio 2BeO:5Alz0 3 : 

2TiOz. No ternary compounds or areas of solid solu
tion were positively identified. Results reported to 
ONR were obtained from melting-point and soften
ing-range studies of compositions prepared from 
ground and repressed mixtures that had been calcined 
at about 1,570° C for 1 hr. Table 6 gives the results 
of petrographic examinations of some of the mixtures 
studied (see also fig. 6 for the locations of the mixtures 
on the ternary diagram). 

Following the report to ONR and using a conven
tional type platinum-wound quenching furnace, a 
limited number of tests for a more accurate determi
nation of the three low-melting invariant point tem
peratures were made. It was found that at mole 
ratio 1BeO:1AI20 3 :1TiOz (12.1% BeO, 49.3 % Alz0 3, 

38.6% TiOz) the solidus temperature was 1,580° 
± 5°C, at mole ratio 2BeO: 1 Al20 a :2TiOz (16.1 % BeO 
32 .7% Alz0 3, 51.2% Ti02) it was 1,572° ± 5° C, and 
at mole ratio 2BeO:1Alz0 3 :4Ti02 (10.6% BeO, 
21.6% AlzOa, 67 .8% TiOz) this temperature was 
1,577°± 5° C. 

T ABLE 6. R esults of melting-point and softening-range observations and of petrographic and X-ray examinations of so ne mixtures 
in the system BeO-AhOa-TiOz 

Composition M ax-
imum Effect of heating. (all Results of petrographic and X-ray examinations b Test 

I 
tempera- temperatures in ° C) 

~ AhO, ~~ AhO , ~ __ tl_'r_c_ ' I _ __________ I ____________________ I _____ 1 

j),Iole 
I 

2 

2 

2 

2 

3 

6 

9 

15 

15 

lvl ol, 
1 

2 

2 

3 

5 

10 

20 

3 

10 

15 

j),Iole 
1 

3 

2 

6 

10 

]0 

wt % 
12. 095 

6. 83 

8. 10 

6. 44 

6. 09 

16.05 

10.61 

i . 92 

5. 26 

16. 29 

It. 29 

6. 39 

3. 42 

13.80 

14. 28 

21. 53 

25. 45 

18.91 

wt % 
49. 275 

27. 80 

66. 02 

52. 45 

74. 46 

32. 70 

21. 61 

16. 15 

10. 72 

66.37 

76. 69 

86.805 

92.94 

42. 15 

9. 70 

9. 74 

69. 13 

76. 06 

wt % 
38. 63 

65. 37 

25. 88 

4t.ll 

19. 45 

51. 25 

67. 77 

75. 93 

84. 02 

17. 34 

12. 02 

6. 805 

3. 64 

44.05 

76. 02 

6S.73 

5. 42 

4. 03 

° C 
1,594 

1,614 

1,750 

1,706 

1,800 

1, 589 

1,592 

1, 604 

1, 700 

1,780 

1, 828 

1,850 

1, 800 

1,650 

1,650 

1,646 

1, 830 

1,840 

Fusion began at 1 575°' 
com plete a t less 'thaL~ 
1,594° ,0 

Fusion began at 1,601°; 
complete a t less than 
1,614° . 

Fusion began at 1,687°; 
a lmost complete at 
1,750° . 

F u sion began at ] ,657° ; 
a lmos t complete a t 
1,706° . 

F usion began at 1,737° ; 
a lmo st complete a t 
1,800° • 

Fusion began at 1 579°' 
complete at less ' thal~ 
1,5890 • 0 

Fusion began at 1 588°' 
com plete at less ' tba~ 
1,592°,0 

Fusion began a t 1 589°' 
com plete at less ' tha~ 
1,604°. 

Fusion began at 1,583°; 
com plcte at less tban 
1,700° • 

Fusion began at 1,651°; 
a lmost complete at 
1,780°. 

F usion began at 1755°; 
complete at 1,828° . 

Fusion began at 1800° ; 
com plete at 1,850° . 

No evid ence of fusion at 
1,800° . 

Eutectic texture: intermixed blocky, dendritic 887- N 
bromellite (10%) and chrysoberyl 01' BeO.3Al,0 3 
(40%) and round, large rutile crystals (50%). 
Some rutile appears sponge-like, with nniden ti-
fi ed dendritic inclusions. X -ray (808- LB) : Ru -
tile and chrysoberyl, poss ibl y some B eO. ' 

D endritic structure of intermixe d /lAJ,0 3.TiO, 821- L 
ch rysoberyl, and rutile. Rutile about 50% by 
volume. 

Ahout equal quantities of chrysoberyJ or 8lJ - L 
BcO.3A],03 and fjAh0 3.'1'iO" bot h as polyhe 

dral grains, the a luminum titanate being 30 to 
]50 J.L in size. 

100-1' blocky fjA h 0 3.TiO, (75%) \V·ith polyhedral 824- LB 
chrysoberyl or BeO.3Ah03. 

Large plates of chrysoberyl or BeO.3Ah03, scales 8l3-L 
of fjAJ,0 3.TiO, 011 surfaces. About 10% corun-
dum . X-ray (811- L): B e O .3 AJ,03 and 
fjAJ,O , .'l'i02. 

Intermixed, small crystals, bromellite, chryso- 822-LB 
beryl and rutile. ' 

Intermixed crystals of ru tile (30 ,,) and chryso- 817-L 
beryl. Very small , occasional gmins of bromel-
lite. c 

Practicall y all pol yhedra l rutile fill ed with inclu- 926-N 
sions of unidentified m ateria l. Occasional 
ch ryso bery I. 

Same as 2BeO :1Ah03:6TiO, (926-",), except more 812-LB 
rutile. 

80%, 40-1', polyhedral chrysoberyl or BeO.3Ab03, 931 
with small amount free rutile as interstitial ma-

terial. 
Practically all 40 to 100 I' round crystals of chryso- 902- N 

beryl or BeO.3Ab03, with small, rowld incln-
sions of possibl y rutile. 

Almost all 50-1' polyhed ral chrysoberyl 01' 932- N 
BeO.3Al,03, with granular corundum and 
fjAh0 3.Ti02. X-ray (809-L) : BeO.3Ah03, 
with small amounts alpha corundum aud 
fjAI20 3.TiO,. 

Large amoun t of large corundum grains with 809-L 
chrysobcryl or BeO.3AJ,03 and trace of 
fjAJ,0 3.TiO,. X-ray (809-L) : Bc O.3AJ,03 and 
aAbOa. 

Fusion began at less than Blocky chrysoberyl or BeO.3AJ,03, with ru tile 80t- LB 
1,591° ; complete at less and small amoun ts of bromellite. X-ray : 
than 1,650°. chrysoberyl, rutile, and trace of bromelli tc . 

Fusion began at 1,592° ; Rutile with interstitial dendritic bromclli te and 81O- LB 
complete at 1,650°. small amount of chrysoberyl or BcO.3AJ,03. 

X-ray: Rutile, bromelli te, and chrysoberyl. 
Fusion began at 1,589° ; Blocky bromelli te, with blocky and dendritic ru- 886 

complete at lcss than Lile, some of the rutile being dcnd ritic inclusions. 
] ,646'. 

Fusion began at 1,778° ; Chrysoberyl or BeO.3AJ,O" with mixed intersti· 934 
complete at 1,830° . tial , dendritic bromellite, and rutile. 

Fusion began at 1,803°; Large chrysoberyl or BcO.3Ab03 prisms, with un - 935-N 

I complete at 1,840° . identified dark intcrstitial film. X-ray (S09-L): 
Chrysobcryl. 

------________ 1 

a In most cases, the beginning of fusion as indicated is fOl· the test of the speci
men described and is usually wit hin 3' C of the averagc value ohtained for three 
or more determinations of the same mixture . rr-he term "complete fusion" Ineans 
that t be pyramidal specimen had fused sufficiently to flow into a flat button shape 
and does not necessarily connote tbat t he mixture had completely liquefied . 

b Specimens examined were not quenebed, and the phases observed may not 
be those in equilibrium a t tbe maxim um temperature of heating or at the liquidus . 

' Resnlts or quenching studies: 1:1:I- solidus temperature= I, 580 ' ±5 ' C, p ri
mary phase chrysoberyl; 2:1 :2- solidus temperature=I,572' ±5 ' C, primary 
phase cbrysoberyl; and 2:1:4- solidus temperature= l ,577 ' ±5 ' C, primary phase 
rutile. 
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In addition to ob taining information onrthe differ· 
ences in results that can be exp ected between t he 
two methods of determining liquidus and solidus 
temperatures, iden tification of t he primary phases 
was mor e readily established when the specimens 
could be quenched r ather cooled relatively slowly 
as in the oxide-resistor furnaces. It was found also 
tha t t he 1:1:1 and the 2:1 :2 mixtures were loca ted 
wi thin the chrysoberyl primary phase region, and 
tha t the 2: 1 :4 mixture was loca ted wi thin the ru tile 
field. The linear thermal expansion measuremen t::; 
(see sections 4.2 and 4.3) gave ano ther indication 
that the 1:1:1 mixture should be located within the 
chrysoberyl field. It is believed , however, that the 
true invariant point composi tions are loca ted within 
abou t 2 weigh t percen t of the compositions of the 
mole ratios used to describe the invarian t poin ts. 

4.2 . Ceramic Bodies 

Tables 7, 8, and 9 give the maturing data, the 
strength-test values, and the resul ts of the stres~
strain studies of various porcelaina whose composi
tions represent that area of th e triaxial diagram 
(fig. 6) in which bodies could be fo rmed wi th an 
equival en t water absorp tion of less th an 0.1 percen t. 
F igure 7 shows the stress··s train relations of those 
bodies selected for transverse-stre ngth testing at 
1,800°F . The only porcela in that showed no plastic 
deformation during the testing had the molecular 
composi tion 1 BeO :l A120 3 : 1 Ti02• Figure 8 shows the 
effect of %, 1, and 4 mole additions of beryllium oxide 
on the linear thermal expansion of the composi tion 
1Alz0 3 :1 Ti0 2 . 

BeG 

' /" ,1 4 .1:1 

TiOz 

FIGURE 6. Porcelains of the system beryllia-alumina-titania. 
This figuro shows the location of the area in tho triaxial diagram (the central 

portion) in which practically impervious porcelains may be made. Those com· 
positions between the npper hoa vy line and the BeO·apex, and between the lower 
heavy IiLle and the AI,O,·TiO, boundary, could not be matured (less than 0.1% 
equivalent water absorption). 'rhe mixtures shown between the heavy dashed 
!ineand TiO, were not used for physical property testing. The compositions of tbe 
mixtures "rc indicated on the figure ill molar rat ios but are placed graphically 
according to wcight percentages. 

s. o .,------~------r9~/~:~9---r------r------r------~ 

2 :1:,3 

2 :1: / 
6: /:2 

~ ~---~--o-----""'==~/S:3 : 1 
~ /5:10 : / 

O. O~6~O~070----~----~9~O~OO~----~--~~~O~O~O--~-----/~SO~O~O 

STR ESS, Ib/in.,z 

FIGURE 7. Short-time stress-strain relations of some beryllia
alumina-titania procelains. 

Shown are the strain rates at I,SOooF (982°C) of so me beryllia·alumina-titania 
porcelains when maintained for 50 minutes at each o[ the s tresses indicated. 
Rupture occurred during the next highest stress. (~ec values ill table 9). 
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TEMPERA TURE, : C 

FIGURE 8. Linear thermal expansion of porcelains on the 
aluminum titanate-beryllia join. 

These curves show the effect of H, I, and 4 mole additions of beryllia on the 
expansion of the aluminum titanate composition. The expansions of mole 
compositions 2BeO :1AbO,:3TiO" 5BeO:lAbO,:2TiO" and 3BeO:2AJ,O,:lTiO, 
are similar to that of I BeO :lAJ,O" lTiO,. Curve 1, AJ,O,:'l'iO,; curve 2, 
1BeO :2AJ,O,:2TiO.; curve 3, 1BeO:1AJ,O,:lTiO,; curve 4, 4BeO:1AJ,O,:lTiO •. 
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TABLE 7. Maturing-range studies and compressi ve-strength results of some BeO-AIz03-Ti02 porcelai ns' 

Molecular and weight-percentage composit ions Results of maturing-range studies P roperties of compressive-strength specimens b 

I 
BeO 

---
1'vlole 

I 
2 
2 
2 
2 

3 
3 
3 
4 
4 

5 
6 
6 
6 
6 

9 
15 
.1 5 
15 
15 

15 
15 
27 

Properties at maturity 

M aturing AhO, 'ri02 BeO Al ,O, TiO, range T est 
T emperature 

--------------
Mole 

1 
1 
I 
1 
2 

2 
3 

20 
1 
3 

2 
1 
I 
2 
2 

1 
3 
5 
7 

10 

15 
25 
I 

Mole wt % wt % wt % °0 °0 
I 12. 095 49. 275 38. 63 1, 575 679-L 1,575 
I 21. 58 43. 96 34. 46 1,525 to 1, 575 732- L 1, 550 
2 16. 05 32. 70 51. 25 1, 500 to I, 575 

iiii&:'L " 
1, 52.1 to 1, 550 

3 12. 775 26. 025 61. 20 1,525 to 1, 575 1, 550 
1 14. 99 61. 075 23. 935 1, 575 to 1, 600 730- L 1,575 

1 20. 92 56. 815 22.265 1, 575 679-L 1, 575 
1 16. 29 66. 37 17. 34 1, 575 751- LB 1, .575 
1 3. 42 92. 94 3. 64 1, 675 to 1, 750 758- LB 1. 725 
1 35. 50 36. 16 28. 34 1, 550 to 1, 575 679-L 1,575 
4 13. 80 42. 15 44. 05 1,525 to 1, 575 732- L 1, 550 

I 30. 60 49. 86 19. 54 1,525 to 1, 575 788- L 1, 550 
2 36. 45 24. 75 38.80 1, 550 to 1, 575 665-L 1, 550 
4 26. 26 17. 83 55. 91 1, 525 to 1, 575 698- LB 1,525 
1 34. 60 46.99 18. 41 1,525 to 1,575 788- L 1,550 
3 25. 285 34. 34 40. 375 1, 525 to 1, 575 691- L 1,550 

9 21. 53 9. 74 68. 73 1, 525 to 1, 550 665-L 1, 550 
1 49.315 40. 185 10. 50 1, 550 to 1, 575 763- LB 1, 550 
I 38. 895 52. 825 8. 28 1, 575 to 1, 600 679-L L 575 
1 3Z. 11 61. 05 6. 84 1, 525 to 1, 575 763- LB 1,550 
I 25. 45 69. 13 5. 42 1, 550 to 1, 600 751- LB 1, 575 

I 18. 91 77. 06 4. 03 1, 600 756- LB 1, 600 
I 12. 50 84. 84 2. 66 1,625 to 1, 675 762- LB 1,650 
9 45. 14 6. 81 48. 05 1,550 691- L 1,550 

a Values obtained for specimens matured in a thoria-rcsistor (electric) furnace 
for 1 hr at the temperatures specified. 

b U nless otherwise indicated, the values given are the averages [or three test 
sprcimens. 

, Values calculated from the volume obtained from a mercury volnmetel' and 
the dry weight of the specimens. 

d Specimens were about 1 in . high by ~4 in . in d iameter. 

-~.., 

'r em· Appar- Heigh tl Sh rink- Absorp- eut 0 Appar- T est pera- diameter age tion density Shrink- Absorp- ent c ture (±0.01) ratio d 
age tion density 

(±0.01) 
----- -- -----------

% 
15. 82 
14. 97 
16. 32 
17. 44 
13. 06 

15. 18 
12. 42 
11. 46 
16. 93 
14. 97 

14. 81 
17.60 
18.23 
14.65 
16. 80 

18. 71 
16. 40 
15. 82 
14. 00 
12. 73 

11. J4 
10. 99 
18. 86 

% glem' °0 % % glcm ' 
0. 02 3. 67 695- LB 1. 575 15. 68 0. 01 3. 66 2. 09 
. 00 3. 62 766- LB 1, 550 16. 72 . 01 3. 59 2. 19 
. 00 3. 64 769-L 1, 525 16.95 . 02 3. 66 2. 13 
. 01 3.73 693- LB 1, 550 17.60 . 00 3. 76 2. 14 
. 01 3. 59 ---- ---- - -- -- --. --. -- - - - ----- -- _.-.-. 

. 00 3. 52 697- LB 1, 575 15.87 . 01 3. 57 2.09 

. 01 3. 53 772- LB 1,575 13.56 . 01 3. 50 2. 10 

. 02 3. 64 776- LB 1, 725 12. 34 . 01 3. 64 I. 98 

.01 3. 43 71 5- L 1, 575 16.59 . 01 3. 35 2. 01 

. 01 3. 73 768- LB 1, 525 15. 78 . 03 3. 63 2. 12 

.00 
ii99~Lii . 06 3. 41 1,550 17.91 . 00 3. 45 2. 02 

. 00 3. 52 770- LB 1, 525 18. 18 . 01 3. 57 2. 19 

.00 
77i '::'L " . 01 3. 59 1,550 16.97 . 02 3.56 2. 12 

. 01 3.62 701- LB 1, 550 18.86 . 00 3. 62 1. 97 

. 01 3. 27 767- L 1,550 17. 13 . 02 3. 26 2. 12 

. 01 3. :34 71O- LB 1, 575 15. 58 . 00 3.35 1. 91 

. 0 1 3. 41 775-L 1, 550 15. 27 . 05 3.39 2. 03 

. 01 3.44 764- LB 1, 575 14.58 . 00 3. 47 2. 07 

.01 3. 39 778- LB 1, 625 12. 03 . 01 3.37 2. 08 

. 01 3. 49 

. 01 3. 32 773- J..I 1, 550 IS. 28 . 00 3. 32 2. 18 

e Compression testin g was done at a constant stress rate of 31,250 (Ib/in.2)/ min 
and using cold-rolled·steel blocks for platen protection . 

f Value given is for two specimen s (thrrc were broken, but one h3d splintered. 
and th at lower value was d isc'1.rd:}d). 

.!l: Value given is for one specimen (three were broken, but t.wo had splin tered, 
a nd those lower values lI'ere discarded) . 

Strength 
at room 
tempera-

ture e 

(± 5,OOO 
Ib/ in.') 

Ib/in.2 
f 234X IO' 
f 187 

226 
f 237 
-. - ---- . 

281 
f 245 
g 240 
f 263 
g 209 

277 
f 216 

' 247" -" 
247 
2:l9 
276 

g 237 
f 247 

, 236 

' 206 .... 
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TABLE 8. Flexural strength, elasti city, an d thermal-shock resistance of some BeO-AI20 a- T i02 porcelains' 
( :'\one of t be test bars survived 10 cycles of test for t bermal·sbock resistance (from a furnace at 1,700 ° F (931 ° C) to an a ir blas t a t room temperatu re). 

I Moleb composition M aturing da ta· 

BcO Ah O, T iO, Test r em pel ' Ahsorption densit y ' . I I Apparen t 
a t ure (±.OO1) 

---j---

°C % g/em' 
1 7fr R 1,575 0. 02 3. (i2 
I 77- R 1, 550 I. 15 3.46 
I 55-R 1. 550 0.01 3.72 
2 56-R 1, 575 ca .15 3.45 

20 78- R 1, 525 . 00 3. 58 

4 I 76-R 1, 575 . 00 3. 43 
6 1 55-R 1, 550 . 01 3. 44 
6 2 77- R 1, 550 . 02 3. 53 
9 I 55-R 1,550 .01 3.64 

IS 3 77- R 1,550 1. 7 3. 19 

15 5 56-R 1,575 0. 02 3.35 
15 10 76-H 1, 575 rS . 4 3. 36 
27 1 77- R 1, 550 ca . 6 3.3.3 

• Values ob ta ined for specimens m atured in a gas-fired furnace for 1 hr at t he temperatures specified . 
b ' rhe weight composit ions of t bese molar ra t io mixtures a re given in table 7. 
o Absorption and apparent densit y values are the averages for five test bars. 

Strength in bending (flexure) at d_ 

R oom tem pera ture 1800° F (982° C) 

Y oung's mod ulus 
T ransverse (±3X lO' Ib./in. ') Transverse I Young's ' 

s trength strength mod ul us 
(±2,000 (± 2, OOO (±3X lO' 
Ill/ in .') Stalic r Sonic g Ib/in .') ,Ib/in .' )(s ta tic) 

method method 

lb/i n.' /b/in.' lb/i n.' lb/in.' lb/in.' 
16. 4X H)3 41. 8X I()6 42.5 X IIJ'i 17. IX IO' 35.5X I()6 
16. S 40. 0 41. 7 12. 2 30.5 
20. 8 13. 1 30. 0 
20.5 13.5 35. I 

h 13. 8 h 48.1 h 42. 6 h 11. 9 h 39. 0 

20. I 45.4 46.8 16. 1 35.8 
25.3 14. 6 29. 4 
21. 8 42.1 44. 2 10.8 27. 7 
2 1. 7 11. 0 22.5 
19.7 43.2 43. 5 14. 0 34.8 

24. 1 16. 0 41. 0 
Ii. 5 43. 3 44 . 1 13.5 36. 3 
20. 8 41. 0 41. 4 11. 9 28. 0 

~/ 

d T wo test bars, a bout 5)-2 by % by )4 in., of eacb compositiou were broken at rOOm temperature, two were t hermall y shocked . a nd three were broken for t he t ransverse strengt h , elas t icity , and s tress-strai n 
tes ts at 1,800 ° F . 

• Except for bod y 1: 1: 1, t be modulus of elast icity values (Youug's modulus) are considered as onl y relat ive because t hey were calculated from t he cu rve of the deformation ve rsus load a t the lowest part of t he 
curve where the plastic flow was a minimum . 

r T be static Young's modulus a t room tem perat ure was determined for only one bar specimen of t he co mpositions ind icated. 
&" rrhe sonic Young's modulus a t room temperature was determ ined for t he two bars of the com position ind icated, which were lator used for the thermal shock test. 
h Bars of t his composit ion were tested in beudi ng with a span of abou t 3~ in . as compared to the normal 4.9- or 5.0-il1 . span . 

T ABLE 9. S hort-time (1 hoU1') stress-strain tests and interval strain rates of some BeO-AI20 a- T i02 porcelains 
[All rates of st ra in are (in ./in .)/mill .J 

M ole' composi tion Stra in rates at 1,800° .F (982° C)b and-
Interval strai n rates at 1,800° F and-

6,000 Ib/in.' stress for- 12,000-lb/i" .' stress (or-
---------'-----I---------~----------------------------------------

6,000- 7,500- 9,000- 10,500· 12,000- 13,500- 15000-
BeO I A h O, I T iO, I Ib ./in .. l lb ./i" .. Ih/in .. 1 lh/in .. I Ib/i" .. 1 lh/in .. l lb/in ., 0 to 5 I 0 to 10 I 0 to 20 I 0 to 30 I 0 to 60 0 to 5 I 0 to 10 I 0 .t~ 20 I 0 to 30 I 0 to 60 

stress stress stress stress stress stress stress Hun mlO mill lll lll mm mm mm lll Ill lnin min 
---,---- ,---,------- ----------------- ------------ ---- ------------ ----- ------- - - - -

2 1 I 1.5 1. 4 1.6 2. 1 (3. 5) 3.7 2.9 2. 3 1. 9 1. 5 4.7 4. 2 3. 5 
2 1 .3 1. 6 2. 2 2.4 (3.3) ~. 4 3. 0 2. 3 2. 0 1. 6 4.5 4.0 3.3 
3 2 1 0. 2 0.4 0.2 0. 3 0. 2 0.3 (0.8) 0.6 0. 6 0. 5 0. 5 0. 2 0. 0 0. 0 0. 0 0. 1 0. 2 
3 20 1 . 3 .3 . 2 . 2 . 2 . 7 . 6 . 5 . 4 . 3 . 4 . 2 . 3 . 2 . 2 
4 1 1 . 7 .6 . 6 . 7 . 8 1.0 1.0 1.7 1.6 1. 3 1. 1 .7 1. 8 1. 6 1.4 1. 2 . 8 

6 1 2 1.4 1. 2 1. 8 2.3 (5. 1) 4. 0 3. 2 2. 4 2. 0 1. 4 3.4 3. 2 2.9 2. 7 2. 3 
6 2 3 1. 9 2. 0 2.6 (4. 2) 4. 1 3. 6 2. 9 2. 6 1. 9 
9 1 9 3. 1 3. 3 4.9 7. 2 6.0 4. 7 4.0 3. 1 

15 3 1 0.7 0.6 0.8 0.7 0.8 (0. 9) 1. 5 1.6 1.2 1. 0 0. 7 1.4 1. . 1. 1 1.0 0.8 
15 5 1 .4 . 3 .2 . 4 . 4 . 4 2.0 1. 6 1.0 0.7 . 4 0. 7 0. 6 0. 6 0. 5 . 4 

15 10 . 3 . 4 . 4 . 4 . 4 (1. 0) 0. 8 0.7 0. 6 .5 .3 . 6 . 6 . 5 . 5 .4 
27 1 2.5 2. 4 3. 4 (5. 3) 5.0 4. 5 3. 7 3. 0 2.5 

a '1:'he \veight percen tages of these molecular compos itions, the maturing te mperatures, and the properties of the matured porcela ins are- given in table 7. _ 
b Beginn ing at 6,OOO-lb/in" st ress, each s tress was maintained for 1 hr , or un t il rupt ure occll rred. 'rhe yalues in parenthesis indicate t hat the specimen had broken a fte r t he stress was a pplied bu t before t he 

hou rly period bad elapsed . 
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4.3 Discussion 

Although the limited information available did no t 
permit statistical analysis of the strength-test data, 
certain trends were indicated. 

a . Room-Temperature Strength Tests 

Fairly good agreemen t was noted for the values of 
compressive and transverse strength of the bodies 
(see tables 7 and 8) _ Those porcelains having the 
highest compressive strengths also showed the high
est transverse strengths, and similarly, the lowest 
compressive strength bodies showed the lowest trans
verse strengths_ 

b . Room-Temperature-Elasticity Tests 

Young's modulus of elasticity at room temperature 
(table 8) was determined by both sonic and static 
methods, using bar specimens with a span of 5 in. 
Unfortunately, the sonic apparatus was not used 
before the bars had been broken transversely, and it 
is, therefore, impossible to compare the values ob
tained by th e two methods for the same test speci
men . H owever, i t was found that the values 
obtained by the sonic method were consistently 
only between 1 and 3 percent higher than those 
obtained by the static method for different specimens 
of any given composition. Such agreement is con
sidered as being good. When bars of one composition 
were tested, for which a 3-in . span was used, the 
agreement was poor. 

c. Transverse Strength at Room Temperature Versus Transverse 
Strength at Elevated Temperature (1,8000 F) 

The transverse strengths at 1,800° F were ordi
n arily about 50 percent lower than the values for 
specimens of the same body composition tested at 
room temperature (table 8) . Those having the 
highest strengths at room temperature (with one 
exception) h ad only medium or low strength at 
1,800° F , but those with the lowest strengths at room 
temperature also had the lowest strengths at 
1,800° F . 

d. Elasticity at Room Temperature Versus Elasticity at Elevated 
Temperature (1,8000 F) 

Young's modulus values from data obtained at 
1,800° F were ordinarily 25 to 40 percent lower than 
the values for specimens of the same body tested at 
room temperature (table 8). Poor agreemen t was 
noted for the relative elasticity values at the two test 
temperatures. This may have been caused, in par t, 
by the fact that the 1,800° F test values were 
calculated from the lowest par t of the deforma tion
load diagrams wh ere the "plastic flow" was rela
t ively small ; the deformation of any one bar was 
not a linear function of the loading of the bar, 
except for those specimens of mole composition 
IBeO :lAI20 3 :1Ti02 • ' 

.... .. - ......... ......... 

e . Stress-Strain Relations Versus Strength and Elasticity at 
Elevated Temperatures (1,8000 F) 

E xcept for the bodies of mole composition 9BeO: 
lAI20 3:9Ti02 , the strain rates for the beryllia-alumi
na-titania porcelains at 1,800° F and 12,000 Ib/in.2 

stress (tables 8 and 9) were only about 10 to 25 per
cent of the values for beryllia porcelains in th e system 
beryllia-alumina-ilirconia [4] . It was possible to 
compare the stress-strain and strength values of the 
beryllia-alumina-titania porcelains only at s tresses 
between 6,000 and 9,000 IbJin. 2 • In this stress range, 
it was noted that there was good ar reement between 
the strain rates and the transverse strength , that is, 
those bodies showing very littl e or no strain ordi
narily had the highest transverse strengths, and those 
with the highest strain rates had the lowest trans
verse strengths. A similar agreement was noted for 
the strain -ra t e- m od ulus-of -elasticity relat ion s. 

'When the strain rates of the short-time stress
strain test s at 1,800° F were high (above 1.9 (in .Jin. )J 
min a t 6,000-lb/in .2 stress and above 2.6 (in.Jin.) /min 
at 9,000-lbJin.2 stress) the relatively slow loading 
rate, (1,500 IbJin.2) /hI' of the stress-strain test 
resulted in transverse-strength values as much as 35 
percen t lowel" than those obtained with the more 
rapid loading, (1,500 IbJin.2)J2 min, of the regular 
transverse strength test . The strength values 
obtained for specimens that had strain rates lower 
than those indicat.ed were within 3 to 4 percent of 
each other , regardless of the loading method used . 
A 5-percen t deviation is considered as good agree
ment. 

f. General Discussion of the Porcelains Developed 

It is believed that three of the body compositions 
developed in this investigation (15BeO :5AI20 3 :1 Ti0 2, 
6BeO :IAI20 3 :2Ti02, and 3BeO :2AI20 3 :1 Ti02) may 
find use in high-temperat tlre appli cations where 
strength , but not thermal-shock resistance, is of prime 
importance. The proper ties determined for these 
three bodies are compared in t able 10 to the r ange 
of propert ies determined for all of the beryllia-alumi
na-t itania porcelains developed. 

The high compressive-strength value for the 3: 2 : 1 
composition was totally unexpected because the 
normal crystallization of clrrysoberyl would suggest 
considerably lower strength . This and the 15: 5 : 1 
body had the lowest strain rates determined for 
these porcelains. Of par ticuhtr interes t to those con
cerned wi th strength at high temperatures would be 
the 1: 1: 1 body; no loss in transverse strength (about 
17,000IbJin.2) was observed a t 1,800° F when com
pared with the value determined a t room tempera
ture. However , the 1: 1 : 1 body had a high elas
ticity-43 million IbJin.2 at room temperature and 36 
million IbJin.2 a t 1,800° F . 

The expansion characteristics of the three highest 
strength bodies, 15BeO : 5Al20 3 : 1 Ti02, 6BeO: 1 A120 3 : 

2Ti02, and 3BeO: 2Al 20 3 : 1 Ti02, are very s ' ,y ilar to 
that shown by curve 3 of figure 8. I t is possible to 
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correlate the expansions of the porcelains reported 
with th e expansions of the primal'Y phases fo[, the 
fi elds in which these compositions arc locatcd . 

From the phase relations existi ng in the system 
beryllia-alumina-titania (figs. 5 and 6), it can be 
seen why an aluminum titanate-beryllia porcelain of 
ou ts tanding thermal-shock r esis tance canno t be 
deyeloped. A study of the diagram shows that an 
addition of beryllia to aluminum titanante, and at 
the expense of the aluminum titanate, forms chry
soberyl , which is noted for its high expansivity, very 
coarse crystallization, and rather low str ength. A 
similar examination shows also that no free beryllia, 
for thermal-condu ctivity benefi ts, could be available 
until more than about 20 weight percen t of beryllia 
had been added, and that before that percentage 
had been r each ed no low-expansivity aluminum 
titanate can be formed . 

5. Summary 

The system berylli a-titanil1, con tains no com
pounds, a single eutectic exists flt about 85 weight 
percent of TiOz and 1,670° ±3° C, and a narrow 
region of mixed crystals (an area of solid solution) , 
as indicated by the m elting bchayior of variou s mix
tmes, extends from just beyond th e eutectic to th e 
melting point of pure titania. 

Three eutectics in the system beryllia-alumina 
were found to be at: (1 ) 1,890° ± 10° C and abou t 
mole ra tio 1BeO :4AI20 3, (2) 1,850° ± 10° C and 
about mole ratio 2BeO: 3A120 3 , and (3) 1,835° ± 10° C 
and about 75 weight p crcent of alum ina. The m elt
ing point of th e recently reported compound BeO.-
3Alz0 3 was found to be congruent at 1,910° ± 10° C, 
and that of chrysoberyl (BcO.AI20 3) was redeter
mined at 1,870° ± 10° C . 

In th e system alumina-titania, it is probable that 
the compound A1 20 3.T i0 2 possesses two forms . The 
alpha, or high-temperatm e, form is stable from the 
alpha-beta inversion temperatmc of 1,820° ± 10° C 
to its congru en t melting point of 1,860° ± 10° C. 
The beta, or low-temperature, form seems to be 
sta ble for periods up to 100 h1" from room temperatme 
to abou t 750° C and from about 1,300° C to its 
inversion temperature. One eutectic at 1,705° 
± 5° C a nd about 20 weight percent of alumina and 
one at 1,840° ± 10° C and about mole ratio 5AI20 3.-

4 TiOz were found in th e system. There is som e doubt 
as to whether th e alpha aluminum titanate melts 
congru en tly or incongruently, bu t th e m ajority of 
the data indicate that tbe m elting is congruent. 

Although aluminum ti tanate exhibits low linear 
thermal expansion , only friable, very low-strength 
bodies can b e made by using th e pme componen t 
oxides with no other additions. When such a body 
is used at temperatures between abou t 750° and 
1,300° C, a gradual increase in th e expansivity can 
be expected , which can be traced to the decomposition 
of the aluminum t i tana te into its constituent oxides. 

Three invarian t points are indica ted in th e system 
beryllia-alumina-titania: (1) 1,572° ± 5° C and 
abou t mole ratio 2B eO: 1AJz0 3 :2T iOz, (2) 1,577° 
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• 
± 5° C and about mole ratio 2BeO :lA120 3 :4Ti02, 

and (3) 1,580° ± 5° C and about mole ratio IBeO: 
lA1 20 3 : ITi02 • It is probable that another invariant 
point is located at about 1,755° ± 10° C and about 
mole ratio 2BeO: 5A120 3 : 2Ti02• These invariant 
poin ts were loca ted in tha t area of the triaxial d i
agram representing mixtures containing less than 18 
'weight percent of beryllia . 

Earl), in the development of the beryllia-alumina
t itania refractory porcelains and after the investi
gation of the phase relations existing in the ternary 
system , it was eviden t that any attempt to combine 
the high thermal conductivi ty of beryllia with the 
low exp ansivity of the compound aluminum titanate 
co uld no t be successful. However , a number of 
relatively high-strength high-temperature porcela ins 
were developed. They may be of use in applications 
where thermal-shock resistance is not of prime 
importance. The range of values for the general 
physical properties of practically impervious porcc
lains of this system were found to be: maturing 
range, usually 1,525° to 1,57.5° C, but with some 
of the high-alumina-containing bodies maturing 
between 1,600° and 1,700° C; apparent density, 3.3 
to 3.7 g/cm3 ; shrinkage, 11 to 19 percent; room
temperature compressive strength, 187 ,000 to 280,000 
Ib/in.2 ; room-temperature transverse strengt,h, 13,700 
to 25 ,000 Ib/in. 2 ; Young's mod ulus at room temper
ature, 42,000,000 to 47 ,000,000 lb /in. 2 ; transverse 
strength at 1,800° F (982°) . 10,500 to 17,000 lb/in .2 ; 

approximate Young's modulus at 1,800° F , 22,000,000 
to 41,000,000 Ib/in.2 ; relative thermal-shock resist
ance, p oor; and, thE' linear thermal expansion of a 
fe'" selected bodies, in the range 2.5 ° to 950° C, 
usually was regular and ranged from 0.81 (0 0.89 
percen t . 

The authors acknowledge the assistance of Howard 
E. Swanson and Barbara Sullivan in the preparation 
and interpretation of the X-ray powder diffraction 
patterns and for the differential thermal analyses. 
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