
r 

[11] M . Tryon , P . C. Jackson, and J . Mandel, National 
Bureau of Standards, unpublished report to Office of 
Rubber Reser ve (Feb. 28, 1949). 

[12] P . Custer, National Bureau of Standards, unpublished 
report to Office of Rubber Reserve (Feb. 6, 1947). 

[13] P . C. Bakel', B. F . Goodrich Chemical Co., unpublished 
report to Office of Rubber Reserve (Aug. 20, 1946) . 

Journal of Research of the National Bureau of Standards 

[14] E. G. Rochow, Int roduction to the chemis try of the 
silicones, p . 32 and 83 to 88 (John Wiley and Sons, 
Inc. , New York, N. Y. , 1946) . 

WASHINGTON, January 24, 1950. 

Vol. 45, No. 5, November 1950 Research Paper 2147 

Porcelains Within the BeryIlia Field of the System 
Bery Ilia -Alumina-Zirconia 

By Stewart M. Lang, Laurel H. Maxwell, and Milton D. Burdick 

The general physical properties of practically impervious porcelains within t he beryllia 
(BeO) field of the system beryllia-alumina-zirconia (BeO-Ah03-ZrOz), whose base composi
t ions approximate t hat of NBS Body No . 4811C, were found to be: maturing range, 1,500° 
to 1,6000 C; apparent density, 2.9 to 3.4 g/cm3 ; shrinkage, 17.8 to 20.5 percent; room
temperature compressive strength, 238,000 to 305,000 lb/in .2 ; room-temperature transverse 
strength, 17,200 to 34,100 lb/in.z; room-temperature transverse stI"ength after t hermal 
shocking, 17,800 to 31,900 Ib/in.2; transverse strength a t 1,800° F (982° C), 15,100 to 25,100 
Ib/in.2; approximate Young's modulus at 1,800 0 F , 28,000,000 to 38,000,000 Ib/ in.2 ; relative 
thermal shock resistance, good; and Knoop hardness numbers (500-g load), 550 to 830. An 
adm ixture of 2 weight percent of calcia (CaO) to t he base compositions of t hese porcelains 
(without which the specimens would not mature to an impervious structure) caused the 
appearance of unidentified isotropic phases. 

1. Introduction 

B ecause of the advantageous high-temperature 
strength characteristics of "glass-free" bodies com
posed of the ceramic oxides, singly or in combination, 
as compared to similar strength properties of the 
metallic alloys, many refractory porcelains may be 
particularly well adapted for diversified uses in such 
power-plants as t he gas-turbine and jet-propulsion 
engines. 

Previous work at this Bureau [I , 2, 3],I at the 
Ohio State University Experiment Station [4], at the 
University of Illinois [5], and at the Lewis Fligh t 
Propulsion Laboratory of the National Adivsory 
Commi ttee for Aeronautics [6] has shown NBS Body 
No. 4811C [3], whose composition is within the 
system beryllia-alumina-zirconia (BeO-Al20 a-Zr02), 
t o be outstanding in many high-temperature prop
erties when compa,red wi th other refractory white
wares. Such comparisons made it seem advisable 
to investigate and roport some of the physical 
properties of porcelains whose compositions approxi
mate that of body 4811C . 

A previous report [3] gives in some detail the phase 
relations of the system B eO-Al20 3-Zr02' The failure 
of these oxide bodies to mature to nonporous struc
tures was discussed in the Bureau report, but it was 
shown tha t the addi tion of small quantities of 
auxiliary fluxes to the base compositions did permit 
maturing of the bodies to a practically impervious 
condi tion. An addition of 4 percent of magensia to 
body 4811 , whose mole composition ratio is 48 
BeO:lAI20 a:l Zr02, caused the most pronounced 

1 Figures in brackets indicate ihe literature references at tbe end of this paper. 

effect on the maturing range. Experience has sbown 
that th e use of magn esia tends to increase tbe particle 
sizes or distort tbe particle sbapes and thereby to 
decrease th e body strength. Considering all of th e 
properties studied , an addition of 2 weight percent 
of cal cia (CaO) prod u ced th e most satisfactory 4811 
bodies, and this particular body composition is cor
rectly designated as Body No. 4811C. All but one 
of th e porcelain compositions given in this report 
contain a 2-percent addition of calcia to the base 
composition ; the excep tion, for comparative pur
poses, is body 4811M, which contains an addition of 
4 percent of magnesia. 

II. Materials and Equipment 
The oxides used in the preparation of the test 

specimens were commercially available materials of 
high purity. The beryllia (BeO) was of nominal 
99 .7-percent purity, and spectrograms showed only 
traces of copper , iron, and magnesium, and very 
weak lines of silicon . Grouno, washed, and sieved 
tabular alumina (Al20 a) of 99 .5-percent puri ty was 
supplied through th e courtesy of the Champion 
Spark Plug Co. Commercial zirconia (Zr0 2) of 
nominal 99-percent purity was recalcined at 1,440° 
C, after which spectrograms showed medium lines 
for niobium (columbium) and titanium, and only 
very weak lines or traces for calcium, copper , iron , 
magnesium, lead, and silicon. Calcia (CaO) was 
added as the pure ch emically precipitated carbonate. 
As prepared for use, th e materials were, in all in
stances, sufficiently finely divided to pass the No. 
325 U. S. Standard Sieve. Comminution procedures 
have been given [7] . 
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Firing of the test specimens for the determinations 
of maturing range and compressive strength wa done 
in the NBS thoria-resistor furnace [8] . Figure 1 is 
a schematic cut-away drawing of the inner chamber 
of the furnace and shows three compression-tes t 
specimens, the supporting pedestals (thoria, zir
conia, alumina, or beryllia), and one of eight h eating 
elements. A Remmey high-temperature gas-fired 
kiln was used to mature the specimen bars for t he 
thermal shock, transverse strength , and elasticity 
tests . 

The apparatus used for the determination of the 
moduli of rupture and elasticity in flexure at elevated 
temperatures was designed by· M. D . Burdick and 
has been described briefly [7]. The tes t furnace is 
constructed of lightweight insulating refractory 
brick, 2,600° F grade, within a shell of transite board. 
The chamber is 6 in. by 6 in. by 13 in . and is heated 
by means of six Global' elements. Power is supplied 
to the top, middle, and bo ttom pairs of Global'S 
through three separate variable transformers. The 
specimen bar is supported on porcelain rockers 
(knife-edges) on dense firebrick of an appropriate 
thickness to locate the specimen at the center of the 
furnace chamber. Figure 2 shows the general con
struction features of the furnace (see also fig . 2 of 
[7]) . 

Load is applied to the top of the specimen at the 
quarter-poin ts of the span through a loading bar and 
a ceramic yoke that extends through the furn ace 
hearth to a third-order counter-weigh ted lever. This 
lever was used to exer t a downward pressure on tbe 
specimen. As it was desired to counterweigh t the 
lever to obtain a zero initial load, flexure plates rather 

FIGURE 1. Resistor-fw'nace chamber. 

T his cut-away drawing of tbe inner chamber of the tboria-resistor furnace shows 
a typical arrangement ror luaturing three com_pression test specimens rest in g on 
platinum-rhodium disks. Also sbown are tl1e supportin g pedestals of either 
beryllia, tboria, and alumina , and one of the eight thoria-resistor clements . 

____ --- A 
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FIGURE 2 . Transverse-strength test furnace . 
This fig ure shows a sectio n of the bending-strength test furnace indicating tbe 

s pecimen location, the loading arrangement, and the deUeetion measuring device. 
A, Dial gage; B, pivot; C, }{;-in. sapp hire rods; D, narrow slot; E, specimen; F, 
loading bar (load applied at quarter points o[ span); G, dense fire brick; II, 
ceramic yoke; J, in sulating brick; K, fulcrum; L, lever; M, (lcxure plates. 

than a simple knife edge were used at the fulcrum of 
the lever system . Flexure plates were used also in 
attaching the yoke to the lever in order to main tain 
a constant lever ratio. The calibration of this lever 
was ob tained by using the normal load-point, P 
(fig . 3, A) as the fulcrum, and determining the ratio 
of arms A and B by applying known weigh ts at 
points F and L. If, for example, the ratio of B:A 
during calibra tion is foun d to be 14: 1, the lever 
ratio during use as a third-class lever will be 
A+B:A= 15:1. Quarter-point loading results in a 
bending-momen t diagram, as shown by the solid 
line in figure 3, B . Applying the load at midspan 
would result in a bending-moment diagram, as shown 
by the broken line in the same figure. Quarter
point loading was used because, theoretically, the 
maximum stress is obtained for any fracture occur
ring between the two points of load application. 
The relative merits of the two types of loading have 
been discussed by Bobrowsky [9]. 

Load was transmitted to the specimen through a 
knife edge, 'which is an integral part of the loading 
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FIGURE 3. jJlechanics of the lever-ann ratio and of q1w rter
point loading. 

At A is s hown the di. gra m for the calibration of the lever-arm ratio . If the 
rat io of B to A, during ca libra tion as a first·chss lever (fulcrum at P), is found to 
be 14:1, the lever-arm ratio dUring use as a third-class lever (fu lcrum at F ) will 
be (A+ B) :A= (1+ 14) :1 = 15:l. At B is shown the bending-moment diagram 
resulting from quarter-poin t loading (solid lin e) and the bending-momen t dia
gra m resul ting from single-point (midspan ) loading (broken line) . 

bar, and through a sapphire rod. The rocker-type 
supports, and the rod and the loading knife edge, 
permit the use of a single loading bar for specimens 
of various spans and prevents torsional and axial 
forces . The deflection of the specimen at midspan 
is measlU'ed by means of a dial gage located directly 
over the specimen, but outside of the furnace . The 
gage, clamped to a rigid bar (fig. 2) , is supported by 
two ;H n . diameter artificial sapphire rods, the lower 
ends of which rest on the top of the specimen at the 
ends of the span. A third sapphire rod is used to 
actuate the s tem of the dial gage. The rod rests on 
the specimen at midspan, passes through a slot in 
the loading bar, a hole in the yoke, and a hole in the 
furnace top. The hot junctions of the base-metal 
thermocouples are located so that one is above and 
the other is below the specimen, as ncar its cen tel' as 
possible. 

The apparatus is designed to test specimens at 
spans of from 3 to 6 in. Slots are provided in the 
furnace top to permit various spacings between the 
outer sapphire rods, and one of these rods is attached 
to the gage-supporting bar through a pivot joint, 
which permits the bottom end of the rod to follow 
the shortening of the top of the specimen bar during 
deflection. A loading bucket is suspended from the 
end of the long arm of the lever, and lrad shot is 
added to the bucket from a hopper equipped with a 
solenoid-operated sliding valve for manually starting 
or stopping the shot flow. In addition, a limit
switch is located under the lever to actuate the 
solenoid, stopping the flow when the specimcn fails . 

In order to permit deflcction measurements at 

lmown stresses, the shot is added by increments 
rather than continuously. Increments of weight, 
corresponding to a stress of about 1,500 Ib jin. 2 on 
the specimen, are added to the lever at 2-min in
tervals, and the deflection is measured every minute. 
The values of the moduli of rupture and elasticity 
are computed from the equations 

Modulus of rupture = ~rd~' 

Y , d I fl " P2a(3L2- 4a 2) 
oung s mo u u~ 0 e astlclty= 4t:,.bd3 ' 

(1) 

(2) 

where p ] is the total load on the specimen at failure; 
L is the span; b is the width of the specimen; d is the 
depth of the specimen; a is the point (s) of load 
application (a fraction of the span L); and t:,. is the 
deflection at midspan corresponding to any load, 
P2, below the clastic limit. ~When a is one-quarter 
of the span, the modulus of elasticity can be calcu
lated from the equation 

M d 1 f 1 . . IlP2D 
o u us 0 e astlclty= 64t:,.bd3 (3) 

In many instances, the accuracy of the values of 
Young's modulus reported for ceramic materials has 
been questioned when testing equipment similar to 
that described in this report was used. In order to 
determine whether this equipment would allow 
duplication of an accepted elasticity value, the 
Young's modulus of a bar of cold-rolled steel, whose 
size was almost identical to that of the ceramic 
specimens used, was determined (at various times) 
to be 29,400,000 Ib jin.2 This value is considered to 
be in good agreement with the accepted value of the 
modulus of elasticity of cold-rolled steel (30,000,000 
Ib jin. 2 ± 5%). 

III. Methods 
1. Forming 

In order to insure the desired reproducibility of 
resul ts and to prevent segregation of the batch con
stituents dming preparation of the specimens, the 
same compounding method was followed as has 
been describcd previously [7]. Briefly, the procedure 
entails weighing the constituent materials on a semi
ana.lytical balance to ± 0.005 g, blunging with a 
laboratory-type variable-speed mixer with distilled 
water and a wetting agent, drying, sieving, and re
mixing with a starch binder. 

Specimens for the investigation of the maturing 
range (% in. high by % in. in cliam) and for the 
compression tests (1 % in. high by % in. in diam) 
'l'1ere pressed at 9,400 Ib jin.2 The thermal shock and 
transverse strength test bars Oi6 in. thick by % in. 
wide by 6J~ in . long) were pressed at 6,500 Ib jin.2 

All of the specimens were formed in molds made of 
case-hardened steel and of oil-hardened non de
forming tool steel. The molds were lightly lubri
cated with a water-emulsifying oil before each speci
men was made. 
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2 . Testing 

All of t,he test methods employed have been de
scribed previously [3 Rnd 7] hut, for the convenience 
of the reader, they are given briefly a:gain. Car?on 
tetrachloride was used for the absorptlOn determma
tions, and the resul ts were converted to equivalen t 
water absorption v~dues. .r.fatured bodies Iver e 
considered to be Lhose having less than 0.1 percent 
of equivalent waLC'r absorption. Shrinkage values 
were calculated f!"Om micrometer meaSlU'ements 

• both before and afLer heating. Apparent density 
values were obtained by calculations based on mi
crometer meaSUl"ements and the veight of tbe dry 
specimens. The enels of Lhe specimens for the com
pressive-strength LesLs were ground parallel, s~ that 
the length-to-diameter ratio of the test specimens 
was approximately 2. The test pieces were placed 
betW'een cold-rolled sLecl blocks, and the compres
sive s tress was applied aL a loa ding raLe of about 
31 000 (lb/in. ' ) /min by a 75,000-l b hydraulic press. 
T~n cycles of quench ing from . ] ,700° F (931 ° C) to 
room temperaLme by an air-blast (20° to 30° C) 
consLituted the Lhennal shock lest, and Lbose bars 
slU"viving this queJl ching were tested for modulus of 
rup tme in bending a L room temperature. Compa
rable values for Lhe modulus of rupture were de
termined also for spocimel1s that had not been 
thermally shocked. -The moduli of rupture. and of 
elasticity at 1,800° F (982° C) werc determllled by 
using the furnacc described. vVhen it was noted 
that the deflection follo 'ling loading con tinued after 
the first minute it was assumed LhaL pcrmanent 
deformation, or <" plastic flo\\T", was occwTing. This 
deformation could be verified when the test plCces 
were examined for pcrmanenL CUl'vatme followin g 
ruptme. Plas tic flow was not reported for b~dy 
4811C in a previous study [2] when an ol ~l er testmg 
fmnace was used [10]. In order Lo JIl vestlgate 
further the relative magnitude of the deformatlOll, 
halves of bars broken in the hot bending tests were 
reground to about }~-in. thicl'!less an~l ~be transverse 
streno-th tesL repeated bv uSll1.g a mll11mUm span of 
3 in. <>Loads of 12,000,115,000 , and 18,000 Ib/in. 2 were 
maintained for 15 min , or un til r up ture occulTed, 
dming which times the deflection was measmed at 
regular intervals. 

IV. Results 

The base compositions of all of the porcelains 
studied in this investicration are con tained within the <> . . . 
beryllia field of the system beryllia-alumll1.a-zl L" col1.la. 
The addition of 2 weight percent of calcla (CaO) to 
each of the base compositions, except body 4811M, 
which contains an admixture of 4 weigh t percent of 
magnesia (MgO), apparently .d~es n?t affect primary 
crystallization to an extent dlstlllgUlsha~le by petro
crraphic examination. The base composit ions of the 
bodies are given triaxially in figme 4 and numerically 
in tables 1 and 2. 

It was found that all of the specimens could be 
matured (an absorption of less that 0.1 %) when 
heated for 1 hour at temperatures beLween 1,500° 

and 1,600° C. Optimum maturity in the e!ect ric 
furnace was obtainable at either 1,500° or 1,550° 
C, and in the gas-fired furnace at 1,575° C. At 
optimum maturity the values for absorption were 
between 0.01 and '0 .05 percent, the values for shrink
age were between 18.10 and 20.54 percent, and the 
apparent density ranged fmm 2.93 and 3.36 g/CIl1.3 • 

It was suspected from the surface appearance of 
the matured specimens that certain of the porcelains 
would contain 0 bj ectionably large grains. Petro
graphic examination, however, failed to reveal any 
exeessi ve grain growth in any of the bodies, and the 
average grain sizes wel"C found to be about 8 to 15 J1. 
for the beryllia crystals, 8 to 15 J1. for those of alumm a, 
and from 2 to 8 J1. for the zirconia . Occasional grains 
of beryllia, up to 80 to 100 J1. in size, were noted in a 
few specimens. Although no changes were observed 
in the component crystal sizes of the 4811M bod.y, 
a singular difference was noted in tho shape of ~'!:le 
beryllia crystals. In body 4811.M, the BeO inv[!,\'i~ 
ablv occurred as round.ed grams, whereas III all 
of the calcia-con Laining bodies the BeO was in Lhe 
form of irregular, lath-shaped crystals. 

High compressive strengths at room temperature 
were C':·;hibited by all of Lhe porcelains. The val ues 
ordinarily were about 275,000 Ib/in .2, but two bodies, 
I find J , have strengLhs of 302,000 and 305,000 lb/ 
in .~, respectively. Table 1 gives the daLa for 
maturing range, properLies at maturity, and the 
c;ompressive strength results determined fo r ~he 
porcelains investigaLed. Only the compreSSlve 
st rength values of the specimens that broke sharply 
in to small fragm enLs arc included in thi Lable . 
The val lIes for those specimens that had splin tered 
or cracked during the test were discarded. A 
method of specimen "sea ting", which practically 
eliminates splintering, is currently being employed , 
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Fle UR" 4. Base compositions of some porcelains within the 
system BcO- Al z0 3- Zr02. 

Shown are t hc loc,tions of the basc composition (in weight percen t) of th.")3 
beryllia porcelains discussed in this report. All b!1t one of the body composltlOns 
contained an admixtureo f 2 weight pcrcen t of c3lc" (OaO); body 4811M contallled 
4 weight percent of magnesi". 
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TABLE 1. Maturing range studies and compressive strength results a 

All bodies could be matured to practically imperviousness at temperatures betlveeo 1,500° and 1,600° C. 

Base composition b Properties at ma turity Properties of compressive strength specimens c 

Body Appar· Appar· H eigbt/ 
B eO AhO , ZrO, Tcst 'rem per- Sh rink· Absorp· ent Test Tcmper· S hrink· Absorp· cut dia m· 

ature age tion density ature age tiou density eter 
(± O.OI) (± 0.0 1) ratio d 

--- ---'. --------------------------------

% % % ° C % % g/cm ' ° C % % glom' 
A ..... _ ...... 92.00 4.00 4.00 599- L 1, 550 20. 00 0. 01 2.99 630- L 1,550 20.16 0. 01 3.00 1. 98 
B ............ 88.00 8. 00 4, 00 599- L 1, 550 19. 20 . 02 3.04 627- L 1,550 19,74 . 00 3.03 2. 00 
0 ............ 88.00 4, 00 8.00 604- L 1, 500 19.58 .01 3.07 522- L 1, 500 19, 58 . 01 3, JO 2. 00 
D ............ 84. 00 12. 00 4. 00 5OO- I, 1,500 19. 35 .02 3.08 625-L 1, 500 19.58 . 02 3,05 2. 00 
E . ___________ 84. 00 4. 00 12. 00 599- L 1, 550 20. 32 . 02 3. 18 621- L 1, 550 19.58 . 00 3. 11 1. 98 
F . ___________ 80.00 12.00 8. 00 604-L 1, 500 19. 20 . 01 3. JO 631- L 1,500 20.54 . 58 3. 18 1. 99 
G ._ .... _ ..... 80. 00 8. 00 12.00 600- L 1, 500 19.36 . 02 3. 21 634-L 1,500 20.22 . 03 3. 21 2, 00 
H .... . ....... 76.00 20.00 4,00 605-L 1, 550 18. 72 . 01 3.10 629- L 1,550 ]9. 10 . 01 3. 14 1. 92 
L ............ 76. 00 12. 00 12,00 605-L 1, 550 19. 20 .01 3. 21 528- L 1,550 19,58 . 00 3.22 1. 94 
J. ............ 76. 00 4,00 20,00 605-L 1, 550 20. 00 . 01 3. 30 632- L 1, 550 20. 54 .00 3. 36 2. 00 

50011 t ••••••• 98. 50 0. 58 0,82 ----- ----- ---- ----- --- - ----- --- -- --- ------- . 635-L 1, 600 19,90 . 03 2. 91 2. 00 
48110 ... ... .. 84.21 7. 15 8,64 599-1, 1,550 19. 36 . 01 3.08 ---- - - -- -- 1,550 --------- -.------ .-----.- .- --- - --
4811M ....... 84. 21 7. 15 8. 64 535-L 1, 600 18. 10 . 01 3.09 543- L 1,600 17. 79 . 00 3. 16 1. 93 

a Values obtained for speciments matured iu a n ~lect ric furnace for 1 br at the t emperatures speciRcd. 
b All but one of the bodies contain a n admixture of 2% of calcia to t he base composition; bod y 481 1M couta ins a l~ admixture o( 4% of m aglles ia. 
c: Unless otherwise indicated, the val ues given arc the averages for three test s peci mens. 
d Spccimens werc about 1 in . h igh by ~, in . in diamctcr. 

Strength 
at room 
tempera-

ture ' 
(±5,000 
Ib./in .') 

lb/in.' 
259 X lO ' 

276 
286 

1272 
281 

289 
281 
258 

1302 
305 

240 
h 251 

238 

• Compression tes ting was done at a constant loadi ng rate of a bout 31,250 Ib/in .' b y using cold·roBed steel blocks (01' platcn protection . The value given is the aver · 
age of two spcci men ts (three were broken, b u t one h ad splintered and the value was discardcd). 

I See foo tnote e. Value given is for one specimen (three were broken , but two had splintered and the \7al ues were discarded). 
r 'rbi s bod y (no adm ixture to the composition given) reported all by tbe Battelle Memorial Institnte (pri vate commnnication) . See also table 2, footnote f. 
h R. F . OeBer, et aI., J. Research NBS 36, 277, (1946) RPli03 . 

TABLE 2. Strength in bending and elasticity values a 

All bars survived ten eyclcs of test for thermal shoek resist3nce (from 1,700° l' (931° 0 ) to room t emperatnre by an air blast) 

Base composition b Matnring da ta Strength in bending (flexure) at~ 

Room temperature 1,800° l' (982° C) 
Bod y 

BeO AhO, ZrO, 'r est Tem pera· Absorp· Young's tnre tion Not After 
thermftlly thermal (±2,000 modulus d 

sbocked shockin g lb/in. ') (±3,000,000 
Ib/in. ') 

% % % ° C % /b/in. ' lb/in. 'l Ib/in.' /blin.' 
A._ .•.. . 92. 00 4. 00 4. 00 33- R 1,575 0. 01 31. 2X lO ' 25. 8X10 3 20. 5XlO , 30X 10 ' 
B._ . .. __ 88. 00 8, 00 4.00 33- R 1. 575 . 01 31. 0 2~.5 19. 0 36 
C oo. _ .• _. 88. 00 4. 00 8.00 33- R 1,575 . 01 25,7 23.4 19. 6 33 
D .. ___ . 84. 00 12.00 4.00 33- R 1, 575 .02 27. 6 26. 9 16.8 28 
E •. _ ... 84. 00 4. 00 12.00 31- R 1, 575 . 01 26.7 2~ . 5 20. 7 32 

F ....... 80.00 12. 00 8.00 35-R 1, 575 . 02 25.8 25. 2 18. 2 31 
0 .. __ . . 80.00 8,00 12.00 35-R 1,575 . 02 25.7 23.5 17. 3 36 
H .. __ .. 76. 00 20,00 4. 00 31- R 1, 575 . 03 30.2 2~ . 0 18. 9 32 
L _ .. . _. 76.00 12,00 12. 00 32-R 1, 575 . 25 27,2 26.8 19.9 37 
J. .... .. 76. 00 4,00 20. 00 32- R 1,575 . 04 30,4 2~. 5 25. 1 36 

59011 ' ... 98. 50 0.68 0,82 32- R 1,575 3.5 18. 7 19. 91 16.4 31 
4811C._. 84.21 7. 15 8.64 35- R 1,575 0.01 34.1 31. 9 21. 4 36 
48 11C 1._ 84. 21 7. 15 8.04 ------- ---- ----------- about 0.2 ------- - - ---- ------- ---- -- 18.4 42 
4811C r •• 84.21 7.15 8.64 ----------- ------- ---- about 0.2 25. 2 24. I 13.8 21 
4811M •. 84.21 7. 15 8.64 34- R 1, 600 1.7 17. 2 17. 8 15. 1 38 

a Valnes obtained for specimens matured in a gas· fired fnrnace for I hour at t he temperatnres specified . 
bAll bnt on e of the bodies contain an admixture of 2% of caleia to tbe bftse composition; body 4811M contains an admixture of 4% of m agnesia. 
, Two test bars, about 5)-2 in. by % in. by l4 in, of eacb composition were broken at room temperature, two were t hermally shocked and then broken at room 

temperature, and three were broken for tbe transverse stren gth and elasticity test s at 1,800° F (982° C). 
d The modulus of elasticity valnes (Young's modnlns) are considered as only relative becanse they were calcnlated from the cnrve of the deformation versus load 

at the lowest part of tbe cnrve where the plastic flow was small . 
• This compOsition (containing no admixtures) reported on hy the Battellc Memorial Institnte (private communication) as follows: After heating for 3 hours 

at 3,100° l' (1,740° 0 ), the body showed an apparent porosity of 14%, had a bnlk d ensity of 2.56 g/cm' , and showed a rOom temperature tranverse strengtb on8,600 Ib/iu .' 
! Specimens of body 4811C p repared for another investigation (foontnote g), bnt tested for moduli of rupture aud elasticity at 1,800° F in the new transverse strengtb 

test furna ce. 
r Values given in NACA report W-48 (Jone 1916) , R. F. Geller and M. D. Burdick. 

although it was not used for the test specimens of 
this investigation. 

These porcelains are fairly resistant to thermal 
stresses as evidenced by their ability to withstand 
10 cycles of shocking from 1,700° F (931°C) to 
room temperature by an air hlast (20° to 30° C). 

Their transverse strengths after shocking were 
usually slightly lower (18,000 to 32,000 lb/in.2 ) 

than the values obtained for comparable specimens 
that had not been shocked (17,000 to 34,000 lb/in. 2). 

Considerably lower strengths in bending (15,000 
to 25,000 lb/in.2) were noted for all of the matured 
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porcelains at 1,800° F (982° C), rompured to their 
Lrengths at room temperature. 

From the viewpoint of transverse strength at room 
temperature the outstanding body was 4811C, 
although a loss in strength of 2,000 Ib /in. 2 was 
noted as the result of thermal shocking. If the 
effect of heat shock on the transverse strength is 
chosen as the basis of comparison, the outstanding 
bodies were 4811M, I , F , D , and J . Only bodies 
4811C and J , however, had transverse strengLh s after 
heat-shocking of about 30,000 Ib /in. 2 ; the other bodies 
ranged as low as 17,800 Ib /in. 2 The strongest bod~T 
in the bending tests at 1,800° F (982° C) was J . 
Its value of 25 ,000 Ib /in. 2 was about 20 to 25 percent 
higher than those of the next strongest bodies, 4811C, 
E , and A. 

During the determinations of the moduli of rup
ture and elasticity at 1,800° F , it was noted that 
body 4811C and others exhibited plastic deformation . 
Although the modulus of elasticity values at 1,800° F 
are reported, they must b e eonsidered as only rela
tive, b ecause they were calculaLed from the curve of 
the deformation versus load at tlw lowest part of the 
curve where plasLic flow was relatively small. Table 
2 gives the results of the tests of thermal shock, 
transverse strength at room temperature both before 
and after heat-shocking, and the moduli of rupture 
and elasticity at 1,800° F (982° C) . 

In order to obtain some indirect m easure of the 
deformation-under-load (plastic flow) that oecurred 
during the original tests of rupture and elastic 
strength s, half-bars of some of Lhe body compositions 
used for hot transverse strength test (whicb allowed a 
minimum 3-in. span) were reground to a tbickness of 
0.1250 ± 0.0007 in. The deflecLion was measm ed at 
1,800° F (982° C) at I-min intervals for 15 min 
under loads of approximately 12,000, 15,000, and 

18,000 Ib /in.2, or until rupture had occulTed. Figure 
5 shows the resul ts of these tests. Table 3 gives the 
strain-rate data determined from the stress-strain 
tests and, for correlation purposes, a listing of the 
hardness, strength, and elastic properties of all of 
the porcelains of this study is also given. 

Examination of table 3 reveals that there is no 
correlation between the strain rate at 1,800° F and 
the strength properties of the various porcelains. 
The very low hardness of body 59011 (whose hard
ness would be expected to approximate that of 
BeO) is probably due largely to the porous condition 
of the test specimen. In addition, considerable 
difficulty was encountered in obtaining suitably pol
ished smfaces for all of the speeimens, and it is con-
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FIG UlU: 5. Short-ti rne stress-strain relations oj some beryUia 
porcelains. 

hown are the strain rates at 1,8000 l' (9820 C) of seven bery llia porcelains when 
maintained for 15 min at each of three stresses, or unti l rupture occurred . 

T ABLE 3. Strength, stress-strain, and Knoop hardness values 

Strength a t room tempera ture Strength a t 18000 F (9820 C) 0 Strain ratcs b Knoop h ardness' 

Compressive 
strength d 

T ran sverse strength 0 
rr ransvcrse 

strengtb 
Max imum strain 

at lIacture 
----;---I---.----;----I-----;----I~~~~~'-s ------,----1 Body l~/r.;~; 

Body 
N ot After Ius' Calcu- Ob- stress 

Body tberma lly thermal Body lated ' served ' 
shocked shocking 

15,000-
Ib/in .' 
stress 

18,000· 
Ib/in. ' 
s tress 

Body 

10 indentions at 
5OO.g load 

nange, 
low to 
high 

------------------------------1----·1--- --------------- ---------

lb/in .' lb/in. ' lb/in. 2 lb/in .' lb/in.' 
(in ./in .)! 

min 
(in ./in .)/ (in ./in .)/ 

min min K 500 Ie,OII 1. _______ 305 XI0 ' 48110 34. 1X lO ' 31. 9XlO' J 25. 1XI0 ' 36X10 ' 0.70XIQ-3 21 X 10-3 H 5.4 X l Q-6 5.5XlO--< 8. OX 10--< J 830 700 to 900 
L _. _____ 302 A 31. 2 25.8 4811C 21. 4 36 . 59 18 B 5.0 5.4 F 10 740 to 880 F . ______ • 289 B 31. 0 25.5 E 20.7 32 . 65 21 F 4.9 4.8 E 810 760 to 920 
C .. ______ 286 J 30.5 29.5 A 20.5 30 . 68 28 G 4.9 -- ---- ---- ---------- H 810 700 to 900 G _______ 281 H 30.2 25. 0 I 19. 9 37 . 54 13 0 4.0 3.3 7.2 4811M 810 710 to 960 

E .. __ . ___ 281 D 27.6 26.9 0 19. 6 33 .60 18 D 4.0 3.3 5.1 A 800 760 to 900 
B ___ . . ___ 276 I 27. 2 26.8 B 19. 0 36 .53 16 J 2.5 2.5 3.1 0 800 700 to 900 
D ... _. __ 272 E 26. 7 25.5 H 18.9 33 .58 13 -- - --- -------- -- - - -------- ---------- B 800 600 to 900 H. ______ 268 0 26.7 23.4 F 18.2 31 . 58 16 -- - - - - ---------- --- - ------ ---------- G 790 720 to 880 
A _. _____ . 259 1" 25. 8 25.2 G 17.3 36 . 48 15 ------ -----_.--- ---- --- --- -------- - - D 780 710 to 840 

48110. ___ 251 G 25. 7 23.5 D 16.8 28 . 60 20 ------ --- ---- --- ---------- ----- - - - -- I 780 670 to 900 
59011. ___ 240 59011 18. 7 19.9? 59011 16.4 31 .53 15 -- ---- -- ------ -- - - -------- - - - ------- 48110 760 6iO to 840 
4811M .. _ 23 4811M 17. 2 17. 8 4811M 15. 1 38 . 40 12 ------ --- - --- --- ---------- ------ - --- 59011 550 420 to no 

• T he matnring data for t he speci mens nsed in these tests are given in columns 5 to 7 of table 2. 
b One half-bar of each coo:positioll from the transverse strength tes ts at 1,8000 F , which allowed a minin'!um span of 3 in., was regronnd for this test. 
' Knoop numbers determmed by uSlllg a solenOld·operated Tukon tester and a 500·g load . For comparIson, a specim en of beryllia (BeO) t bat had been used as 

a pedestal in t he thoria-resistor fnrnace had an average Knoop hardness of K ,oo= 1 ,030 (980 to 1,110). 
d '1'he m aturing data and other physical properties of these test specimens are given in colwnns 11 to 17 of table 1. 
• Young's modulus values are considered as being only relative because they were calculated frow the deformation·load cW've at the lowest part where the "plastic 

flow ", was relatively small. 
' The maximum stlain (deform ation) at fracture was calculated by dividing tbe value of t he m odulus of rupture by that of the modulus of elasticity . 
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sidered, therefore, that the Knoop hardness values 
obtained are lower than they should be. 

Petrographic examination of the specimens after 
the bending tests revealed either one or two isotropic 
phases in all of the test bars, except those of body 
4811M. These phases were present also in the test 
bars made for use in the preliminary study of the 
tensile and creep properties of porcelains [1]. Un
fortunately for identification purposes, these phases 
appeared as very thin films, usually less than ?~M in 
thickness, interstitial to and surrounding the beryllia 
grains. It was possible to identify only their refrac
tive indices, which, in some cases, were considerably 
above 1.73 and , in others, bclow l.71. Reexamina
tion of some of the older specimens and test pieces 
from the studies of maturing range and compression 
strength revealed that the isotropic phases were 
present in the sam\.\ relative proportions as were 
noted for the transverse strength specimens. There 
seemed to be somewhat more of these phases in the 
bodies matured in the gas-fired furnace than in the 
bodies matured in the thoria-resistor furnace. 
Although it was possible to establish the presence of 
the isotropic phases in the various test specimens, 
no quantitative correlation between the amounts of 
the isotropic phases present and the relative order 
of the strengths of these porcelains (table 3) could 
be determined. Generally, however, it was found 
that the order of the bodies according to their esti
mated content of these phases was B, B, F , G, C, 
D , E, 4811C, and J . Body H usually contained the 
most of these phases and, in all instances, none were 
found in body 4811M. 

A number of unsuccessful attempts wcre made to 
determine the nature of the isotropic phases. In 
order to examine the porcelains by reflected light 
with the metallographic microscope, satisfactorily 
polished and etched specimen surfaces are required. 
These surfaces were not obtained by the use of any 
of the common abrasives, including diamond pow
ders, nor b'y the use of any of the ordinary etching 
solu tions, including a previously successful electro
lytic etching method. The inability to obtain 
suitably finished surfaces also made it impossible to 
obtain satisfactory shadowed surface replicas for 
s tudy with the electrom microscope. 

V. Discussion 

One of the results of this investigation was the 
finding that the addition of 2 weight percent of calcia 
(CaO) to the BeO-AI20 z-Zr02 porcelains caused one 
or more isotropic phases to appear in the matured 
specimens. Wbether these phases are crystalline or 
glassy has not been determined. An admixture of 
4 weight percent of magnesia (MgO) to one of the 
base compositions caused no observable additional 
phase. 

Although no identification of the isotropic phases 
could be made, there is some basis for speculation as 
to their probable compositions. Two binary sys
tems, CaO-A120 3 [11] and CaO-BeO [12], contain ap
preciable areas of complete melting at temperatures 
below those at which the porcelains of this study 

were matured. In the first system, CaO-Alz0 3, 
isotropic crystalline phases are known to exist [13]. 
They are the compound 3CaO.AI20 z with a refractive 
index of 1.710, the compoLllld 5CaO.3AI20 z with 
indices of 1.608 and 1.662 depending upon the 
crystallization behavior, and an unstable prismatic 
phase, whose indices arc l.687 and 1.692 (very weak 
birefringence). A glass of refractive index 1.68, a 
crystalline phase with an index of l.684 , and an 
unidentified isotropic phase of index of 1.668 are 
known for one mixture in the system CaO-AI20 a-BeO 
(42% of CaO, 41 % of A120 3, and 17 % of BeO). At 
a temperature of 1,450° C this mixture was com
pletely liquid . 

Two isotropic phases were identified in the por
celains investigated in this study. One of these had 
an index c~)llsiderably above 1. 73 and the other some
what below 1.71. For the first of these two phases, 
it is conceivable that either a beryllium calcium 
zirconate or an aluminum calcium zirconate had been 
formed, the calcia and zirconia. combining first to 
form a high index cubic zirconia solid solution 
(11 = 2.08 ), and then reacting in the presence of either 
or both of the other oxides to form an isotropic crys
talline phase, an isotropic mixed crystal series, or 3 

glass. The second of the unid entified phases is 
likely to be one of the isotropic crystalline phases 
contained within the system CaO-AI20 3• 

As previously stated , there were not sufficient data 
available for a study of the correlations that might 
exist between the amounts of the isotropic phases 
present and the test values of the various strength 
properties of these porcelains. Even though an ad
ditional boundary phase is present, the strengths of 
these calcia-containing bodies compare favorably 
with those of other oxide porcelains, such as the 
bodies of the systems MgO-BeO-Zr02, MgO-BeO
Th02 , MgO-BeO-A120 3, and BeO-Ab03-ThOz (tables 
1 and 9 of [7]) . 

VI. Conclusions 

The general physical properties of practically im
pervious porcelains within the beryl1ia field of the 
system BeO-A1 20 3-Zr02, whose base compositions 
approximate that of NBS Body No. 4811C, were 
found to be: maturing range, 1,500° to 1,600° C; 
apparent density, 2.9 to 3.4 g/cm3 ; slu'inkage, 17.8 to 
20.5 percent ; room temperature compressive strength, 
238,000 to 305,000 Ib/in. 2 ; room temperature trans
verse strength , 17,200 to 34,100 lb/in.z; room tem
perature transverse strength after thermal shocking, 
17,800 to 31 ,900 Ib/in. 2 ; transverse strength at 
1,800° F (982° C), 15,100 to 25,100 Ib/in.2 ; approxi
mate Young's modulus at 1,800° F (see discussion) , 
28,000,000 to 38,000,000 Ib/in. 2 ; relative thermal
shock resistance, good; and Knoop hardness numbers 
(500-g load), 550 to 830. 

For an all-ceramic bod.y exhibiting high strengths 
both at room temperature and at 1,800° F (982° C) 
and good thermal shock resistance, it is suggested 
that the possibilities apparent in body J be further 
investigated. The base composition of this body is 
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76 percen t of b eryllia (BeO), 4 percen t of alumin a 
(A1 20 3), and 20 percent of zirconia (Z1'02), wi th an 
admixture of 2 weigh t percent of calcia (CaO). Thi s 
body becomes practically impervious a t temperatmes 
between 1,500° and 1,600° C in both electric and 
gas-fired furnaces, wi th a resultan t shrinkage of about 
20 percen t and an appar en t density of about 3 .3 
g/cm3• 

The resul ts of this study indicate that some of the 
porcelains wi thin Lh e beryllia field of th e system 
beryllia-alumina-zirconia may be of use as com
ponents for various heat en gines wher e high strength 
and some degree of elastici ty , rath er th an Lh e ulti
mate in refr actor in ess, are desired . 

The au thors acknowledge th e assis tan ce of L . G . 
Lamber t in th e preparation, m aturing, and testing of 
th e specimens. 
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Some Electrical Relations in Galvanic Couples 1 

By H. D. Holler 

The electrical r clat ions are dcveloped for a galvanic co uple (shor t-circui ted cell) w ith 
and without pola riza t ion by externally applied curre nt . Their s ignifi cance in t he de ri vat ion 
of cri teria for ca.thodic protect ion is dcmonst rated . The mecha ni sm of current flow betwcen 
couples at d iffe rent pote nt ia ls is cxpla ined. The importan ce of galv an ic-co uple t heory in 
governing current dist ribu t ion over an electrode s urface is indi ca ted . 

1. Introduction 

In th e study of electrode processes, an under
standing of th e elec trical relations in galvanic couples 
and of their b ehavior toward externally applied 
current is essen t ial. It has, of course, b een known 
since th e time of Galvani and Volta , that a bimetallic 
j unction in contact with an elec troly te is a source of 
electromo tive force and current. While there is 
some question r egarding the exact source of th e emf, 
it can be shown by thermodynamics that th e ch emical 
po ten t ial of such a sys tem m anifests itself as an 
emf, theoret ically cap able of delivering CUl'l'ent. 

In accordance with Nernst's law, i t is also well 
known that an emf may exist b etween two ar eas of 
the same m etal , each in differen t en vironmen ts, and 
a galvanic curren t will flow wh en they arc m etallicly 
connected. E ven in th e case of a pure m etal, in an 
elec trolyte , galvanic curren ts may flow b etween its 
differen t crystal faces, from cracks in i ts surface to 
surrounding ar eas, 01' between areas in differen t 

1 'rho ter m "galvanic couple" or " co u ple" is used in this paper (or t he ~akc of 
breviiv and means a galvan ic ccll having its clectrodes mciall icly cOllnected 
through a n cxiernal res isLance tbat may be negligibly small . 

s ta t es of oxida tion. As a r esult, th e condi tion 
favoring the existence of galvanic couples in th e 
phase boundary are n early always fulfill ed when ever 
a metal comes in to contact with an electroly te. In 
connection with the " local-cell" th eory of corrosion, 
some of th e electrical r elations governing th ese 
curren ts have been derived by Muller , Abmow, and 
Thomasow, and others (1).2 There ar e galvanic 
circui ts of all magni tudes ranging from those of 
molecular dim ensions to those of gr ea t size existing 
underground. They are present , t o some exten t , on 
th e electrod es in pracLically all electrochemical proc
esses. Sys tem s of several electrodes have b een 
studied by many workers including B rown and 
M ears, Landau and P etrocelli [2] . 

'1Vhile thermod.vnamics defines th e driv ing force of 
an electro ch emical r eaction, th e rate of the latter is 
controlled by irreversible factors, r epresented by 
polarization, as defined in its broadest sense; that is, 
including resistive potential differ en ces also. Some
times, as in electric batteries, it is desirable that the 
polarization r esulting from delivery of current to an 

, F igures in brackets indicate the Ji teratnre references ai the end of this paper. 
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