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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT

PROGRESS REPORT ON
STRENGTH AND CREIEP OF SPECIAYL, CERAMIC BODIES
I¥ TENSION AT ELEVATED TEMPERATURES

By R. F., Geller and M, D. Burdick

SUMMARY -

This is a progress report of an investigation for the deter-
mination of the behavior of cerumic bodies in tension at slevated
temperatures for the purpose of determining data essential to the
deslign of ceramic blades for gas turbines., Observations made on
six speclal ceramic bodies covered the determination of thelr ten-
sile strength, and also their creep during prolonged loading, under
stresses ranging from 3000 to 15,000 psil and at tempesratures rang-
ing from 1500 to 2230° F. These observations were supplemented
by preliminary tests on a large number of bodies to observe their
strength in bending at 1800° F, and also their resistance to thermal
shock,

Preliminary tests in bending at 1800° F gave modulus=-of-rupture
values for commercial specimens ranging from 4900 to 18,000 psi; for
specimens of bodles dsvoloped at the National Burcau of Standards,
the values ranged from 6000 to 38,000 psi. Young's modulus of elasg-
ticity values rangcd from 6 X 10° to 17 X 106 psi for the former
group, and from 9 X 106 to 31 x 106 for the latter group.

Preliminary tests for resistance to thermal shock indicate
that three of the compositions developed at the National Bureau
of Standards, and three commercial compositions, can be quenched
10 times from a fwrnace held at 1700° F to room temperature in an
air blast without loass in strength as determined by modulus of
rupture in bending at room temperature.

Short-time tensile tests at 1800° F have given somewhat er-
ratic results but tensile strengths in excess of 10,000 psi seem
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assured. In the creep tests at 15000 F none of the bodies showed
sufficilent oreep, at loads up to fallure, to be measurable by the
methods employed, Creep at 1800° F and at stresses from 11,000
to 13,000 pei was not exocessive for several of the bodies tested.
In eveluating these strengths comnslderatlion should be given the
relative bulk densitiea of the ceramio materlals as compared with
those of metallic alloys.

INTRODUCTION

The resistance of ceramic (or normetallic) oxides to deforme-
tion at high temperatures is their most valuable characteristic as
a potential material for gas turbine parts, especlally rotor blades
or buckets, (See reference l.) In such blades, the prinocipal
ptress 18 tenslle and may reach valuss of several thousand pounds
per square inch, 8lnce the net efficlency of a gas turbine power
plant increases with ilnorease in the operating temperature, it
follows that the higher the temperature at which a blade material
will retain sultable resistance to operatlional stresses, the more
attractive will 1t be for deslgn purposes.

For these reasons, data on the strength and creep character-
lstics in tension of ceramic bodles is essential to their consild-
eration in turbine design. Eowever, a survey of the llterature
dealing with the mechauniocal strength of ceramice in pure tension
at ordinary temperatures will show that little information is
avallable., There is oven less published information on the mechani-
cal strength of ceramlc Lodles at elevated tempnerctures, end the
volume of date for tests in tension applying specifically to por-
celains 1s almost negligltle. References 2, 3, 4, 5, 6, and 7,
and the biblliographies contained in them, ae & falrly comprshen-
slve coverage of the literature. Published values deal mostly
with strength and modulus of elasticity determined in bending
because the preparation of the specimens , the teet arparatus, and
the procedure for bending tests, is carparatively simple., A ten~
Blle test method 1s described in the A3TM Stundards for 1944,
(8ee reference 8.) This mothod is suiisble only for determina-
tions at room temperature and could not be aaapted readlly to
measurements of length changes.
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Therefore the tests reported hersin were undertaken to obtain
additional date on ceramics under temslion and at elevated tempera-
. tures, This investigation, conducted at the National Bureau of
Standards, was sponsored by and conducted with the financial as-
gistance of the Natiomal Advisory Camittee for Aeronautics.

CERAMICS FOR HIGE TEMPERATURES ~ GENERAL

Conventional ceramic bodies, such as reported on in refer-
ences 2 through 7, contain feldspar because 1t reacts with olay
and silica as e flux at elevated temperatures, dissolving them in
pert to produce & more or leas viscous liguid. In a porcelain
body, this liquid fills the interstices between the orystalline
phases of the mixture, if the ware is properly "fired," thus pro-
duoing a nonporous mass, Upon cooling, the llquid becomes a matrix
of glass upon whioch the strength of the ceramic is largely depend-
ent, This glass, in common with all glasses, does not have a
sharply defined fusion point and will soften and deform under
stress at temperatures much lower than the temperatures at which
the orystalline phases liquify. This will explain why all the
published values on porcelsins show that these conventional
ceramicsdeformed at comparatively low temperatures and low stresses.

In 1940, the Nationel Bureau of Standards began a series of
investigations to develop glase-free ceramic bodies of the porce-
lain type which would have simple compositions favorable to high
mechanical strength (particularly at elevated temperatures) and
good resistance to thermal shock. The campositions studied were
binary and ternary combinations of MgO, Ca0, BaO, Be0O, Aly0z,
ThO2, and ZrOz both as practically pure oxides and with minor
additions of SrO0, By0s, S10p, Ti0p, or PbO (references 9 and 10),

Consequently, when the National Bureau of Standards was
oontacted by the National Advisory Committee for Aeronmautlics
in the spring of 1944, regarding the posalbllities of ceramlcs
in Jet propulsion and in gas turbine engines, there was avallable
for consideratlion & number of promising ceramic bodles which
showed resistance to crushing at ordinary temperatures, to thermal
shock, and to deformation in bending at temperatures up to 1800° F,
faxr in excess of corresponding properties for the conventilonal
feldspar porcelains, Shapes can be made of these bodles by any
of the established commeroclal methods for the fabrication of
products from nonplastic materials, The compositions are: so
formulated that they can be matured in commercial kilns, and
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the products ocan be finish-ground after maturing in the ssme manner
nov employed for the grinding of articles such as spark-plug insul-
ators.

However, before designating compositlons to be used in fab-
ricating tension test specimens, leading industrial oceramic con-
cerns were requested to submit appropriate specimens which could
be subJected to preliminary flexure tests at 1800° F, and also to
thermal shock, The concerns c rated by sutmitting bars approxi-
mately €6 inches long, and 1 by 1/4 inch in oross sectlion, repre-
senting e total of 28 compositions., The preliminary tests of the
oammeroial compositions, and also of compositions developed at
the Natlonal Bureau of Standards, are glven here briefly, together
with the results.

FLEXURE TESTS AT 1800° F

The furnace in which these tests were made has been described
(reference 11). The specimens were loaded at midpoint, across a
span of about 5 inches, The furmace accammodated one specimen at
a time and was heated by means of four Globar elements symmetrically
spaced about the specimen, After the furnace and specimen had
reached equilibrium at 1800° F, load was applied in increments of
7.5 pounde at 2-minute intervales. Deflection at midepan, for the
calculation of Young's modulus, was observed by means of a gage
reading to 0.0001 inch, The results for the most promlsing specl-
mens are given In table 1.

RESISTANCE TO THERMAL SHOCK

The data from the thermal shock tests are limited, They were
obtained on 34 specimens, representing 14 compositions, by heating
the test pleces (in the form of bars) for 30 minutes in a furnace
at 1500° F or 1700° F, and then removing them quickly to the air
blast fram a bdlower with a 4-inch orifice. The blower was located
Immediately in front of the furmace and the blast struock the speci-
mens edgewlse, After 15 mlnutes in the air blast, the specimens
were returned to the furnace. These specimens whiloh had not
oracked during 10 such cycles were tested in bending at room
temperature. The modulus of rupture valuss were compared with
values obtained at room temperature on specimens which had not
been quenched and the results are summarized in table 2.
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TENSTION TEST, SPECIMENS AND APPARATUS

In a tensile test, the alinement of the stressing members and
the freedom fram bend of the specimen must .be. as nearly pexrfeot as
it 1s humanly possible to make them, Any deviation fram perfect -
alinement, or out-of-streilghtness of the specimen, or unevenly
distributed stress, will introduce bending moments, In additionm,
every point of wealmoss within the specimen ltself, or within the
specimen assembly (such as sharp V-threads and fillets of relatively
sharp curvature) forms a source of stress concentration which may
result in rupture outelde the specimen proper or at a satress not
representative of the full gtrength of the material under test,

It may be expected, therefore, that under optimum test condillioms,
with premature failures in polnts of weakness eliminated, the
maximum observed tensile strength wlll be more nearly representa-
tive of the true tensile strength than 1s the mean value, It may
be expected also that optimum test conditions, and full develop-
ment of the tenslle strength of & given body, will be attainod

cnly rerely.

The following campositions which were developed at the
National Bureau of Standards have been fabricated into tension
specimens:

NBS body Mg0 Ca0 BeO Al105 ThOp 2r0p Ti0p
desig- (per- (per- (per- (per- (per- (per- (per-

nation cent) cent) cent) cent) cent) cent) cent)
151 14.0 -- 43.3 - - 42.7 -
163 7.2 == 26.8 - - 66.0 -
383 19.6 -- 20.3 -- - 60.1 -
358 9.8 -~ 10.2 - - 80.0 -

4811 - 2.0 B4.2 7.2 - 8.6 -

16021 - - 80.0 4.3 5.7 - 2.0

All of the tension tests, for which values are given 1n this
report, were conducted on specimens fabricated under contract by
the cooperating industrial concerns, All were made by pressing
in rubber molds with the exception of the specimen, reported on
in figure 3, which had been made by the extrusion process.
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The design of the tension especimens, and the nscessary adapters
for transferring the stress to them, could have been greatly simpli-
fied had i1t not been necessary to determine the extemsion, or creep.
The .requirement was that these determinations be made to 1 part in
100,000, For a 100-millimeter gage length, thle involved measure=-
ments to 1 micron, Therefore, a 100-millimeter gage length was
considered the minimum feasible fcr the work, Since valuma for
modulus of rupture in Bending, at 1800° ¥, in excess of 25,000 psi
were observed in the preliminary work, it was estimated that cor-
respording values in tension might reach 15,000 psi, Therefore,
to keep the required loads at a reasonable figure, the specimens
were deslgned with a oross sectidn of approximately 0.07 square
inch along the gage length. The shape of the tension speoimen is
indicated in figure 1. They are round in cross section and screw
into adpaters which are Bi inches long, lf-einches in diameter,
and are made of Body 358.

The assembly of tension specimen and two adapters is of such
length that the outer ends cf the adapters protrude fram the furnace.
The adapters, in turn, screw into brass heads which connoct with
universal Joints and, through these, to the loading system,

In 2 furnaces, the specimens can be held at 2400° ¥, or higher
i1f necessary. In the remaining 10 furnaces, they can be held at a
maximum of 1800° F. Each furnace 1s provided with suitable insula-
tion and a comblnation of manusl and automatic temperature controls
permitting malntenance of a predetermined average alr temperature
over the entire gage length to within *5° F. Two "peep holes" are
provided at mid-helght through which the gages can be observed.

The design and locatlions of the gages are shown in figure 1.
These gages are similar in principle to those used at the National
Bureau of Standards for measuring creep of metals., These gages,
in turn, are a modifled form of those demcribed by Fellowas, Cook,
and Avery (reference 12), Thoy were fabricated fram platinum-
rhodium tubing and wire. The wire is free to move wlthin the tube,
and the relative movements of the spoclimen at the points where the
two parts of the gage are comented to the speclmen may be determined
by observing reference lines on the wire and on the cutaway section
of tho tube, The measurements were made with an illuminated
Gaertner extenscmeter-vliewlng device provided with a filar micrometer
eyepleco, It l1s similar to the lnstrument described by John A.
Bonnett and Dunlap J, McAdam, Jr. (Soe reference 13.) This instru-
ment permits measurements to be made with a preclsion of 1 micron,
and readings may bo interpolated to 0.1 micron.
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Initially, the mptal fremes supporting the fwrmaces and load-
ing devices were placed directly upon the concrete floor., It soon
became evident that vibrationa transmitted fram the buillding to the
gages during most of the working day made obaservations of length
changes very difficult and inaccurate. Cork pads 3/4 inch thick,
and averaglng about 1 square inch in area, for every 64 pounds of
load, placed between the racks and the floor eliminated all but
the major shocks resulting from the occasional operation of heavy
machinery,

Tension Test Procedure

Two general procedwres have been followed so far, and both
may he desoribed as "etep testing.”" They are:

Method 1. - The specimen 1s heated gradually to 1500° F and
a stress conasidered to be well below the tensile strength of the
specimen is applied. After observing length changes for some
predetermined time, the stress 1s increased. Length changes are
observed agaln, whereupon another increment of stress is applied,
and so on to rupture. It was customary to lncroase the stresa in
1000-psil 1ncrements at about 200-hour lntervals,

Method 2. - The original temperature and load conditions are

essentlally as described for Method 1. In this method, however,
the load remalns constant and the temperature is raised, usually
in 100° ¥ steps. In some cases, the spocimen had not ruptured
after prolonged holdlng at 18006 F. When this occurred 1n a
furnace in wvhich the temperature could not be raised safely above
1800° F, the test was continued by increasing the load in steps
while maintaining the 1800° F temperature,

Two developments Interfered with the completion of scme of
the tests made according to Methods 1 and 2., Fallure might ocour
in the adapter, and the stress at time of fallure consequently
did not represent the strength of the specimen (see fig. 3) or,
after prolonged use (usually over 2000 hours), the thermocouples
m:l?ht become Iincperative and the test was discontinued (e.g., fig.
16).

Short-time tensile tests also were attempted. In these tests,
the specimen temperature was raised to 1800° F and stress was then
applied, at the rate of about 1200 peli per minute to fallure, by
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flowing shot into a bucket at the end of the loading beam. As

the data in table 3 show, the results were vitiated in seven out
of the eight tests bocause fallure ocourred in one of the adapters,
leaving the specimen intaot.

Creep Test Results

The results, presented in the form of time-extension (elonga-
tion) curves in figures 2 through 20, are grouped according-to
body compositions. Some cwrves will show lrregularities, or appar-
ent negative creep., Many of these small length changes probably
are not significant. A length change of 0.0l percent represents
an actual change of only 10 microms, or about 0,0004 inch, over
the 100-millimeter gage lemgth, Deviations of not over 0.004 per-~
cent from a mean curve are considered to be within the over-all
reproducibility of a length determination.

The "total extensions™ showvm 1n the figures lnclude the elastlo
deformation which occurred upon application of the initial loed, In
same tests (fig. 2), this deformation may be greater than the sub-
sequent coreep which was observed while the specimen waesn being held
under load at the elevated temperatures.

The tensile stress Induced in a turblne blade by centrifugnl
force 1s directly proportional to the density of the blade material.
Therefore, the density of the ceramic should be consldered when
camparing the strength of one ceramic with that of another, or with
the strength of metallic alloys. The bulk density of a ceramic
body depends upon 1ts hilstory, Table 4 sumarizes the results of
the creep tests, and gives the approximate meximum bulk densitles
for six oompositions developed at the National Bureau of Standards.

Body 151, - Two tests have been completed on specimens of
Body 151 and the results are shown in figures 2 and 3. Both teats
vere conducted at a constant temperature of 1500° F, with the strees
increased in Increments of 1000 psil, The two results are not
camparable because: (a) onme specimen (fig. 2) was prossed and
the other specimen (fig. 3) was extruded; (b) one failure (fig. 3)
ocourred in the adapter and not in the specimen; and (c) the initial
stress for one specimen (fig. 2) was 7000 psi, while the other (fig.
3) had been under test for 5483 hours before 7000 psi was applied,
The bBtress-temperature history of a specimen may have an effect on
ites strength, as will be pointed out in the discussion of other
testa,
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ggg% 163, ~ Neither of the two tests completed on specimens
of was productive of completely positive data, In the
first test (fig, &), the specimen apparently continued to comtract
very slightly at stress of 6000 psl or less, and then remeained
Practically constant in length. The total length change, observed
before the adapter broke, was only 0,0002 inch per inch, and
apparently was negative, )

In the second test (fig. 5), the temperature was 1700° F for
2180 hours, during which time elongations of definltely measurable
magnitude occurred under stresees og from 8000 to 12,000 psi, with
the maximum creep rate of 1.2 X 107° inch per inch per hour while
at 11,000 psi, Curilously, the oreep rate was very low (av. 0.5 X 10-6
in, per in, pss hr) under stresses of 13,000, 14,000, and 15,000
pal.

353. - Of the four tests (figs. 6, 7, 8, and 9) conducted

on this body, three were campleted satisfactorily in that the speci-
mena ruptured at a polnt within the gage length.

The first test (fig. 6) shows clearly measurable creep, unler
the constant load of 4000 psi, when the holding tempereture was
1800° F, and very high creep rates when the temperatures were 1900°
and 1950° F., It 1s interesting to ncte that, when the temperature
was then dropped back to 1800° ¥, the creep rate was only about
one~-tenth of the rate observed during the Tirst holding at 1800° F;
in fact, even when the stress had been increased to 7000 psl the
creep rate was only one~half of the first value, Thils effect of
the stress-temperature history of a specimen was referred to earlier
in connection with Body 151.

In the test for which results are shown in figure 7, the load
was held constant at 6800 pel, and the temperature increased until
the limit of the heating coils (1800° F) was reached. The load
wes then removed to observe elastlo recovery which, as may be seen
from the curves in figure 7A, amounted to about 0,025 percent during
the first few minutes and increased to about 0.035 percent during
the succeeding 22 hours. Thils was approximately 35 percent of the
total extension up to the time the load was removed., When the
stress of 6800 psl was again applied the immediate, or elastioc,
extension (see curves in fig, 7B) was about 0,025 percemt, During
the remalnder of the test, the temperature was maintained at 1800° F
while the stress was increased in steps to 12,000 psi and rupture,
At no time was the creep rate excessive,
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The results 1n figure 8 show no signiflcantly measurable
oreep during any of the treatments., In faot, the total elongation
during the entlre test was only 0.0003 inch per inch, It will be
noted that the "rate of creep per hour" i1s negative in most cases
even though the "total extension" was increasing., The explanation
for this lies in the faot that a certaln amount of elaastic deforma-
tion wouwld ocowr upon application of a 1000-psl inocrement of stress,
Upon holding, the speclmen then appeared to undergo "negative creep"
which, however, was in most cases not as great as the inltial posl-
tive elastic deformation.

Figure 9 shows an appreclable initial deformation (0.021 per-
cent) upon application of the 4000-psi stress at 1700° F, but
threughout the test the creop 1ate was very low. For reasons
given previously in the text, it was necessary to lnstall cork
pads under the furnace racks. 6ince some Jarring of the loeding
system was unavoldable during the ralsing and lowering of the racks,
for the installation of the cork pads, the rupture upon reapplica-
tion of the load probably meant that the specimen assembly had been
injured, .

Body 358. - Five taste were made on four specimens of Body 358

and the results are shown in figures 10 through 14, Results in
figures 10 apd 13 are for the same gpecimen.

The ourves in figure 10 resemble those in figure 6 (Body 353)
as regards the much higher oreep rates at 1900° and 1950° F, com-
pared to the rates at and below 1800° F, These higher rates for
Body 358 were, however, only about one-half those for Body 353.

The curves 1n figure 10A, and figure 11A, show the effects
of 4000 and 7000-psi stress at temperatures up to 1800° F. The
higher astress more than doubled the creep rates., The elastic
recovery is much like that observed In figure 7, and the creep
rate wpon reapplication of the 7000-psi stress (fig. 11B) also
is not signiflcantly different from the creep rate cbserved during
the first holding at 1800° F. Note the contrast with the results
in figure 6, in which intermediate holding at a higher temperature
had greatly reduced the oreep rate during the second holding at
1800° ¥, Also worthy of note in figure 1lA and 11C is the fact
that the creep was praoctically the same at 10,500-psl stress and
1800° F as 1t was at 7000-psi stress and 17006 F, and that 1t 1s
almost ten times the oreep rate observed in figure 12 at 1500° F,
even with a stress of 12,000 psi.
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In the latter test (fig, l2), the total deformation diring
the 1104 hours of the test was only 0.00006 inch per inch, dbut
13,000 psl probably represents the actual temsile strength of

..that particular specimen.. This practical freedom from creep, up

to failure at 1500° ¥, is shown also in figure 13. The fallure
was considered premature, :

The effect of :Lnoraa.aing the stress, while mailntaining a
constant temperature of 17C0° F, 1s shown by the data in figure
14, The high deformation indicated durlng the first 26 hours at
7000 psl 1s probably dus to some error In the observations,

Body 4811. - Results of three tests completed on this body

are shown in figures 15, 16, and 17. The first test was carried
out by holding the stress constant (4000 psi) while the tempera-
ture was ralsed in steps, This body, made of a high-Be0 composi-
tion, showed satlsfactory resistence to creep at 1900° F, and
even at 2050° F the average creep was lower than for the high
ZrO, composition (Body 358, fig. 10) at 1900° F. At 2100° F,
however, the deformation became excesaive, and rupture probably
would have oocurred in comparetively short time even 1f the
temperature had not gone to 2230° F,

A comparison of results obtained with Body 4811 and Body 358
may be obtalned from figures 16 and 11. The values show Body 4811
to be the stronger, and the most reslstant to creep, at 1800° F.
There 1s no explanation from the data for the ocomparatively large
extension of Body 4811 during the first 120 hours at 1€00° I and
7000 psi. (See fig. 16B.)

The curves in figure 17 show an extremely small extension
for Body 4811 at 1500° ¥, and indicate a tensile strength of about
15,000 psl at this temperature,

Body 16021. - Results of creep tests on this body, which has

e high-BeO content similar to Body 4811, are shown in figures 18,
19, and 20,

One specimen (fig. 18) broke near the center of the gage
length after only 393 hours at 7000 psi and 1800° F., Moreover,

the oreep rate of about 9 X 10~% inoh per inch per hour indicates
this composition to be weaker than Body 4811, (See fig. 16,)
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This is substantiated by the comparable results in figures 17 and
19, In the latter test, the resistance to oreep of Body 16021
was, in general, only very slightly less than that of Body 4811 3
but the specimen ruptured after Sl-hours at 13,000 psl and 1500 F.
Body 4811 (fig. 17), by cmnpariaon, when sub.jected to the same
test conditions for 170> hours (and having had a similar stress-
temperature history) shoved an average creep rate of only

0.01 x 10~6 inch per inch per hour and requlired a atress of

15,000 psi to break 1t,

Also, resultsfor Body 16021 and Body 358 at 1500° F may be
compared by means of the curves in figures 12 and 19, They indi-
cate pnearly equal strength, but somewhat greater resistance to
oreep for the high~Zr0; Body 358, The data in figures 14 and 20
furnish a comparison between these two bodles at 1700C F and
agaln indicated Body 358 to be slightly more resistant to creep.

Short-Time Tensile Tests

Although thils part of the study has not been productive of
satisfactory data, 1t has been instructive. (See table 3.) The
true reeson for the high percentage of fallures whlch ococurred
in the adapters during short-time tensile tests 1s not known, It
18 posslble that rapid application of stress may have accentuated
some weaknesses in the adapters which would have had an opportunity
to "iron out™ under sustained loads at the elevatad tempera.tures
of the oreep tests.

SUMMARY OF RESULTS

A seriles of preliminary tests were made to select the most
promising compositions from a number of test specimens submitted
by commerclal concerns, and other specimens representing bodles
developed at the National Bureau of Standards.

Modulus of rupture values obtained by center loading, at
1800° ¥, ranged from 4900 to 18,000 psi for commercial bodies,
and frcm 6000 to 38,000 psl for bodies developed at the National
Bureau of sta.ndn.rds. 8ix of the latter have been made Into
specimens for testing in tension and results are glven in this
report.
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S8omes preliminary tests of resistance to thermal shoock also
were made. The results Indicate that three of the commercial
canpositions and three of those developed at the National Bureau
of Standards, can be quenched 10 times from-1700° F to room -

- - temperature 17 én air blast without significant loss in mechanical

strength,

8ix bodies developed at the National Bureau of Standards were
then selected for the creep tests, The following are thelr la.'bora.-
toxry designa.‘b:lons and approximate bulk densitles:

Body 151, density 3.8 Body 358, density 4.9
Body 163, denslty 4.4 Body 4811, density 3.0
Body 353, density 4.4 Body 16021, density 3,0

These densities should be ocmeldered in the evaluation of
e camposition, The factor obtained when strength in tension 1s
divided by density is suggested as the measure of resistance to
stress. This 1s especially desirable when comparing ceramics
with metalllc alloys.

In this progress report, the results are, for the most part,
based on a single specimen for a glven set of conditlons, Conse-
quently, they do not Justify definite ccnclusions or generalliza-
tions., The data avallable at this time indicate the following:

B 151, - The results show that Body 151 1s capable of

withetanding at least 13,000 psl in tension at 1500° F for a
prolonged period of t:I.me The total length change during the
entire time of the tests (exclusive of the elastic deformation
upon application of the initlal load) was too small to be deter-~
mined with certalnty by the test method used.

Body 163. - It appears that this composition could withstand

a tenalle stress of at lea.st 15,000 psl at 1700° F without creep
in excesa of about 1 X 10-6 1noh per Iinch per hour.
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?EEZ 353, ~ The tests indiocate that this body can resist a
tensile stress of 13,000 psl at 17000 F, or 11,000 psi at 1800°F,
without excessive creep but that even 4000 psi at 1900° F might
be too severe, However,-one specimen did sustaln a stress of
4000 psl at 1900° and 1950° F for a total of about 335 hours
without failu;e.

B 358, = In genar516 high creep rates may be expected from
this at and above 1900° F, but at 1700° F a stress of 13,000
psi produced an average elongation of only 0.5 X 10~8 inch per
inch per hour.

Body 4811, - The results show an extremely emall extension

for this body at 1500° F, and indicate an ultimate strength in
tension of about 15,000 psl at this temperature., In general,

Body 4611 sghows satisfaotory resistance to creep and rupture under
a stress of 4000 psi at 2050° F, 13,000 psi at 1800° ¥, or 14,000
psi at 15000 F,

Body 16021. -~ This body showed negliglble creep at 1500° F
for all stresses up to rupture (13,000 psi). At 1700° F the
creep was, in general, very small for stresses of 12,000 psil
or less, but at 1800° ¥ a stress of 7000 psl was sufficient to
cause appreclable deformation,

The short-time tensile tests, which were made in an endeavor
to develop stress-rupture-time curves, were not productire of
satisfactory data, but the results are instructive. It may be
taken as axlomatic that any test of mechanical strength cammot
megnify the inherent strength of a specimen but may, and 1is very
apt to, fail in developing the full resistance to fallure because
of any one of many unfavorable test condlitions, Therefore, 1in
exploratory tests such as these, the maximum strengths determined
for a series of specimens, and not a mean value, should be con-
sldered as more truly deplcting the potentlalities of the camposl-
tlion under test. For thils reason, the rosults of tests for specil-
men 104 1n teble 3 are of eapeclal interest. The exceptionally
high strength shown by specimen 104 may be the result of a very
good essembly allnement and load application, or the result of
its stress-temporature history, or both, The stress-tamperature
history 1s shown by the curves in figure 16.



NACA ARR No. 6D24 ' 15

The data indicate that a stress-rupture-time cwrve for a
ceramic body may not be obtainable because the strength at a given
temperature, or the creep behavior at a given stress-temperature
"~ oondition, may be varied to considerable degree by 1ts stress-

temperature history,

In sumearizing the tests, it might be of value to meleot the
three best bodles of the six tested, The Belection may be made
on the basis of tensile atrength or of resistance to oreep at
elevated temperatures.

The best, on the baals of tenslle strength, appear to be
Bodles 4811, 358, and 16021 in the order glven, Strengths in
excess of 10,000 psi at 1800° F seem assured. '

The best, on the basis of resistance to creep at 1800° F
and above, appear to be Bodles 4811 and 358, At 1500° F none
of the bodies show sufflolent oreep, at loads up to fallure,
to be measurable by the methods used, At 1900° I and above,
the bodles tested showed much less resistance to creep than
they did at 1700° and 1300° F.

National Bureau of Standards,
Washington, D. C., April 4, 1946.
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TABLE 1.- STRENGTH IN BENDING AT 1800° F
[étress applied in 7.5-pound lncrements at 3-minute 1ntervalg]

~ Body -y - R Qrose ... . |.. Modulus = .|.. Young's modulus
designation Span sect&on of rupture of elasticity
(in) (in (103 psi) (108 psi)

1089 5.5 0.738 x 0.249 6.7 (3)
2454 5.5 .756 x .357 8.7 7.8
2673 5.5 .752 x .216 13.8 17.4
2693 5.5 .745 x  .213 5.6 8.6
9535-16 5.5 .747 x .210 5.6 (3)
2676-16 6 L743 x .212 6.0 (2)
2676=30 6 737 x - .248 7.5 7.0
4142-16 6 .745 x .210 8.2 6.8
4142-30 6 .744 x  .215 7.1 6.7
4147-16 6 742 x  .208 6.3 ga)
4147-30 6 L7468 X .214 7.9 4

35-9 6 .752 x  .241 12.4 6.4
3081 6 .768 x .243 10.4 8+4
2933 8 .785 x .330 4.9 (2)
32623 5 .748 x  .184 18.0 15,0
1019 ] 727 x ,231 (3) (=)
3239 8 .717 x .232 17.5 12.7
B1-99 4.5 .600 x .260 11.3 18.6
B1-99 4.5 .573 x .220 15.9 23.0
B1-99 4.5 .573 x .221 14.5 23.6
Bl1241 4.5 .592 x .235 14.5 22.8
B1241 4.5 .595 x .243 12.2 19.0
B1241T 4.5 .605 x .278 15.3 14.2
B1241T 4.5 .594 x .214 13.0 14.6
B61201 4.5 .603 x .265 6.0 9.2
86781 5 .572 x .222 6.9 14.0
B6781 5 .569 x .196 7.3 15.2
B3401 4.5 .596 x .183 10.1 21.9
B151 4.5 .596 x .186 22.3 20.0
B163 5 .628 x ,234 - 30.5 18.5
B163 5 .624 x .241 24.9 16.8
B163 4.5 .612 x ,181 29.9 24.3
B163 4.5 .622 x .183 31.9 21.1
B353 4.5 .607 x .212 31.8 16.9
B358 4.75 .546 x ,235 26.9 20.0
B358 4.75 .547 x .243 25.3 19.0
B358 4.75 .634 x .183 25.1 19.7
B358 5 .573 x .244 38.0 18.2
B4811C 4.5 .585 x .204 14.6 20.5
B4811C 4.5 577 x  .197 13.0 20.7
B16021T 4.5 .575 x .181 16.0 29.3
B16021T 4.5 .572 x  .165 . 17.5 30.6
B16021T 4.5 .582 x ,262 16.7 19.3

lrpe letter B preceding the body number designates a composition developed
at the National Bureau of Standards; all others are from commercial
concerns.

2plastic flow.
83.1 percent water absorption by S5-hour boil method.

NOTE — Tests performed by A. 8. Creamer of the National Bureau of Standards.
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TABLE 2.- RELATIVE RESISTANCE TO THERMAL SHOCK

19

(Specimens quenched 10 times from temperature indicated to air blast;
tests by A. S. Creamer.)

Modulus of rupture at room
Body 1"QuenChing test - ___ temperature =
designation” | furnace temperature | Specimens quenched Spgcimensh 4
o - 3, not quenche
(°F) (10 psi) (103 psi)
3239 1500 1845 18.8
3239 1500 19.0 19,6
3239 1500 19.0 19.1
. 3239 1700 15,3 ———
3239 1700 15,6 ————
3270 1700 24.8 21.2
3270 1700 21.0 23.1
3273 1700 21.0 18.4
3273 1700 24,3 20.8
2454 1700 39.0 3640
2454 1700 29.8 34,9
2454 1700 349 ————
2454 1700 43,7 ————
2673 1500 3l.1 2842
2673 1500 31le1 34.6
2673 1700 543 ——-
2673 1760 (3 ————
2673 1700 10.6 ————
2673 1700 22,5 | eeea-
2673 1700 26,6 ———
2673 1700 6e6 ————
Bl-99 1700 3eb 15.9
B1-99 1700 15,1 14,6
B163 1700 (2) 36.6
B163 1700 (2) 40,5
B174 1700 (2) 2842
B174 1700 (?) 24,5
B353 1500 29.2 24.9
B353 1500 29,2 27.6
B353 1500 32.0 ———
B353 1700 () ————
B353 1700 (%) —
B358 1700 (2) 22.7
B358 1700 () 2742
‘B4811C 1700 23,6 24.1
B4811C 1700 24,6 2643
B16021T 1700 20.8 21.9
B16021T 1700 21.6 1845

1S8ee footnote 1, table 1.
® Cracked before 10 quenches were completed.
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TABLE 3.~ SHORT-TIME TENSILE TESTS AT 1800° F

20

Specimen ~ Body Mex, stress: Rupture

No. No. (psi) occurred in:
90 163 6,400 Adapter
91 163 9,980 Do.
92 163 5,870 Do.
100 4811 4,610 Do.
102 4811 11,750 Do.
103 4811 10,060 Specimen
104 4811 18,990 Adapter
104 Lg11 18,370 Do.
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TABLE 4.-CREEP TESTS IN TENSION AT ELEVATED TEMPERATURES
NBS Approximate | Total Total Maximum Duration Maximum | Maximum
Body | bulk time exten- rate of | of test temp. stress®
No. density of test | sionl creep? at maxi-
- - - mun temper-
ature and
stress
(hr) (per- |(percent | (hr) (%) (psi)
cent) |x10"*/hr)

151 3.8 900 |0.027 — 29 1500 12,000
151 3.8 1650 .012 0.27 92 1500 413,000
163 | 4.4 1417 022 - 38 1500 412,000
163 | 4.4 2198 216 1.25 164 1700 $15,000
353 .Yy 1554 .029 .26 1 1500 613,000
353 4.4 1433 .06l .56 137 1700 13,000
353 4.4 1591 .510 - 141 1800 7,000
353 4.4 21l 184 1.3 8 1800 12,000
358 4.9 668 .015 - 0.1 1500 €10,000
358 4.9 1104 .006 .35 0.2 1500 13,000
358 4.9 1268 .103 2.08 91 1700 51‘4.000
358 k.9 2238 423 2.68 93 1800 10,500
358 4.9 1028 .373 9.12 219 1950 4,000
g11 | 3.0 1627 .021 .39 0.25 1500 ¢ 15,000
L4g11 | 3.0 2589 .230 2.36 117 1800 14,000
4811 | 3.0 2094 .339| 2h.1 .75 2230 4,000
16021 | 3.0 1247 026 —- 51 1500 ®13,000
16021} 3.0 1406 .152 2.51 Ly 1700 13,000
16021 3.0 929 .Ol7 9.5”3 39 1800 7,000

specimen unless noted otherwise.

Failure within gage length of

4Failure occurred in the adapter, leaving the specimen intact.
STest discontimied; specimen still intact.
SFailure occurred in the threaded head of the tension specimen.

1Includes elastic deformations, and creep, over a 100 mm gage length.
2Based on creep only.
3Strees at time of failure.
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Figure 1l.- Assembly of tension specimen with the ceramic adapters
and the gaege for observing length changes, and an en-

larged view of the gage.
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Figure 2.- Time-extension curves for a specimen of body 151 at 1500CF
and supporting various loads applied in the order of in-
creasing stress. Rupture occurred in the top fillet of the specimen
after 29 hours at 12,000 psi. Total time of test was 900 hours. The
creep was not measurable.
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‘Figure 3.- Time-extension curves for a specimen of body 151 support-

ing various loads a2t 1500"F. The curves were obtained in
the order of increasing stress. Rupture occurred in the top adapter,
outside of the furnace, after 92 hours at 13,000 psi. Total time of
test was 1650 hours and the maximum positive creep-rate was 0.27 x
10-6 in. per in. per hour.



NACA ARR No. 6D24 , Fig. 4

TEST F2-4 [500°F 80Dy /63

% -00A=— 7000 e e o
LY .
S -003
8\ 2.00 l
" ) ‘b—‘fm =]
g 0.02 [
L o0
\g aa% @aﬂy”%____~
‘Q\ -0.0/ e 4000 psj~=o== e ?‘._4_0
~-002

o 20 40 60 80 100 /120 40 /60 /80
Time, hours
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TEST F2-4 [500°F 800y /63

~00/ Rup/u:re af /2‘,l 000 p.5/"

1,000 psy- —

11— <ix-—

U
88
8(»'\)

-0.0/

° /|0, oo0 p.ls/' —o—

-0.01-8,000 p57~

~00 >--——-Qoa7psi-om == e O — et e o
—e

To/a/ exterrsiors, percerr’
!
S
N

0 20 40 60 80 /100 120 MO /60 /80
Tirme, fours

(b) Stresses between 8000 and 12,000 psi at 1500°F

Fig'ure 4.- Time-extension curves for a specimen of body 163 subjected

- %0 various stresseg. Rupture occurred in the top adapter
after 38 hours at 12,000 psi. Total time of test was 1417 hours. The
creep was not mea.sura.ble. )
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(b) Stresses between 10,000 and 15,000 psi at 1700°F.

220

Figure 5.~ Time-extension curves for a specimen of body 163 support-

ing various loads. A short preliminary treatment was
allowed at 1500°F and 4000 psi. The test was discontinued after
2198-1/2 nours, .and before rupture, when the base-metal thermo-

couples became unreliable. Maximum creep-rate was 1.25 x 107° in.

per in. per hour.

240
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(a) Temperatures increased in increments from 1350 to 1800CF.
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(c) Following the treatments outlined in (a) and (b), the temperature

was reduced to 18000F and the curves in this figure show exten-
sions for the specimen supporting various loads at 1800CF,

Figure 6.~ Time-extension curves for a specimen of body 353 held at

a constant strees of 4000 psi. The curves in figure 6(c)
were obtained in the order of increasing strese. Rupture occurred
near the center of tbe gage length. The total time of the test was
1591 hours. Maximum creep-rate (18.2 x 10-5 in. per in. per hour)
wae observed at 19500F.

Fig. 6
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(a) Constant stress of 6800 psi in the order of increasing temperatures
between 1500 and 1800°F. The recovery curve (at no load and 1800°F)
was obtained after 289-1/2 hours at 6800 psi and 1800°F.
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(b) The curves were obtained at a constant temperature of 1800°F in the
order of increasing stress.

Figure 7.- Tire-extensiocn curves for a specimen of body 353. Rupture

occurred within the gage lengtih. Total time of test was
2141 hours and the maximum creep of 1.37-x 10=6 in, per in. per hour
was observed before the "recovery curve" was cbtained.
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Figure 8.~ Time-extension curvee for a specimen of body 353 support-
ing various loads at 1500°F. Loads were applied in the
order of increasing stress. Rupture occurred near the center cf the
gage length. Total time of test was 1554 houre and maximum creep
rate was 0.26 x 10-6 in. per in. vper nour, observed while under the
9000 and 10,000 psl stress.
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Figure 9.- Time-extension curves for a specimen of body 353 under
streases increased from 4000 to 13,000 psi at 17000F.

After 137-1/2 hours at 1700°F and 13,000 psi, the load was removed
for 5 nours to install cork vibration dampere under loading racks.
Rupture occurred, in the threaded portion of the specimen, 5 min-
utes after the load of 13,000 psi was reapplied. Total tire of
test was 1438 hours and a maximum creep of 0.56 x 10-6 in. per in.
per hour was obsgerved.
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(a) Temperatures reanging from 1350 to 19000F. The curves were obtained
in the order of increasing temperatures.
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(b) Curve showing extension during 220 hours at 19500F.

Figure 10.- Time-extension curves for a specimen of body 358 under

a constant stress of 4000 psi. The test was discontinued
before rupture and subsecuently treated as shown in figure 13, Total
time of test was 10238 hours and the maximum creep, 9.12 x 10-6 in.
per in. per hour, occurred during the test at 19500F.
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p TEST F£-/ 2000 PS5/ 0
0.18 BODY 358 /,‘/
[] lhrj.
’ . 0~ 3657
0.6 s00°(contLE%
| SRecs load), 3654 hrs af 1800 F ]
0.141— Aecovery (/10 load) affer 365¢hrs. af /1800 ‘ |+
' el
—
0./2 -
Py —
7600, 2]
0./0] O
O/
B
0.08 1750. ——— oy
_n—w’—r—_q
0.06 Lo
’7000 __——0//
—Jr"—
0.04 -
l&:; I a8 = fsgg__n
o'ozo \g‘o 4:' 0 80 /00 : 120 140 /60 180 200
200 220 240 50 . 280 500 320 a0 Sé0 555 593

TIME -~ HOURS

(a) Constant stress of 7000 psi

in the order of increasing temperatures

between 1300 and 1800°F. The recovery curve at no load and 18000F
was obtained after 365-1/2 hours at 1800°F and 7000 psi.
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{(b) Curves obtained at a constant temperature of 18009F and increasing
the stress in increments from 7000 to 8500 psi.

Figure 11 (a to c).- Time-extension curves for a specimen of body 358.
The test was discontinued after 2238 hours when

the thermocouples became unreli
The maximum creep (2.68 x 10-6

able. The specimen broke under load while cooling.
in, per in. per hour) was practically

identical during tke first holding at 1800CF and 7000 vsi (figure 1la)

and during the final holding at

1800°F and 10,500 psi.
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{c) These curves were obtained at a constant temperature of 1800CF and
continuing the increase in stress from 9000 to 10,500 psi.

Figure 1l.- Concluded.
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Figure 12.- Time-extension curves for a specimen of body 358 tested with

various loads, in the order of increasing etress from 7000
to 13,000 psi at 1500°F. Rupture occurred in the bottom fillet of the
specimen 10 minutes after applying 13,000 psi. Total time of test was
1104 hours and tce maximum creep of 0.35 x 10-6 in. per in. per hour was
observed while the stress was 200U psi.
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Figure 13.- Time-extension curves for a specimen of body 358 support-

ing stresses increased from 7000 to 10,000 psi at 150Q°F.
This specimen had been treated previously as shown in figure 10.
Rupture occurred in taoe threaded portion of the specimen 5 minutes
after stressing at 10,000 psi. Total time of test was 6€8 hours and
the creep was negligible.
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Figure 14.- Time-extension curves for a specimen of body 358 stressed

at 7000 to 14,000 psi while being heated at 1700°F. The
curves were obtained in the order of increasing stress, and rupture
occurred in the gage length after 91-1/2 hours at 14,000 psi. Total
time of test was 1268 hours. The maximum creep-rate was 2.08 x 10-6
in. per in. per hour with the stress at 14,000 psi.
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(a) The curves were obtained in the order of increasing temperatures
from 1300 to 20000F.
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(v) The curves show length changes for temperatures of 2050 and 2100°F,

Figure 15.- Time-extension curves for a specimen of body 4811 at a

constant stress of 4000 psi. Immediately after the last
recorded extension measurement at 2100°F (19-1/2 hours), the temper-
ature control instrument became inoperative. The temperature rose to
about 32300F and rupture occurred within the gage length of the
specimen after 45 minutes. Total time of test was 2094 hours. The
creep-rate at 21000F was relatively very high (24.1 x 10-6 in. per
in. per hour).
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(a) Two preliminary stresses of 4000 and 5500 psi were applied at 1300°F

The remaining curves are at a constant stress of 7000 psi and in-
creasing temperature in 100CF increments.
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(b) These curves were obtained at a constant temperature of 1800°F and
in the order of increasing stress. The recovery-of-strain curves at

3320 psi,. and also at no load, were obtained between the two treat-
ments ‘at 7000 psi and 1800°F,.

Figure 16 (a to c).~ Time-extension curves for a specimen of body 4811.
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(c) These curves were obtained at a constant temperature of 1800CF in
the order of increasing stress between 9000 and 14,000 psi. The test
was discontinued when the base-metal thermocouples became unreliable
after a total test time of 2589 hours. Maximum creep of 2.36 x 10-6
in. per in. per hour was observed during the initial holding at 7000
psi and 18000F (figure 16b).

Figure 16.~ Concluded.
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(a) The loads were applied, in the order of increasing stress, from 3150 to
9000 psi.

Figure 17 (a,b).~ Time-extension curves for a specimen of body 4811 support-
ing various loads at 1500°F,
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(v) Curves for stress of 9000 to 14,000 psi. Rupture occurred at the

7010/ exrerrs/or:, percerr’”

fillet, outside of the gage length of the specimen, after 15 min-
utes under a stress of 15,000 psi. Total time of test was 162€
hours and the maximum creep-rate of 0.39 x 10-6 in. per in. per
hour was obtained while the stress waes 14,000 psi.

Figure 17.- Concluded.
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Figure 18.~ Time-extension curves for a specimen of body 16021 at a

constant stress of 7000 psi. The temperatures were in-
creased from 1300 to 1BOQOF. Rupture occurred near the center of the
gage length after 32-1/2 hours at 1800C0F. Total time of test was 929
hours and the maximum creep-rate (8.53 x 10-6 in. per in. per hour)
was recorded while the temperature was at 1800°F.
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Figure 19.- Time-extension curves for a specimen of body 16021 support-
ing various loads at 1500°F., The ourves were obtained in
the order of increasing stress from 4000 to 13,000 pei. Rufture oocurred
in the threaded portion of the specimen after 59 bourg at 13,000 psai.
The oreep-rate was maximum (0.01 x 10-6 in. per in. per hour) when the
stress wag 6000 pei.
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‘Figure 30.- Time-extension curves for a specimen of body 16021 support-

ing various loads at 17000F after a preliminary test of
15000F. The curves were obtained in the order of increasing stress.
¥ote that a stress of BOOO psi was applied for 1/2 hour between the
two tests at 7000 pesi. The curves show the marked decrease in rate-of-
extension at 7000 vai after this 8000 pei treatment. Rupture occurred
in the gage length after 44-1/2 hours at 13,000 psi and 1700°F. Total
time of test was 1406 hours and maximum creep (2.51 x 10-6 in. per-in.
per hour) occurred under 13,000 psi stress. However, the creep _during
the initial holding at 7000 psi was not much lower (2.36 x 10-6 in,.
per in. per hour). -
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